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Unpleasant sounds elicit a range of negative emotional reactions, yet the
underlying neural mechanisms remain largely unknown. Here we show that
glutamatergic neurons in the central inferior colliculus (CIC#") relay noise
information to GABAergic neurons in the ventral tegmental area (VTA“®*) via
the cuneiform nucleus (CnF), encoding negative emotions in mice. In contrast,
the CIC&“->medial geniculate (MG) canonical auditory pathway processes
salient stimuli. By combining viral tracing, calcium imaging, and optrode
recording, we demonstrate that the CnF acts downstream of CIC®" to convey
negative valence to the mesolimbic dopamine system by activating VTA®5A
neurons. Optogenetic or chemogenetic inhibition of any connection within
the CICE">CnF&" > VTA®BA circuit, or direct excitation of the mesolimbic
dopamine (DA) system is sufficient to alleviate noise-induced negative
emotion perception. Our findings highlight the significance of the
CIC&“>CnFe&" > VTA®ABA circuit in coping with acoustic stressors.

Sounds not only provide information about our surroundings but also
evoke various emotional responses. In modern urban life, noise is a
widespread and serious factor affecting human health. Clinical and
animal studies have shown that unpleasant sounds can elicit negative
emotions'™ and even pain®®, which can increase the risk of drug
abuse’. While the neural pathways that transform auditory stimuli into
salient actions have been extensively studied’, the neural mechan-
isms that convert sounds into emotions remain unclear.

The inferior colliculus (IC), comprised of a central nucleus (CIC) and
the surrounding shell nuclei (the dorsal cortex, DCIC; the external cor-
tex, ECIC)®, is the major auditory integration center in the midbrain. It
plays a critical role in representing spectrotemporal features of

sounds™" and localizing sound sources™. Previous studies indicated that
the DCIC and ECIC are the primary sites of non-auditory input to the IC,
such as somatosensory inputs”%, In contrast, the CIC is predominantly
considered an auditory structure?, indirectly relaying sound informa-
tion to the auditory cortex through the medial geniculate (MG)
nucleus””. We hypothesized that CIC neurons might also relay aversive
sound information to the auditory cortex for negative emotion coding.
However, we found that inhibition of the auditory cortex did not
robustly alter acute noise-induced negative emotion responses or DA
release in the nucleus accumbens (NAc). Using multidisciplinary
approaches, we identified that CIC® neurons integrate multiple sensory
information in an intensity-dependent manner and relay aversive
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information to the cuneiform nucleus (CnF), which in turn, excites
VTA*®A neurons to encode negative valence. Therefore, our findings
reveal a bottom-up mechanism for conveying unpleasant, stressful
sound information to the mesolimbic DA system and encoding negative
valence via a nociceptive pathway, providing a potential target for
therapeutic intervention in motivation-related disorders, such as anxiety.

Results

Loud noise induces negative emotions and pain

To investigate the effect of noise on motivational behaviors, we
exposed mice to various intensities of white noise (ambient noise at
~40 dB) using a closely positioned audio speaker. Compared to ~40 dB
ambient noise or 50 dB white noise, 60 dB white noise elicited a weak
aversion but did not affect anxiety-like behaviors (Fig. 1a-i). However,
louder 80 dB white noise reliably induced both aversion and anxiety,
while not significantly affecting locomotion in the open field test (OFT;
Figs.1j, k). It did influence travel distance in the real-time place aversion
test (RTCPA) as mice explored less on the side of the box where the
louder sound was present (Fig.1b). In addition, while acute white noise
stimulation did not affect the mechanical pain threshold (Figs. 1I-n),
chronic exposure to 40 min of 80 dB noise reliably induced mechan-
ical hypersensitivity (Figs. 10-s). Together, these results indicate that
80 dB noise consistently alters mice’s emotional states. Our next
question is how loud noise conveys aversive information and affects
animals’ emotional states.

CIC&" neurons integrate acoustic and nociceptive stimuli

Since loud noises contain both auditory and aversive information, we
next explored the potential involvement of the CIC, a midbrain audi-
tory structure, in processing aversive information beyond its role in
integrating ascending auditory information. We performed c-fos
immunostaining and observed, as expected, that 10 min of 80 dB
noise stimulation induced a significant number of c-fos positive cells in
the CIC (Supplementary Fig.1a, b). Interestingly, aversive stimuli from
other sensory modalities also induced a large number of c-fos cells in
the CIC (Supplementary Fig. 1c-e). These results suggest that CIC
neurons are likely involved in processing aversive information rather
than solely integrating auditory information. To further validate CIC
responses to both acoustic and other aversive sensory stimuli, we
utilized fiber photometry? to measure Ca?* dynamics in CIC2“ neurons
in response to various stimuli in head-fixed behaving mice, including
white noise, noxious and innocuous stimuli (Supplementary Fig. 1f, g).
We observed a pronounced increase in CICE" Ca®* activity that was
time-locked to the delivery of different intensity levels of white noise
(Supplementary Fig. 1h-o0). Additionally, aversive stimuli, such as
electric shock (Supplementary Fig. 1p-r), tail pinch (Supplementary
Fig. 1s-u), hot water, or cold water (Supplementary Fig. 1v), also
increased CICE" Ca?" activity, whereas sucrose reward decreased it
(Supplementary Fig. 1w). The effects of tail brush and warm water
(40 °C) were much weaker, if any (Supplementary Fig. 1s-v). Further-
more, the amplitude of CIC#“ Ca®* activation in response to white
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Fig. 1| Noise-induced negative emotions. a Schematic of real-time conditional
place aversion test (RTCPA) assays paired with 10 min sound stimulation.

b Representative mouse traces in the RTCPA test with 40 dB, 50 dB, 60 dB, or 80 dB
white noise exposure. ¢ Preference score for white noise paired chamber (n=13,16,
12,12, 16 mice for Ambient, 40-, 50-, 60-, 80-dB, respectively; one-way ANOVA with
Tukey’s post hoc test). d Difference score of performance across sound-paired
chambers at varying decibel levels (n =13, 16, 12, 12, 16 mice for Ambient, 40-, 50-,
60-, 80-dB, respectively; one-way ANOVA with Tukey’s post hoc test). e, f Schematic
and representative mouse traces in the elevated plus maze (EPM) under 5 min
sound stimulation. g Time spent in the open arms (n=13, 16, 12, 12, 16 mice for
Ambient, 40-, 50-, 60-, 80-dB, respectively; one-way ANOVA with Tukey’s post hoc

test). h Experimental design for light-dark box (LDB) test under 10 min sound
stimulation. i Time spent in the light zone (n=13, 16, 12, 12, 16 mice for Ambient,
40-, 50-, 60-, 80-dB, respectively; one-way ANOVA with Tukey’s post hoc test).

Jj Open field test (OFT) under 5 min sound stimulation. k Travel distance (n=13, 16,
12,12, 16 mice for Ambient, 40-, 50-, 60-, 80-dB, respectively; one-way ANOVA with
Tukey’s post hoc test). | Experimental design for von Frey test. m, n 50% mechanical
pain threshold (paw withdrawal threshold, PWT) under acute white noise (n =18
mice, Paired t-test). 0-s 50% mechanical pain threshold test after 40 min white
noise stimulation (40 dB, 12 mice; 50 dB, 8 mice; 60 dB, 12 mice; 80 dB, 12 mice;
Paired t-test). All graphs are represented as mean + SEM.p < 0.05, "p < 0.01,
"p<0.001 or 'p<0.000L
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noise, shock, or mechanical stimulation scaled with the intensity of the
stimulus (Supplementary Fig. 1o, 1r, and 1u). These findings suggest
that CICE“ neurons not only responding to auditory stimuli but also
bidirectionally to aversive and rewarding stimuli, independent of their
sensory origin (Supplementary Fig. 1x).

Given that CICE" neurons are also involved in motor behavior*, we
next tested the possible involvement of locomotion in response to
acoustic and aversive stimuli, which might confound the stimuli-
evoked increases in CICE" Ca®" activity. We sedated mice with 5%
chloral hydrate, a sedative drug that does not block sensory informa-
tion processing®, and then delivered different intensity levels of white
noise or electric shock. We observed that the CIC#" neurons still reli-
ably responded to white noise and aversive stimuli in a dose-
dependent manner (Supplementary Fig. 2a-0), indicating that CICE"
neurons integrate aversive stimuli across senses and that their activity
is not solely driven by locomotor responses. In addition, using rabies-
based retrograde trans-synaptic tracing, we found that CICE“ neurons
received inputs from nociceptive sensory-related brain regions (such
as the lateral parabrachial nucleus, LPB**%) in addition to inputs from
predominantly auditory brain regions (Supplementary Fig. 2p-s). This
could partially explain why CIC®“ neurons responded to nociceptive
stimuli.

In contrast, GABAergic neurons in the CIC (CIC®*®*) were not
activated during loud noise stimulation. However, in some animals,
there was a substantial increase in activity after the loud noise stimu-
lation (Supplementary Fig. 3a b). This variation may be attributed to
the presence of distinct cell subtypes with different layers of CIC®®
neurons®. Despite this, these neurons were inhibited by painful stimuli
such as tail pinch (Supplementary Fig. 3c), and excited by reward, such
as 5% sucrose (Supplementary Fig. 3d). These data suggest that CICcABA
neurons are likely associated with encoding positive valence (Supple-
mentary Fig. 3e). Consistent with this, optogenetic stimulation of
CIC“*® neurons promoted place preference (Supplementary Fig. 3f-h)
without altering locomotion (Supplementary Fig. 3i). Additionally,
stimulation of CIC®*®* neurons might promote exploratory behaviors
(Supplementary Fig. 3j-1).

Next, we investigated whether individual CIC®" neurons exhibit
selectivity in response to unpleasant sounds and nociceptive stimuli.
Since fiber photometry does not provide information about the
activity of individual neurons, we used miniscope-based Ca® imaging
to record the activity of individual cells through a GRIN lens implanted
in the CIC of Vglut2-Cre mice expressing GCaMP6m while the animals
were exposed to various sensory stimuli (Figs. 2a, b; and Supplemen-
tary Fig. 3m). We observed that the majority of CIC®“ neurons
(-41-59%) were activated by 80 dB white noise or by noxious stimuli
(shock, pinch, or hot water), although some neurons were inhibited by
these stimuli (Figs. 2c-f). Furthermore, by tracking 78 cells that
experienced all four types of stimuli, we found that 26% of these CICE"
neurons responded to both loud white noise and one nociceptive sti-
mulus (Fig. 2g). Together, these results reveal that individual CICE"
neurons respond to a range of aversive sensory stimuli and exhibit a
diverse response pattern.

To achieve better temporal resolution of CICE" neuron activity in
response to various sensory stimuli, we performed in vivo optrode
recordings to investigate whether any subpopulations of CIC#" neu-
rons selectively processed loud white noise stimulation (Figs. 2h, I; and
Supplementary Fig. 3n). After identifying channelrhodopsin-2 (ChR2)-
tagged CICE" neurons (Figs. 2j-1), we administered 80 dB white noise,
tail pinch, and hot water to the mice. Although some CIC#" neurons
were inhibited by or did not respond to these stimuli, the majority of
CIC&" neurons (-70%) were excited by them (Figs. 2m-o). Moreover,
among the 27 cells that were exposed to all three stimuli, 41% of them
were excited by both 80 dB white noise and noxious stimuli (pinch and
hot water) (Fig. 2p). These results further confirmed that many CICE"

neurons are multifunctional, capable of integrating both auditory and
aversive information.

In summary, these findings demonstrate that many CIC#" neurons
non-selectively process unpleasant sounds and aversive somatosen-
sory stimuli, highlighting their role in encoding aversive information
associated with loud noise.

CICE" neurons regulate sound-induced emotional responses
After establishing that CICE" neurons are activated by aversive stimuli,
it remains to be determined whether this population is necessary or
sufficient for gating behavioral responses to unpleasant stimuli. To
address this, we conducted a series of optogenetic experiments to
manipulate CIC®" neurons bidirectionally (Supplementary Fig. 30-v).
The results showed that optogenetic inhibition of CIC#" neurons did
not alter locomotor activity (Supplementary Fig. 3p) or promote place
preference (Supplementary Fig. 3q). However, this inhibition reliably
reduced 80 dB noise-induced aversion (Figs. 2q-s), anxiety (Figs. 2t-v),
and chronic 80 dB noise-induced mechanical hyperactivity (Fig. 2w).
Conversely, optogenetic stimulation of CIC®" neurons induced an
avoidance response (Supplementary Fig. 3r-v). Taken together, the-
se results demonstrate that CICE“ neurons are both necessary
and sufficient for encoding noise-induced negative emotions (Fig. 2x).
The next question is: What are the downstream targets of CICE"
neurons in the regulation of noise-induced perception of negative
emotion?

CIC&" neurons relay negative valence to CnF but not MG

Given that the medial geniculate (MG) nucleus acts as a relay center
between the inferior colliculus and the auditory cortex”*?, we first
optogenetically activated the CIC#" > MG pathway but did not induce
aversion (Supplementary Fig. 4a—c). Furthermore, while CIC-targeted
MG cells responded to white noise and painful stimuli during fiber
photometry recording, these cells did not discriminate between dif-
ferent intensities of noise or aversive stimuli (Supplementary
Fig. 4d-g). These data suggest that the CICZ" > MG pathway may pri-
marily encode salience rather than emotional valence.

To investigate additional downstream targets of CIC#" neurons,
we mapped the projections by injecting anterograde AAV-DIO-
synaptophysin-mCherry into the CIC of Vglut2-Cre mice (Supplemen-
tary Fig. 4h). We observed dense projections from CICE" neurons in the
MG, the anterior dorsal periaqueductal grey (adPAG), and the cunei-
form nucleus (CnF), but not in the ventral tegmental area (VTA), the
LPB (a nociceptive information transmission center), or lateral NAc
(NAcLat; Supplementary Fig. 4i-k).

Previous research reported that CnF neurons respond to noci-
ceptive stimuli®’. Based on this, we reasoned that CIC“ neurons might
relay aversive information in noise to the CnF, thereby promoting
negative emotion perception. We first examined the functional
synaptic connectivity between CIC#" neurons and CnF neurons and
confirmed that CICE“ neurons form strong excitatory synaptic con-
nections with CnF neurons but not with LPB neurons (Supplementary
Fig. 4l-o0; TTX and 4-AP in the recording solution). To further validate
that CIC®" neurons encode aversion through the CnF, we optogeneti-
cally stimulated CICE“ terminals in the CnF, which significantly
increased aversive responses (Supplementary Fig. 5a-e), similar to the
effects observed when stimulating CICE" cell bodies (Supplementary
Fig. 3r-v).

To further confirm that glutamatergic neurons in the CnF (CnF&")
are downstream targets of CIC2“ neurons, we induced apoptosis in
CnF&" neurons by unilaterally injecting AAV-DIO-Caspase 3 into the
CnF of Vglut2-Cre mice, along with Cre-dependent AAV-ChR2 into the
ipsilateral CIC and implanted an optical fiber above the ipsilateral CIC
of the same animal. Control animals received injections of AAV carry-
ing Cre-dependent mCherry instead of caspase 3 into CnF, while all
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Miniscope recording experiments measured the Ca?* activity of individual CIC?" neurons ]
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other procedures were identical (Supplementary Fig. 5f). Compared
to control mice, optogenetic stimulation of CIC® neurons failed
to induce an aversive response in mice where CnF&" cells were
ablated by caspase 3 injection (Supplementary Fig. 5g, h). Additionally,
we found that CICE" neurons strongly project to the anterodorsal
PAG (adPAG) but not the ventral PAG (Supplementary Fig. 4i).
Although stimulation of the CICE"-PAG pathway induced a freezing-like

behavior but not a classic avoidance (Supplementary Fig. 5i, k), aver-
sive noise still could affect NAcLat DA release through this pathway. To
explore this further, we optogenetically stimulated the CIC#“-PAG
pathway and found that this manipulation had a weak effect on NAcLat
DA release (Supplementary Fig. 5l). Thus, noise-induced aversive
responses result, at least in part, from activating the CIC#“-CnF
pathway.
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Fig. 2 | CICE" neurons integrate multiple sensory information. a Experimental
design. b Lens implanted in the CIC; scale bar, 100 um. c—f Representative Ca*
traces of excited neurons in response to 80 dB white noise (c), 0.5 mA shocks (d),
tail pinch (e), and hot water (f). And all recorded neurons that exhibited sig-
nificantly excited, inhibited, or no response Ca*" activity before (pre) and during
(stim) various stimuli (c)130 cells; d:139 cells; e:119 cells; f:120 cells; from 6 mice,
Wilcoxon test). g Stimulus-specific responses in individual CICE" neurons while
mice were exposed to different stimuli (top panel). (Bottom) each column repre-
sents the same neuron responding to these stimuli (n =78 cells from 6 mice).

h Experimental design. i Optrode implanted in CIC (scale bar, 200 um). j The
latency of light-evoked spikes relative to laser pulses (5 ms, blue; top) and corre-
sponding spike firing frequency (bottom). k Mean latency to laser stimulation for
ChR2-tagged neurons (n =30 neurons from 3 mice). | Sample waveform for light-
evoked (blue) and spontaneous (black) firing. m Hot map for spontaneous firing

spikes from ChR2-tagged neurons in response to sound stimulation; pie graph
shows the proportion of excited (light red), inhibited (blue) or no response (grey)
ChR2-tagged cells in response to 80 dB white noise (n =30 cells); (Right) mean
firing frequency (n =30 cells, Wilcoxon test). n, 0 Same as in (m) but for pinch
(n, n=30 cells) or heat (0, n =27 cells). p Stimulus-specific responses in individual
ChR2-tagged neurons while mice were exposed to different stimuli (n =27 cells
from 3 mice). q Implant locations (scale bar, 100 um). r Representative trajectories
in RTCPA test. s Difference score (NpHR: 17 mice, eYFP: 8 mice, Unpaired t-test).
t Representative a path of eYFP- or NpHR-expressing mice during the EPM test.

u Time spent in open arms and (v) Time spent in the light zone (NpHR: 17 mice,
eYFP: 8 mice, Unpaired t-test). w 50% PWT (NpHR: 11 mice, eYFP: 8 mice, Two-way
ANOVA with Holm-Sidak’s post hoc test). x Experimental model. All graphs are
represented as mean + SEM.’p < 0.05, “p < 0.01 or ""p<0.0001.

Since CIC®“ neurons responded to all intensities of white noise
stimulation (Supplementary Fig. 1), we hypothesized that the CnF
might selectively filter and process aversive sound information. To test
this hypothesis, we utilized fiber photometry to record the activity of
CIC-targeted CnF neurons in response to various intensities of white
noise and painful stimuli (Supplementary Fig. 5m). Indeed, CIC-
targeted CnF neurons responded to loud noise in a dose-dependent
manner but did not respond to noise below 60 dB (Supplementary
Fig. 5n-u). Additionally, these neurons also responded to high-
intensity nociceptive stimuli (Supplementary Fig. 5v-y), suggesting
that the CICE“->CnF&" circuit processes painful information in addition
to aversive sound information, thereby ruling out the possibility that
CnF acts solely as an auditory filter. Furthermore, our retrograde tra-
cing experiment demonstrated that about 10% of CnF-projecting CICE"
cells have collateral projections to the MG, suggesting that some CnF-
projecting CIC#" neurons might relay the same stimulation to the MG
as well. However, most of the cells projecting to these two brain
regions are separate populations within the CIC (Supplemen-
tary Fig. 5z).

Together, those results suggest that CIC®" neurons encode noise-
induced negative emotions, at least in part, through the CIC#">CnF&"
circuit.

The CnF gates negative stimuli from CIC to VTA®*®* neurons
Given that unpleasant sound-induced negative emotional states might
be associated with decreased DA in the NAc**° and that local inhibition
in the VTA significantly impacts the activity of DA neurons and aversive
responses® >, we hypothesized that the CIC indirectly relays aversive
sound information to VTA“*®* neurons to inhibit VTAP* neurons
(Supplementary Fig. 6a). To test this hypothesis, we used AAVI-Cre to
anterogradely label the postsynaptic neurons of the CIC. Consistent
with the results from AAV-DIO-synaptophysin-mCherry projection
(Supplementary Fig. 4), the anterograde trans-synaptic AAVI-Cre
labeled cells from the CIC were primarily located in the CnF, but not in
the LPB or the VTA (Fig. 3a, b). This suggests that CIC neurons directly
target the CnF, but not the VTA or the LPB (Fig. 3c). We also injected
retrograde AAV2-Cre into the VTA of Ail4 reporter mice and observed
that many retro-AAV2 labeled cells located in the CnF but not in the
CIC (Fig. 3d, e). This result confirmed that the VTA directly receives
inputs from the CnF but not from the CIC (Fig. 3f).

Notably, most of the anterogradely labeled cells in the VTA from
the CnF were tyrosine hydroxylase (TH) immunonegative (99%, Figs. 3g,
h), while the majority were GAD67 positive (64.3%, Figs. 3i, j), indicating
that CnF&" neurons selectively relay information to VTA®*®A neurons. We
further confirmed that CnF® neurons preferentially form synaptic
connections with VTA®*®* neurons but not VTAP* neurons, using patch-
clamp recording (Figs. 3k-m; TTX and 4-AP in the recording solution). In
addition, we observed dense CnF®® projections in the red nucleus but
not in the VTA, which excluded the possibility that CnF*® neurons
directly inhibit VTA® neurons (Figs. 3n—p).

These results suggest that the CnF might act as a relay station of
sensory information, connecting CIC#" neurons to VTA®BA neurons.
Furthermore, we found that optogenetic activation of both CIC cell
bodies and CIC neuronal terminals in the CnF resulted in a time-locked
increase in VTA®® Ca”" activity (Figs. 3q-r; Supplementary Fig. 6b, c),
but a decrease in VTAP* Ca®" activity (Figs. 3s, t; and Supplementary
Fig. 6d-e) and NAcLat DA release (Figs. 3u-v).

Together, these data suggest that CICE" neurons indirectly inhibit
VTAPA neurons by activating VTA®*BA neurons through CnF&" neurons,
at least in part (Fig. 3w).

Blocking the CICE"->CnF&" > VTA®ABA circuit can effectively pre-
vent noise-inducing negative emotions

The above results suggest that VTA®*®A neurons regulate noise-induced
negative valence coding. To verify that VTA®*®* neurons respond to
white noise stimulation, we injected AAV-Flex-GCaMP6é6m and implan-
ted an optical fiber into the VTA of Vgat-Cre mice (Fig. 4a). We
observed that VTA®*®* neurons responded to loud noise in a dose-
dependent manner, whereas noise below 50 dB had a weak effect, if
any (Figs. 4b-i). More importantly, chemogenetic inhibition of VTAGABA
neurons reliably prevented negative emotional responses induced by
80 dB noise (Figs. 4j-q; and Supplementary Fig. 6f-h) and the asso-
ciated reduction in NAcLat DA levels (Figs. 4r-u). These experiments
demonstrate that VTA®*® neurons are involved in encoding unplea-
sant sound-induced negative emotions.

To further validate whether CIC#" neurons encode sound aversion
through the CnF&" > VTA®*®A pathway, we performed optogenetic and
chemogenetic inhibition of CnF-projecting CICE® neurons, VTA-
projecting CnF&" neurons, or CnF-targeted VTA cells during 80 dB
noise stimulation (Fig. 5a-r; Supplementary Fig. 6i-j). We found that all
these manipulations reliably prevented noise-induced aversion, anxi-
ety, and pain (Figs. 5a-r). We next used an INTRSECT system® to
specifically inhibit CnF neurons that receive CIC inputs and project to
the VTA (Fig. 5s). As expected, selective silencing of the CIC>CnF>VTA
pathway effectively reduced 80 dB white noise-induced negative
emotions (Figs. 5t-x). Additionally, given that AAV1 can occasionally
retrogradely travel to presynaptic neurons, though rarely®, we exclu-
ded the potential impact of this on our experimental results using
histological analysis (Supplementary Fig. 6k-0). Thus, these results
suggest that the CIC#“->CnFe&" > VTA®® circuit is crucial for encoding
noise-induced negative emotions.

Auditory cortex in acute noise-induced NAc DA inhibition and
negative emotions

Although the CICE“>MG pathway primarily responded to salience
stimuli and MG neurons do not directly interact with the VTA (Sup-
plementary Fig. 7a-d), the CIC#">MG pathway might relay noise
information to the auditory cortex to encode negative emotions. To
test this possibility, we used inhibitory (hM4Di) DREADDs (designer
receptors exclusively activated by designer drugs) to bilaterally inhibit
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Fig. 3 | CnF bridges CIC®" neurons and VTAA®A neurons. a Experimental design.
b AAVI-Cre injection in the CIC (left) and (middle) AAVI-labeled cells (red) in the
CnF but not in the LPB and VTA (right; TH" cells, green), scale bar, 100 um; the
experiment was repeated 3 times from 3 mice. ¢ Experimental model.

d Experimental design. e RetroAAV2 injection site (left) and retroAAV2 labeled cells
in the CnF (right) but not the CIC (middle; scale bar, 100 um); the experiment was
repeated 2 times from 2 mice. f Experimental model. g AAV1-Cre labeled cells (red)
in VTA were TH-immunonegative (green) (scale bar, 50 um). h Quantification of
anterogradely labeled cells in VTA for TH-immunopositive, n =1117 cells from

3 mice. i Anterograde labeled cells (green) in the VTA from CnF were GAD67
immunopositive (red), scale bar, 50 um. j Quantification of anterogradely labeled
cells in VTA for GAD67-immunopositive, n =115 cells from 4 mice. k Experimental
design. 1 Sample traces showing light-evoked EPSCs recorded in GABA-positive and
GABA-negative neurons (left). EPSC amplitudes (right; GABA":12 cells; GABA":6 cells.

Unpaired t-test). m Mean EPSC amplitudes (n =4 neurons, Paired t-test).

n Experimental design. o Left, AAV-DIO-eYFP injection site (scale bar, 100 um).
Right, representative fluorescent image showing CnF*® projections in the red
nucleus (Rn) but not in the VTA (TH, red; scale bar, 100 um). p Experimental model.
q Schematic diagram. GCaMP6m expression (green) and optical fiber implanted
site (scale bar, 100 um). r Z-score of VTA®*®* neurons in response to 20 Hz opto-
genetic stimulation of ChR2-projections from the CIC in the CnF (left). (Right)
comparison of mean AUC (n =5 mice, one-way ANOVA with Tukey’s post hoc test).
s, t Similar to in (q, r) but for recording VTAP* neurons (n = 7 mice, one-way ANOVA
with Tukey’s post hoc test). u Schematic diagram. dLight expression (green) and
location of optical fiber track in the NAcLat (scale bar, 100 um). v Z score for the
NAcLat dopamine release (left; n = 4 mice). (Right) comparison of mean AUC (n =4
mice, one-way ANOVA with Tukey’s post hoc test). w Experimental model. All
graphs are represented as mean + SEM. 'p < 0.05 or “p < 0.01L.

the auditory cortex and examined the NAcLat DA release and beha-
vioral responses during 80 dB noise stimulation. Intriguingly, inhibi-
tion of the auditory cortex did not significantly affect noise-induced
NAcLat DA reduction or negative emotions (Supplementary Fig. 7e—j).
Taken together, these data suggest that acute loud sounds lead to
mesolimbic DA inhibition and negative emotional responses, poten-
tially through the activation of VTA®*®* neurons by the CICE“->CnF&"
circuit, and may be independent of the top-down control”. However,
we cannot exclude the possibility that top-down control could be
involved in chronic noise-induced behavioral responses.

Exciting NAcLat DA activity reliably alleviates noise-induced
negative emotional responses

Previous evidence suggests that lateral VTA (IVTA) DA neurons pro-
jecting to the NAcLat encode positive motivational valence®**’. Addi-
tionally, aversive stimulation decreases IVTA DA neuronal activity*>*,
and inhibition of NAcLat DA activity directly elicits aversive
responses*’. Activation of DA neurons is critical for preventing gen-
eralized anxiety*’. Therefore, we reasoned that the negative emotional
behaviors induced by intense white noise might be associated, at least
in part, with a reduction in NAcLat DA activity. To test this hypothesis,
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Fig. 4 | VTA®*® neurons gate noise-induced negative emotion perception.

a Left, experimental design. Right, GCaMP6m-expression in VTA® neurons
(green) and TH-immunopositive cells (purple) in the VTA (scale bar, 100 um).

b Z-score averages for VTA®® neurons in response to various decibels of white
noise stimuli (duration, 2 s), n = 8 mice. c-h Fiber photometry recording for VTA%8A
neurons in response to 40 dB (c), 50 dB (d), 60 dB (e), 70 dB (f), 80 dB (g), and
90 dB (h) white noise stimulation, n =8 mice, one-way ANOVA with Tukey’s post
hoc test. i Comparison of mean AUC during stimulation (2s), n =8 mice, one-way
ANOVA with Tukey’s post hoc test. j Experimental design. k Coronal brain slice
image showing hM4Di-expression in the VTA®A neurons (red) and TH-
immunopositive (cyan) cells in the VTA (scale bar, 100 um). Yellow square showing
zoomed-in view. | Schematic of RTCPA test (left). (Right) representative trajectories
of mCherry- or hM4Di-expressing mouse exposed to 80 dB white noise stimulation
after intraperitoneal (i.p) injection of saline or DCZ (100 ug/kg). m Difference score

(n=9 mice, Two-way ANOVA with HolmSidak’s post hoc test). n Left, experimental
design for EPM test. Right, time spent in open arms after saline or DCZ injection in
mCherry-expressing and hM4Di-expressing mice (n =9 mice, Unpaired t-test).

o Left, experimental design. Right, time spent in light-box after saline or DCZ
injection in mCherry- or hM4Di-expressing mice (n =9 mice, Unpaired t-test). p 50%
PWT test (n=10-13 mice, Two-way ANOVA with HolmSidak’s post hoc test).

q Schematic of the experimental result. r Experimental design. s Coronal brain slice
images showing dLight and optical fiber in the NAcLat and hM4Di-expression in the
VTA®*® neurons (red) in the VTA (scale bar, 100 um). t Comparison of mean dLight
responses in the NAcLat in response to 80 dB white noise stimulation in VTA®A%A-
hM4Di mice treated with saline or DCZ (100 pg/kg, i.p). u Comparison of mean AUC
from (t), n =9 mice, one-way ANOVA with Tukey’s post hoc test. All graphs are
represented as mean = SEM. ‘p < 0.05, “p < 0.01, “p < 0.001 or “'p < 0.0001.

we injected DA sensors (dLight or DA3m) into the dorsal striatum,
prefrontal cortex, and subregions of NAc (Supplementary Fig. 7k) to
investigate which dopamine pathways are involved in sound-induced
negative emotions. We observed that 60 or 80-dB white noise reliably

decreased DA release in the NAcLat but did not significantly affect DA
release in the dorsal striatum or PFC (Figs. 6a-h). Intriguingly, while
ventral nucleus accumbens medial shell (vNAcMed) DA responds to
aversive stimuli*°, we did not observe an increase in DA release in the
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vNAcMed in response to 80 dB noise instead of inhibition (Figs. 6e, f;
and Supplementary Fig. 71). Although DA in the vNAcMed does not
seem to respond to noise as significantly as DA in the NAcLat, the
variability in the data and the limited statistical power may also affect
the experimental results. Therefore, we cannot completely rule out the
possibility that DA in the vNAcMed is involved in the processing and

response to noise information. These results support the notion that
mesoaccumbal DA pathways exhibit high heterogeneity***. In addi-
tion, we injected a Cre-dependent Ca*" indicator, GCaMP6m, into the
VTA of DAT-Cre mice and implanted an optical fiber into the NAcLat
(Supplementary Fig. 7m, n). This allows us to confirm that 60 dB and
80 dB white noise reliably decrease Ca** signals in NAcLat DA terminals
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Fig. 5 | Silencing of the CIC > CnF - VTA circuit prevents loud sound-induced
negative emotional responses. a Experimental design. b Experimental design and
representative traces of eYFP- and NpHR-expressing mice in the RTCPA test.

c Difference score (eYFP: 8 mice; NpHR: 7 mice, Two-way ANOVA with Tukey’s post
hoc test). d Time spent in the open arms (eYFP: 8 mice; NpHR: 7 mice, Unpaired t-
test). e Time spent in the light-box (eYFP: 8 mice; NpHR: 7 mice, Unpaired t-test).
f50% PWT tests (eYFP: 8 mice; NpHR: 7 mice, Two-way ANOVA with HolmSidak’s
post hoc test). g-1 same as above a—f but for silencing of CnF&" > VTA circuit (eYFP:
5 mice; NpHR: 7 mice). m Experimental design (left). (Right) IHC staining showing
hM4Di-expressing (red) cells in the VTA are TH -immunonegative (cyan). Scale bar,
100 um. n Experimental design (top) and (bottom) trajectories of hM4Di-
expressing mouse in the CPA chamber. o Difference score (mCherry: 14 mice;
hM4Di: 12 mice, Two-way ANOVA with Tukey’s post hoc test). p Time spent in the

open arms in mCherry-(black) and hM4Di-expressing (red) mice after receiving
100 pg/kg DCZ injection (mCherry: 14 mice; hM4Di: 12 mice, Unpaired t-test).

q Time spent in the light-box in mCherry- (black) and hM4Di-expressing (red) mice
after receiving 100 ug/kg DCZ injection. (mCherry: 14 mice; hM4Di: 12 mice,
Unpaired t-test). r 50% PWT tests (mCherry: 14 mice; hM4Di: 14 mice, Two-way
ANOVA with HolmSidak’s post hoc test). s Experimental design (left). Coronal brain
slice image showing IC + + expression (green) in the CnF (right). t Experimental
design and representative traces of mCherry- and IC + +-expressing mice in the
RTCPA test. u Difference score (n =14 mice, Two-way ANOVA with Holm-Sidak’s
post hoc test). v Time spent in the open arms (n =14 mice, Unpaired t-test). w Time
spent in the light-box (n =14 mice, Unpaired t-test). x 50% PWT tests (n =14 mice,
Two-way ANOVA with HolmSidak’s post hoc test). All graphs are represented as
mean + SEM. p <0.05, “p<0.01, “p < 0.001 or ““p < 0.0001.

(Supplementary Fig. 70, p). However, compared with the DA sensor
(dLight) recordings, we observed a biphasic suppression of NAcLat DA
terminals, indicating the possible involvement of additional parallel
pathways in noise-induced NAc DA release*’.

To further verify the causal relationship between reduced DA
activity in NAcLat and negative emotional responses induced by loud
noise, we infused SKF81297, a selective D1 receptor agonist, into the
NAclLat (Fig. 6i) or optogenetically activated dopaminergic terminals in
the NAcLat (Fig. 6p). Both manipulations successfully prevented loud
noise-induced aversion, anxiety, and pain (Figs. 6i-w). However, we
found that infusing SKF81297 into the NAcMed did not affect noise-
induced aversive behaviors (Supplementary Fig. 7q-v). This further
confirms that, compared to the NAcMed DA, the NAcLat DA plays a
more important role in the regulation of noise-induced negative
emotions. Consistent with previous studies®, optogenetic stimulation
of dopaminergic terminals in the NAcLat elicited a reward response
(Supplementary Fig. 8a-c). However, direct excitation of the NAcLat
DA pathway did not produce anxiolytic effects in the EPM and LDB
tests (Supplementary Fig. 8d-e). Given the potential ceiling effect in
normal mice in the EPM and LDB tests, we cannot completely rule out
the possibility that direct activation of this pathway may only enhance
reward behavior without affecting anxiety levels. This suggests that
while exciting NAcLat DA activity can prevent loud noise-induced
aversion and anxiety, these effects might be mediated, at least in part,
through reward-related mechanisms. Furthermore, excitation of the
VTAP">NAcLat rewarding pathway®* is critical for counteracting
generalized negative emotions induced by loud noise (Fig. 6x).

Collectively, our results highlight a crucial role for the
CICE#¥>CnFe" > VTA®®A > [VTAPA circuit in coding negative emotions
induced by aversive sounds. Our data suggest a model where CICE"
neuronal activity serves as a key node, determining whether aversive
sound information is relayed to the IVTA DA system via the
CnF&" > VTA®®A circuit (Fig. 7).

Discussion

While emotions are generally believed to emerge from the interaction
between bottom-up and top-down processes, the mechanisms by
which emotions arise from low-level processes that provide rapid,
bottom-up affective evaluations of stimuli remain largely unexplored.
In this study, we demonstrate that the CIC#"~>CnF&" > VTA®*®* circuit, a
noncanonical auditory pathway, governs the perception of noise-
induced negative emotions. Our results underscore the role of bottom-
up response systems in encoding both the perceptual and affective
properties of stimuli*’. Moreover, since the CICEU->CnFg" > VTACBA
circuit responds to other aversive stimuli besides noise, this circuit we
identified may be a potential generalist target for anxiety treatments.

CICE" neurons integrate multiple sensory stimuli
Consistent with the established view that the CIC is predominantly
considered an auditory structure®®?°, we found that CIC#" neurons

responded to various intensities of white noise in a dose-dependent
manner. Surprisingly, this same population of CIC®" neurons also
responded to other aversive sensory stimuli. Rabies-mediated retro-
grade tracing revealed that CICE neurons primarily receive inputs
from auditory-related brain regions, but we also observed rabies-
labeled cells in aversion-related brain areas, such as the LPB and PAG
(Supplementary Fig. 2), providing an explanation for the responsive-
ness of CIC#" neurons to nociceptive stimuli (Fig. 2 and Supplementary
Fig. 1). In line with these observations (Supplementary Figs. 1, 2), we
found that excitation of CIC neurons modulated motivated behaviors
(Supplementary Fig. 3). Collectively, these data suggest that the CIC
functions as a node integrating various sensorimotor modalities in a
highly interconnected manner, complementing its well-established
role in auditory perception.

CnF relays negative stimuli from CIC to VTA“® neurons
Although we found that CIC-targeted MG neurons did not differentiate
between different intensity levels of white noise and that optogenetic
stimulation of this pathway did not induce aversion, we cannot entirely
exclude the possibility that the MG might influence the mesolimbic DA
system and modulate motivated behaviors through other parallel
circuits*®. For example, the MG might relay CIC-encoded aversive
information to VTA®®* neurons to encode negative valence. However,
our mapping of MG neuronal projections in the midbrain showed
substantial projections to the red nucleus but not in the VTA (Sup-
plementary Fig. 7). This suggests that the MG does not directly relay
CIC’s aversive information to VTA®® neurons. Additionally, we
observed that inhibition of the auditory cortex had minimal effects on
preventing acute noise-inducing negative emotions and NAcLat DA
inhibition. Thus, the CIC#“ > MG pathway may primarily relay salient
stimuli to the cortex. However, we can’t exclude that top-down control
might regulate emotional responses and dopamine release in other
brain regions through parallel circuits*’. In contrast, CIC-targeted CnF
neurons and their downstream VTA“*®A neurons required activation by
noise levels exceeding 50 dB and by painful stimuli. Inhibition of the
CICE“>CnFe" > VTA*® circuit effectively blocked the generalization
of noise-induced negative emotions, further supporting the critical
role of CnF neurons in processing aversive stimuli*’*°. Together, our
results suggest that CICE" neurons likely integrate acoustic stimuli and
relay sounds of varying intensities to downstream nuclei to encode
salience or valence™*>*,

Moreover, both CIC-targeted MG neurons and CIC-targeted CnF
neurons responded to both nociceptive and acoustic stimuli, sug-
gesting that multiple sensory modalities converge within a shared
information pathway to integrate and relay information to common
downstream targets, encoding salience or valence and instructing
subsequent behavioral responses. However, it remains elusive how
CIC#" neurons filter and integrate sound stimuli with varying degrees
of negative valence to modulate the VTA DA system via the CnF&"-
VTAC4BA circuit. One possibility is that CIC#" activity is influenced by the
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characteristics of sound stimuli, including their intensity and spec-
trotemporal features'* ™,

Noise affects emotions via dopamine

A recent study identified a corticothalamic top-down circuit that
mediates sound-induced analgesia*’, with this phenomenon poten-
tially being indirectly linked to the VTA DA system®. However, it

Laser - - + Laser - +

remains unclear whether sound-induced analgesia is a common
occurrence across different species®™. In our study, we identified a
noncanonical auditory circuit that overlaps with a nociceptive circuit
in encoding negative emotions through the inhibition of NAcLat
DA activity. Selective activation of NAcLat DA activity effectively
prevented noise-induced negative emotions, likely by enhancing
reward and positive mood. In addition, we observed that acute
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Fig. 6 | Excitation of NAcLat DA alleviates Noise-induced negative emotional
responses. a Recording DA release in the dorsal striatum (dStriatum, bottom; scale
bar, 100 um), dLight (green). b Z-score average (left). (Right) AUC during sound
stimulation (n = 8 mice, one-way ANOVA with Tukey’s post hoc test). (c-h) Same as
the (a, b), but for the prefrontal cortex (PFC, ¢, d n =6 mice, one-way ANOVA with
Tukey’s post hoc test), the ventral NAc medial shell (VYNAcMed, e, f; n = 9 mice, one-
way ANOVA with nonparametric test), and the NAcLat (g, h; n =14 mice, one-way
ANOVA with Tukey’s post hoc test). i Experimental design. j Difference score (n =14
mice, Paired t-test). k Preference score (n = 14 mice, Unpaired t-test). I Time spent in
the open arms in mice infused with vehicle (n =13 mice) or SKF81297 (n =14 mice),
Unpaired t-test. m Time spent in the light box in mice infused with vehicle (n=13
mice) or SKF81297 (n =14 mice), Unpaired t-test. n Average travel distance. Vehicle:
13 mice; SKF81297: 14 mice, Unpaired t-test. o Average 50% PWT. (n =14 mice, one-

way ANOVA with Tukey’s post hoc test). p Experimental design. q Representative
trajectories of eYFP-expressing mice (top) and ChR2-expressing mice (bottom) in
the RTCPA test. r Difference score (eYFP: 9 mice, ChR2: 10 mice, one-way ANOVA
with Tukey’s post hoc test). s Preference score (eYFP: 9 mice, ChR2: 10 mice, Two-
way ANOVA with Holm-Sidak’s post hoc test). t Schematic of EPM test with opto-
genetic activation (left) and representative mouse traces of eYFP-expressing
(middle), and ChR2-expressing mouse (right). u Time spent in the open arms (eYFP:
9 mice, ChR2:10 mice, Unpaired t-test). v Schematic of LDB test with optogenetic
activation (left) and (right) time spent in the light-box (eYFP: 9 mice, ChR2:10 mice,
Unpaired t-test). w 50% PWT test for mice experienced 40 min 80 dB noise and light
stimulation. (eYFP: 9 mice, ChR2: 10 mice, one-way ANOVA with Turkey post hoc
test). x Schematic of the experimental model. All graphs are represented as
mean + SEM. p <0.05, “p<0.01, “p < 0.001 or ““p < 0.0001.
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Fig. 7 | Work model. Schematic illustrating a neural circuit mechanism for distin-
guishing neural and aversive sound information. Left panel, the CIC#" neurons
respond to <50 dB sounds. The activity of these neurons fails to recruit VTA®BA
neurons to inhibit the NAcLat-projecting VTAP* neurons. As a result, the animals
maintain a low negative emotional state. Right panel, the activity of the CIC"

neurons is dramatically activated by loud sounds. These neurons convey the
aversive sound information to CnF&" neurons to drive VTA®*® neurons and encode
negative valence by inhibiting the NAcLat-projecting VTAP* neurons. As a result, the
animals exhibit a negative emotional state.

loud noise consistently decreased NAcLat DA activity, and promoted
aversion and anxiety, though it did not affect pain perception. Inter-
estingly, excitation of NAcLat DA alleviated chronic noise-induced
mechanical pain, suggesting that noise-induced pain is at least partially
attributable to NAcLat DA inhibition. Acute loud noise stimulation
may place animals in a high-stress state, influencing pain behavior™,
while chronic noise might affect the mesolimbic DA system through
other parallel pathways***. However, we cannot rule out the
possibility that other brain regions may play a more significant role in
chronic noise-induced pain, and we will investigate this in future
experiments.

It appears that both negative valence sounds (“unpleasant”
sounds) and positive valence sounds (“pleasant” sounds) might reg-
ulate the DA system through distinct, yet currently unknown, neural
circuits. Future studies should explore how the auditory system con-
veys information about positive valence sounds to the midbrain DA
system.

Local VTA inhibitory circuits in negative emotions

In local DA circuits, VTA®*®** neurons provide a major source of inhi-
bitory control and play a crucial role in promoting aversion by inhi-
biting VTA DA neurons®?*>*°¢, However, VTA“*®* neurons are not a
homogeneous population”. In addition to their local inhibitory role,
some VTA®*A neurons project to various brain regions®, influencing
behavioral outcomes. While the involvement of other parallel circuits
in sound-induced negative emotions through the VTA DA system
cannot be excluded, these studies support the hypothesis that distinct
inhibitory subpopulations of VTAP* neurons are specifically involved in
different behaviors®. Furthermore, VTA glutamate neurons are also
important in aversion-based behaviors®*°. We observed that the
majority of CnF-targeted VTA neurons were GAD67-positive (-64%) but
not TH-positive (Fig. 3), suggesting that the CnF may form synaptic
connections with VTA glutamate neurons. We propose that unpleasant
sounds might induce aversion by activating VTA glutamate neurons via

the CICE"-CnF&" pathway or other parallel pathways*, which warrants
further investigation in future studies.

In summary, this study identified and characterized a non-
canonical CICE“->CnF&" > VTA®BA auditory circuit involved in proces-
sing aversive sounds. We demonstrate that activation of this circuit by
aversive sounds leads to the inhibition of dopamine release in the
NAcLat, thereby regulating negative emotions through the activation
of VTA®*®A neurons. The identification of this indirect inhibitory circuit
not only provides a mechanistic understanding of how sensory infor-
mation is integrated by the mesolimbic dopamine system but also
suggests potential therapeutic approaches for alleviating negative
emotions induced by aversive sensory stimuli.

Methods

Subjects

8-12 weeks C57BL/6]J, Vglut2-ires-Cre (Jackson Laboratory, strain
name B6J;12956-(FVB)-Slc17a6™“ 9 *“/Mwar], stock number 028863),
Vgat-ires-Cre (Jackson Laboratory, strain name Slc32al™2olowly,
stock number 016962), DAT-ires-Cre (Jackson Laboratory, strain
name B6J.SHJ-Slc6a3™ €98/ stock number 006660), and Ail4 Cre
reporter line (Jackson Laboratory, strain name B6,12956 Gt(ROSA)
26Sorm#Hcactdlomaotize gtock number 007908) mice were used. Mice
were maintained on a 12:12-h light cycle (lights on at 07:00) with
water and food ad libitum and room temperature of 22-25°C and
55% humidity. Male and female mice were used in our experiments.
All animal experiments were conducted by the guidance for the care
and use of laboratory animals of Zhejiang University.

Stereotaxic surgeries

Viral vectors. AAV5-EF1a-DIO-hChR2(H134R)-eYFP, AAV5-CAG-Flex-
GCaMP6m-WPRE-SV40, pENN.AAV1.hSyn.Cre. WPRE.hGH (AAV ante-
rograde), AAVS5-EF1a-DIO-eNpHR3.0-eYFP, pAAV-flex-taCasp3-TEVp,
AAV(y/8)-hSyn-DIO-hM4D(Gi)-mCherry, ~ AAV5-hSyn-hChR2(H134R)-
mCherry, AAV5-hSyn-eYFP, AAV8-nEF-C,,,/Fo,-IC + +-eYFP, AAV8-nEF-
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Con/Fon-mCherry, and AAV5-CAG-dLightl.3b were prepared by the
Addgene. AAV5-EF1a-DIO-eYFP, AAV5-EF1a-DIO-mCherry, AAV2-retro-
hSyn.cre. WPRE.pA, and AAV2-retro-hSyn.Flpo.WPRE.pA were pre-
pared by the Shanghai Taitool Bioscience. The final titer was estimated
to be ~10" genome copies per milliliter. RetroAAV11-hSyn-DIO-eYFP,
RetroAAVI11-hSyn-DIO-mCherry, AAVS8-hEF1a-DIO-synaptophysin-
mCherry (-102), AAV8-CAG-DIO-TVA-mCherry(-10'2), AAV8-CAG-DIO-
rabies glycoprotein G (-10™), and EnvA-G deleted rabies-eGFP (-108)
were prepared by BrainCase (China). AAV9-hSyn-DA3m-WPRE-hGH
(-10™) was prepared by BrainVTA (China).

Viral injections. Mice were anesthetized with pentobarbital sodium
(100 mg/kg, intraperitoneal), and stereotaxic surgeries were per-
formed using a stereotaxic instrument (RWD life science).
100-300 nL of concentrated AAV virus solution was injected into the
CIC (150 nL; bregma: —-5.2 mm; lateral: 1.0 mm; ventral: -2.1 mm),
CnF (80 nL; bregma: —4.84 mm; lateral: 1.25 mm; ventral: -2.75 mm),
MG (200 nL; bregma: -3.28 mm; lateral: 1.8 mm; ventral:
-3.0 mm), nucleus accumbens lateral shell (NAcLat, 250 nL, bregma:
0.98 mm, lateral: 2.00 mm, ventral: —4.80 mm), prefrontal cortex
(PFC, 100 nL; bregma: 1.54 mm; lateral: 0.30 mm; ventral: -2.75 mm),
ventral NAc medial shell (vNAcMed, 250 nL; bregma: 0.98 mm:; lat-
eral: 0.50 mm; ventral: =5.18 mm), dorsal striatum (250 nL; bregma:
1.00 mm; lateral: 1.80 mm; ventral: -2.65mm), or VTA (300 nL;
bregma: —3.4 mm; lateral: 0.4 mm; ventral: —4.3 mm) using a syringe
pump (Ditron-tech LSP02-3B) at 100 nL/min. Injection sites were
confirmed in all animals by preparing coronal sections (100 um) after
behavioral tests.

Retrograde or anterograde tracing. C57BL/6) or Ail4 mice were
injected unilaterally with Retro-beads (100 nL), pENN.AAV1L.hSyn.-
Cre. WPRE.hGH (anterograde AAVI1-Cre), AAV2-retro-hSyn.cre. WPRE.pA
(RetroAAV2-Cre), RetroAAV11-hSyn-DIO-eYFP or RetroAAV11-hSyn-DIO-
mCherry into the CIC (150 nL; bregma: -5.2 mm; lateral: 1.0 mm; ventral:
-2.1mm), CnF (80 nL; bregma: —4.84 mm; lateral: 1.25 mm; ventral:
-2.75mm); MG (150 nL; bregma: -328 mm; lateral: 1.8 mm;
ventral: -3.0 mm), or/and VTA (150 nL; bregma: -3.4 mm; lateral:
0.4 mm; ventral: —4.3 mm). The detail of injections was noted in each
figure. To ensure the AAVI-Cre virus is injected into the right site, a
control viral (AAV-hSyn-eYFP or mCherry) is mixed in the AAVI-Cre for
the identification of the viral injection site. 10 days after injection, mice
were perfused with 4% PFA in PBS and coronal brain sections (100 um)
were collected for imaging experiment (Olympus confocal microscope
FV1200). In the experiment of double-labeling CIC#" neurons that pro-
ject to MG and CnF, the RetroAAV11-hSyn-DIO-eYFP and RetroAAVIl-
hSyn-DIO-mCherry were alternately injected into the MG and CnF of
Vglut2-Cre mice. The retroAAV11-eYFP and retro-AAVIl-mCherry
labeled cells in the CIC were manually counted using Image).

Rabies tracing. The Cre-dependent helper viruses (AAV-CAG-DIO-
TVA-mCherry and AAV-CAG-DIO-RVG, 1:1 mixed; ~10") were injected
into the CIC (bregma: -5.2 mm; lateral: 1.0 mm; ventral: —2.1 mm) of
Vglut2-Cre mice. 3 weeks later, a genetically modified rabies virus (RV)-
eGFP pseudotyped with the avian envelope protein was delivered to
the same coordinates after the injection of helper viruses. 7 days after
RV injection, mice were perfused with 4% PFA in PBS. 100 um coronal
brain sections were collected for imaging. All brain sections were
imaged using an Olympus slide scanner microscope (VS120). Whole-
brain counting of RV-labeled cells was done manually using Image J.

In vivo optogenetic experiments. Experiments were performed 4-5
weeks after stereotactic surgery. AAV-ChR2, -eYFP,-taCasp3, or -NpHR
injected mice received unilateral or bilateral implantation of chronically
implanted optical fiber(s) (200 um, NA=0.37; Inper Inc.) dorsal to
the CIC (bregma: -5.2mm; lateral: 1.0 mm; ventral: -1.8 mm),

MG (bregma: —3.2 mm; lateral: 1.8 mm; ventral: —2.7 mm), VTA (bregma:
-3.4 mm; lateral: 0.5 mm; ventral: —4.1 mm), NAcLat (bregma: 0.98 mm,
lateral: 2.00 mm, ventral: —4.30 mm), CnF (bregma: —4.84 mm; lateral:
1.25 mm; ventral: —2.55 mm), and fixed optical fiber to the skull with
small screws and dental cement (Henan Reding Dental Material Co.).
Mice were allowed to recover for -7 days at least after surgery. For
behavioral tests, we used 20 Hz-5 ms, -2 mW/mm? 473 nm light to uni-
laterally stimulate CIC, CnF, VTA, PAG, or MG, or to bilaterally stimulate
NAclat; Bilaterally applied continuous 589 nm light for (CIC®" cell
bodies, CIC#" terminals in CnF, CnF&" terminals in VTA) NpHR inhibition
(~5 mW/mm?). Viral expressions and optical fiber implanted sites were
confirmed in all animals by preparing coronal sections (100 um).
Although optical fiber placements varied slightly from mouse to mouse,
behavioral data from all mice were included in the study.

Cannula implantation. A dual-cannula with a diameter of 200 um
(RWD Life Science) was bilaterally implanted into NAcLat (bregma:
110 mm, lateral: +1.75 mm, ventral: —4.30 mm) or NAcMed (bregma:
1.18 mm, lateral: +0.50 mm, ventral: —4.50 mm). To prevent the can-
nula from clogging during the next 10 days recovery period, two
dummy cannulas (diameter ~100 um; RWD Life Science) with a cap
were inserted into the cannulas.

In vivo fiber photometry experiments. Calcium transients were
measured using commercial fiber photometry equipment (Inper Inc.;
RWD life science) same as we used in the previous study*’. Briefly,
2 weeks after GCaMP6m-, DA3m- or dLight1.3-AAVs injection, the mice
received unilateral implantation of a chronically-implanted optical
fiber (400 um, NA =0.48; Inper Inc.) into the CIC (bregma: -5.2 mm;
lateral: 1.0 mm; ventral: -2.0 mm), CnF (bregma: —4.84 mm; lateral:
1.25 mm; ventral: —2.5mm), VTA (bregma: -3.4 mm; lateral: 0.5 mm;
ventral: -4.2mm), MG (bregma: -3.2 mm; lateral: 1.8 mm; ventral:
-2.7 mm), PFC (bregma: 1.54 mm; lateral: 0.30 mm; ventral: —2.50 mm),
vNAcMed (bregma: 0.98 mm; lateral: 0.50 mm; ventral: -5.00 mm),
dorsal striatum (bregma: 1.00 mm; lateral: 1.80 mm; ventral:
-2.45mm), or NAcLat (bregma: 0.98 mm, lateral: 2.00 mm, ventral:
-4.50 mm). Recordings were performed at 4 weeks after viral injec-
tions. Fluorescence signals were obtained by stimulating cells
expressing GCaMP6é6m, DA3m, or dLight1.3 with a 473 nm LED (20 uW),
while calcium-independent signals were obtained by stimulating these
cells with a 405 nm LED (20 uW). 473 nm and 405 nm LED light were
alternated at 20 or 30 Hz and light emission was recorded using a
sCMOS Camera (Photometrics Prime).

For recordings of glutamatergic or GABAergic neurons in CIC,
CIC-targeted neurons in CnF or MG, GABAergic neurons in VTA, or
dopaminergic activity in NAcLat to different stimuli: (1) Sounds: mice
received 10-15 trails of different intensities of white noise (from 40-
90 dB) through a closely positioned audio speaker (Momoho). The
sound pressure level was measured by a digital sound level meter
GM1351 (Shenzhen Jumaoyuan Science and Tech Co., Ltd). (2) Tail
pinch and back brush: mice received 10-20 tail pinches (-3 cm from tip
of tail) using forceps or brushed mouse’s back using a brush (10s
duration, 30 s intervals between stimuli). (3) Tail shock: electrode pads
were placed on the tail (the distance of positive and negative pads is
~1cm) and mice received 10-20 trials of 0.1 mA or 0.5 mA tail shocks
(2 s duration, 28 s intervals between shocks). (4) Hot or cold water: the
-3 cm tip of the mouse’s tail was placed in a temperature-controlled
water bath ranging from 0 °C to 55 °C, 10 s duration, 10-15 trials, and
60 s intervals between each temperature level. Hot or cold water, back
brush, and tail pinch were manually applied to mice, and experimental
time stamps were acquired using a manual TTL pulse generator. Time
stamps of sounds and tail shocks were automatically generated by a
pulse generator (Inper Co., Ltd). All stimuli were synchronized to cal-
cium recordings by applying the stimulus at the designated time
during the recording.
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Given that some CIC neurons respond to locomotion, to confirm
the elevated of CIC#" Ca*" signals were from aversive stimuli, but not
barely from movement, we repeated the white noise (2 s duration, 15 s
intervals), and shock (2s duration, 15 s intervals) stimuli experiment
after mice were sedated with choral hydrate (5%, i.p.). We chose chloral
hydrate because of its strong sedative effects but does not block
nociceptive information processing. High concentrations of chloral
hydrate (20%) are highly irritating and may cause intestinal obstruc-
tion, peritonitis, and gastric ulcers in rats. So, to reduce the side effect
we chose 5% chloral hydrate to sedate mice (0.15ml per mouse,
mouse’s body weight about 24-26 g). After the Ca** recording experi-
ment, mice were immediately anesthetized using pentobarbital
sodium (200 mg/kg) and perfused with 4% PFA in PBS for the histo-
logical experiment.

For fiber photometry recordings of dopamine release in the
NAcLat or calcium fluorescence of GABAergic neurons or dopamine
neurons in VTA when optogenetic excitation of CIC®" neurons or CICE"
projections in CnF, given that CIC neurons do not directly project to
VTA and NAcLat, we can exclude overlapping between ChR2-eYFP and
GCaMP or dLight signals, and as well as through light intensities:
GCaMP or dLight excitation was performed using LED light intensities
at 20 pW/mm? and ~2 mW/mm? light was used for ChR2 excitation.
Experimental time stamps were acquired using TTL pulses generated
by a pulse generator (Inper Co., Ltd). The Z-Score or AUC interval was
defined as the entire laser stimulation period (0-2 sec).

Regarding quantification, the filtered 405 nm signal was aligned
with the 470 nm signal by using the least-square linear fit. The fitted
405 nm signal was then subtracted from the 470 nm signal to obtain
the movement and bleaching-corrected signal. dF/F was calculated
according to (470 nm signal-fitted 405 nm signal)/(fitted 405 nm sig-
nal). And the standard z-score calculation method is used, that is,
Z-score = (x-mean)/std, x = dF/F. Baseline normalization was per-
formed on the original dF/F signal using the time window -2 to O sec.
Thus, Z-score reflects the number of standard deviations from the
mean and it is possible that the baseline is not at 0. To exclude the
influence of motion on in vivo calcium imaging, all fiber photometry
experiments were performed in head-fixed moving mice. However, the
whole-body restraint can cause stress in animals, affecting experi-
mental results. We adopt a turntable type of head-fixed device to
perform the calcium imaging on mice. This device allows animals to
freely walk or run but the animal’s head position remains stable. This
approach ensures that the animal maintains a stable position during
the recording, which allows experimenters to easily administrate dif-
ferent manual stimuli to the animal, and mark the time stamps of the
stimuli®,

For fiber photometry recordings of DA release in the NAcLat,
calcium fluorescence of GABAergic neurons in the VTA, and calcium
fluorescence of glutamatergic neurons in the CIC under long-term
80 dB noise stimulation (Fig. R1), injection of AAV-Flex-GCaMP to the
CIC or VTA of Vglut-Cre or Vgat-Cre mice, respectively. These mice also
received a Dlight injection into the NAcLat to monitor DA release. After
placing the mice in the test box for a 5-minute environmental adap-
tation, we exposed them to 5 minutes of 80 dB noise stimulation. We
continued monitoring calcium activity in the three brain regions for
another 5 minutes after the noise off. The filtered 405 nm signal was
aligned with the 470 nm signal by using the least-square linear fit. The
fitted 405 nm signal was then subtracted from the 470 nm signal to
obtain the movement and bleaching-corrected signal. dF/F was cal-
culated according to (470nm signal-fitted 405nm signal)/(fitted
405 nm signal). We calculated the AUC changes in calcium activity in
these regions before and after the noise stimulation. Note that due to
surgery and virus expression, calcium signals from these regions
weren’t always recordable in all mice. Thus, the n numbers for each
group are different.

In vivo microendoscopic (miniscope) calcium imaging. To optically
record from CICE" neurons by using miniscope calcium imaging, 200
nL AAV(,/5-CAG-Flex-GCaMP6m was injected into the CIC (bregma:
-5.2 mm; lateral: 1.0 mm; ventral: 2.0 mm) of Vglut2-Cre mice. After
two weeks of viral expression, a 500 um diameter-5 mm length
gradient-index (GRIN) lens (Shenzhen Anshen Bio-Tech Co.) was slowly
(50 um/min) implanted into the CIC (bregma: -5.2 mm; lateral: 1.0 mm;
ventral: —2.0 mm) and a matching baseplate (Shenzhen Anshen Bio-
Tech Co.) was positioned over the GRIN lens and cemented with dental
acrylic. After two weeks of GRIN lens implantation, calcium fluores-
cence videos were recorded through a customized miniature micro-
scope (GLOBAL BIOTECH INC.; Inper Co., Ltd) at 20 Hz using the open-
source data acquisition software developed by Aharoni-Lab (https://
github.com/Aharoni-Lab/Miniscope-DAQ-QT-Software). Raw videos
from each imaging session used the motion correction function of
NoRMCorre®® in MATLAB(2021b) to correct motion-induced artifacts
across frames. To normalize image frames prior to cell sorting, (F-FO)/
FO (dF/F) was applied to each frame, where FO was the de-trended
mean frame. dF/F normalized videos were de-noised using an FFT
spatial band-pass filter in ImageJ. Next, we implemented a constrained
nonnegative matrix factorization algorithm to extract neuronal signals
(https://github.com/zhoupc/CNMF_E/). The automated recognized
neurons were visually inspected, and those displaying nonneuronal
morphology were removed. Each neuron was defined as excited or
inhibited cells in 80 dB white noise (2 s), 0.5 mA electric shock (1 s), tail
pinch (1s), or 55 °C hot water (10 s) stimulation (10 trials) as compared
to the dF/F of stimulation (5s) and of the equivalent baseline period
(5 s) using a Wilcoxon signed-rank test with a significance threshold of
p <0.05. To reliably track responses of the same neuron experiencing
all those stimuli, we performed all those stimuli in one recording ses-
sion, and then determined the same cell based on its location and
morphology information. To exclude the influence of motion on
in vivo calcium imaging, the experiment was performed in head-fixed
moving mice.

In vivo Electrophysiology Recording®. AAV2/5-DIO-ChR2 virus was
injected into the CIC of Vglut2-Cre mice (bregma: —5.2 mm; lateral:
1.0 mm; ventral: —2.0 mm). 3 weeks later, mice were implanted with
a custom-built drivable optrode into the dorsal CIC (bregma: -5.2 mm;
lateral: 1.0 mm; ventral: -1.1mm), which consisted of sixteen micro-
wires (12 pm diameter; Stablohm 675; California Fine Wire, Grover
Beach, CA) glued to a 100 pm optical fiber using hydrogel.
The tetrodes protruded from the tip of the optical fiber by ~0.2 mm.
Wire tips were cut flat and gold plated to reduce impedance to ~200 kQ
at 1kHz. A small screw was fixed to the skull and served as a
ground electrode. After tetrode implantation, animals were allowed
to recover for ~10 days. Neural signals were recorded using a Digital
Apollo 11 system (Bio-Signal Technologies: Nanjing, China) with a
head stage pre-amplifier (Bio-Signal Technologies: Nanjing, China).
Recorded signals were filtered using high-pass filter at 300 Hz and
digitized at 30 kHz. At the end of each recording session, the optrode
was ventrally moved for ~40pm. The final recording location was ver-
ified using histology after the electrolytic lesion.

Spikes were sorted based on the waveform energy and the first
three principal components of the spike waveform on each stereo-
trode channel. Spikes were sorted offline using Offline Sorter
V2.8.5 software (Plexon) and data was analyzed using NeuroExplorer
V5.403 (Plexon).

ChR2-tagged neurons were identified by delivering 473 nm
(-0.4 mW/mm?, 3-ms pulses) of light at 1-Hz frequency for 5 min. A unit
was identified as ChR2 expressing if spikes were evoked by laser pulses
reliably with short first-spike latency, and with the waveforms of light-
evoked and spontaneous spikes highly similar.
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After ChR2-tagged neurons were identified, various aversive sti-
muli (80dB white noise, tail pinch, and 55 °C hot water) were
sequentially applied to mice. For noise stimulation, 80 dB white noise
was applied to the mice through a closely positioned audio speaker (5s
duration, 30s intervals, 10-15 trials). For painful stimulation, mice
received tail pinches using forceps (3-4 cm away from tip of the tail, 5 s
duration, 30 s intervals, 10-15 trials). For the heat stimulus, the tip of
the tail was placed in a temperature-controlled water bath (55°C, 5s
duration, 60 s intervals, 7-10 trials). The experimental time stamps
were acquired using a manual TTL pulse generator. To determine
whether aversive stimuli altered CICE“ neural activity patterns, the 5s
baseline mean firing rate before the aversive stimulus was compared to
the mean firing rate during the aversive stimuli using paired t-tests
(P<0.05 for excited or inhibited; P>0.05 for non-response). To
exclude the influence of motion on in vivo electrophysiology record-
ing, the experiment was performed in head-fixed moving mice.

Ex vivo electrophysiology. Mice were deeply anesthetized with pen-
tobarbital. 200 pm coronal slices of the LPB/CnF or VTA were prepared
after intracardial perfusion with ice-cold artificial cerebrospinal fluid
(ACSF) containing (in mM) 50 sucrose, 125 NaCl, 25 NaHCO3, 2.5 KClI,
1.25 NaH,P0Oy, 0.1 CaCl,, 4.9 MgCl,, and 2.5 glucose (oxygenated with
95% 0,/5% CO,). After 60 min of recovery, slices were transferred to a
recording chamber and perfused continuously at 2-4 ml/min with
oxygenated ACSF (bath solution) containing (in mM) 125 NaCl, 25
NaHCO;, 2.5 KCl, 1.25 NaH,PO,, 11 glucose, 1.3 MgCl, and 2.5 CaCl,.
Cells were visualized with a 40x water-immersion objective on an
upright fluorescent microscope (BX51WI; Olympus) equipped with
infrared-differential interference contrast video microscopy and epi-
fluorescence (Olympus).

For recordings of light-evoked excitatory postsynaptic currents
(EPSCs), patch pipettes were filled with internal solution containing (in
mM) 117 CsCH;S03, 20 HEPES, 0.4 EGTA, 2.8 NaCl, 5 TEA, 4 MgATP, 0.3
NaGTP, 5 QX314, 0.1 spermine, and neurobiotin (0.1%) at pH 7.35
(270-285 mOsm). A total of 100 pM PCTX (Sigma) was added to the
bath solution to block inhibitory currents mediated by GABAA recep-
tors as well as the voltage-gated sodium channel antagonist tetrodo-
toxin (TTX, 1pM, Hello Bio) and the potassium channel antagonist
4-aminopyridine (4-AP, 1mM, Sigma). Whole-cell patch-clamp
recordings were made using a MultiClamp 700B amplifier (Molecular
Devices) or Sutter IPA-2 amplifier. Signals were collected, filtered at
2kHz, and digitized at 10 kHz using Digidata 1322 A and pClamp
10.5 software (Molecular Devices) or SutterPatch software. The light
intensity of the LED was not changed during the experiments and the
whole slice was illuminated (5mW/mm?). Light-evoked EPSCs were
obtained every 10 s with one pulse of 473 nm light (5 ms) with neurons
voltage clamped at —70 mV. Data were analyzed offline using Clampfit
(Molecular Devices) and IgorPro Software (Wavemetrics). Light-
evoked EPSC amplitudes were calculated by averaging responses
from 10 sweeps and then measuring the peak amplitude in a 50 ms
window after the light pulse. To determine the locations of recorded
cells, brain slices were fixed in 4% paraformaldehyde (PFA) and 24 h
later immunostained for neurobiontin to determine the precise ana-
tomical location.

Behavioral assays

Open field test (OFT). For noise stimulation, mice were placed in a
custom-made open field box (50 x 50 x 50 cm) with 5 min white noise
stimulation through an audio speaker (positioned directly above the
test box). The movement of the animals was recorded and analyzed by
using video tracking software (Biobserve). For optogenetic stimula-
tion, mice were, with fiber-optic implants connected to a 473 nm laser
(Inper Co., Ltd) through a rotary adaptor using a fiber cable, placedina
custom-made open field box (50 x 50 x 50 cm). The movement of the

animals was recorded and analyzed by using video tracking software
(Biobserve). A 9-min session was divided into three epochs (each with
3 min): 3 min laser off; 3 min laser on (ChR2:473 nm light, 20 Hz, 5 ms
pulses, ~2mW/mm? NpHR: continuous 589 nm light; -5 mW/mm?);
3 min laser off.

Real-time conditional place aversive/preference test (RTCPA/
RTCPP). A custom-made chamber with three compartments
(70 x 25 x 30 cm, the middle compartment length is 10 cm) was used.
For the white noise stimulation: On day 1, individual mice were placed in
the neutral (middle) compartment and allowed to freely explore the
entire apparatus for 10 min (pre-test). On day 2, one side of the
chamber was positioned a speaker and assigned as the sound stimu-
lation side (paired side). The opposite side box (without a speaker) was
assigned as the unpaired chamber. Then individual mice were placed in
the neutral (middle) compartment and immediately turned on the
speaker, and a 10 min continuous 40, 50, 60, or 80 -dB white noise
stimulation was applied to the animals (post-test). The time spent in
the paired compartment during the pre-test was compared with the
time spent in the same compartment during the noise stimulation
(post-test) as the preference score or the time spent in the paired
compartment - in the unpaired compartment as a difference score to
define either preference or aversion. For optogenetic stimulation
(without noise stimulation): The total test time is 20 min. In the first
10 min, one side of the chamber was randomly assigned as the initial
stimulation side (Phase 1). After 10 min the stimulation side was swit-
ched to the previously non-stimulated side of the chamber (Phase 2).
At the start of each session, the mouse was placed in the neutral
(middle) compartment, and each time when the mouse crossed to the
stimulation side, a 20 Hz (5 ms pulses) 473 nm laser (-2 mW/mm?, for
ChR2) or a continuous 589 nm laser (-5 mW/mm?, for NpHR) stimula-
tion was delivered until the mouse crossed back into the neutral
compartment. There was no interruption between Phase 1 and Phase 2.
The movement of the mice was recorded via video tracking software
(Biobserve) and the time spent on each side (stimulated, non-stimu-
lated, and neutral) was calculated. The power output for the cable was
tested using a digital power meter (Inper co.). In experiments involving
noise-stimulation plus optogenetic excitation or inhibition experi-
ments similar to the white noise stimulation experiment, a speaker was
placed in one side box and a 473 nm or 589 nm laser stimulation was
also applied to the animals during the 10 min noise-stimulus whole
session. In experiments involving chemogenetic inhibition experi-
ments, mice received saline or Deschloroclozapine (DCZ,100 ug/kg)
injection (i.p) 30 min later, these mice were placed in the CPP test box
with 10 min white noise stimulation.

Elevated plus maze test (EPM). The EPM test is one of the widely used
behavioral assays to asses anxiety-related behaviors in rodents. The
EPM apparatus consists of a “+”-shaped maze elevated above the floor
(55cm) with two open arms, two closed arms (having a 15cm high
wall), and a center area (5 cm x 5 cm). The dimensions of each arm are
30 cm x 5cm. In experiments involving chemogenetic inhibition, des-
chloroclozapine (DCZ, 100 pug/kg) was administered (i.p) 30 min
before the test. In the experiment of bilaterally activating DIR in
NAcLat or NAcMed, DIR agonist (SKF81297, 1ug in 0.4 uL ACSF/side)
was infused into NAcLat or NAcMed 10 min before testing. For noise
stimulation, mice were placed in the center area of the maze with 5 min
white noise stimulation through an audio speaker (positioned directly
above the test maze). Subsequently, its behavior was recorded using a
camera coupled with video tracking software (Biobserve), and the
duration spent in the open arms as well as the number of entries into
the open arms were quantified over a period of 5 minutes. (Note, place
the mouse such that the head is oriented towards the open arm and
away from the experimenter).
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Light dark box test (LDB). The LDB test is another widely used beha-
vioral assay to measure anxiety-related behaviors in rodents. The LDB
apparatus (length x width x height: 50 x 20 x26 cm) has two com-
partments, the light compartment (2/3 of the box) and the dark
compartment (1/3 of the box). The light compartment is brightly lit
(-110 lux) and open. Mice were initially placed in the middle of the
illuminated compartment and they were allowed to freely explore the
box for 10 minutes (whole test session with 80 dB white noise stimu-
lation). The behavioral test was recorded and subsequently analyzed
using automated behavioral tracking software (Biobserve). This ana-
lysis included quantifying the duration spent in the light zone and the
number of entries into the light zone.

Von Frey test. The 50% paw withdrawal threshold (PWT) in response
to Von Frey stimuli was measured by using the Up-Down method as
described previously**®'. Mice were placed in a small plastic box
(10 x10 x 20 cm) with a metal grid (1.0 x1.0 cm) floor for 20 min to
habituate the experimental environment (ambient). A series of eight
Von Frey filaments (4.74 (6.0 g), 4.56 (4.0 g), 4.31 (2.0 g), 4.08 (1.0 g),
3.84 (0.6 g), 3.61 (0.4 g), 3.22 (0.16 g), 2.83 (0.07 g; Stoelting)), which
increased in force with approximately equal logarithmic value (5;
0.27), were gently applied perpendicularly to the plantar surface of
each hind paw until the filament bent (for <2's) and 20-30 s intervals
between stimulus. For the acute noise stimulation, after mice habi-
tuated to the experimental environment, various noise (40-80 dB) was
applied to mice through a speaker, and conducted the Von Frey test at
the same time (the duration of noise stimulation was about 4-5 min).
For the chronic noise stimulation, mice were placed in the Von Frey
test box with noise stimulation for 40 min, then turned off the noise
and performed the Von Frey test. In the optogenetic or chemogenetic
inhibition alleviates chronic noise-induced pain experiments, the
continuous yellow light (for NpHR) or blue light (for IC + +) stimulation
or DCZ administration (i.p) was applied to mice ahead of noise sti-
mulation 2 min (for optogenetic inhibition) or 30 min (for chemoge-
netic inhibition). The pattern of positive and negative responses was
converted to 50% threshold according to the formula: 50% threshold
(©)=(10%#*¥/10000, in which X; represented the value of the final Von
Frey filament used and K was correction factor for the pattern of
positive/negative responses.

Pharmacological experiment

DIR agonist (SKF81297,1 ug in 0.4 uL. ACSF/side) was bilaterally infused
(0.1 uL/min) into the NAcLat or NAcMed by using a 5 uL syringe (Feige,
Shanghai) with an injector (100 um) connected to the cannula. Then,
the mice were put back to their home cage and 10 min later, these mice
were conducted to noise-induced place aversive test, EPM, and
LDB tests.

Immunohistochemistry

All solutions were freshly prepared. Mice were perfused with saline
following 4% (w/v) paraformaldehyde (PFA, pH=7.2) in PBS. The brains
were post-fixed in PFA for 6-8h and stored in 30% (w/v) sucrose
overnight at 4 °C. Brain sections (50 or 100 um) were prepared with a
frozen microtome (Leica CM 1950) or vibrating microtome (Leica
VT1000s). Sections were rinsed in 0.01 M PBS (pH=7.2) with 10 min x 3
times and transferred sections into 0.3% (v/v) Triton-X 100 in PBS and
incubated for 30 min (-23 °C room temperature, RT). After 5 min PBS
rinsing, sections were blocked with 5% (w/v) normal bovine serum for
1h at RT and then were incubated with primary antibodies overnight
(-10-12h) in 4°C: anti-cFos (1:1000, Rabbit, Synaptic Systems,
226008), anti-GAD67 (1:200, Rabbit, Synaptic Systems, 198013) or anti-
TH (1:1000, Mouse, Millipore ab318). The next day, brain sections were
stained for 2h in secondary antibodies (Alexa Fluor 546 goat anti-
rabbit, Alexa Fluor 546 goat anti-mouse, and Alexa Fluor 647 goat anti-
mouse (1:1000, Thermo Fisher Scientific or Abcam). Antibodies were

diluted in phosphate-buffered saline which contained 2% (w/v) BSA
and 0.3% (v/v) Triton X-100. Regarding cFos immunostaining, mice
were placed in behavioral room in a priorly adapted environment for
2 days. Then, mice were placed in a white noise off, 40 dB or 80 dB
white noise on stimulus box for 10 min, or placed on a hot plate (37 or
55 °C) for 2 min, or unilateral injection of 1% Formalin into mice’s hind
paw, or applied 1 min electric shock (0.1 mA) to mice tail and perfused
those mice after 60 minutes. 3 coronal slices (50 um) were collected
for each experimental group for the cFos staining. Image acquisition
was performed with Olympus FV1200 laser scanning confocal micro-
scope using 10x or 20x objectives or on a Leica DM4B upright widefield
fluorescence microscope using a 2.5x or 5x objective.

Statistics

All data were analyzed in advance for Normality and Lognormality
tests, then, Student’s t-tests (paired or unpaired), Wilcoxon signed-
rank test, and one- or two-way ANOVA tests were used to determine
statistical differences for anatomical, behavioral, and electro-
physiological data using GraphPad Prism 9 (Graphpad Software).
Tukey’s post hoc test or Holm-Sidak’s post hoc analysis was
applied when ANOVA showed a significant main effect. The details are
shown in Supplementary Table 1. *p<0.05, *p<0.01, **p<0.001,
“*p < 0.0001. All data are presented as means + SEM.

Statistics and Reproducibility

All experiments were performed independently multiple times to
ensure reproducibility. The specific number of independent repeti-
tions for each experiment is as follows:

Figure 2b. The implantation of the GRIN Lens in the CIC and
subsequent imaging were independently repeated 6 times from 6
mice. Each repetition yielded similar results, as depicted in the repre-
sentative micrograph and field of view shown in Fig. 2b.

Figure 3b. Representative graph showing CIC neurons directly
project to the CnF but not to the VTA and LPB. This experiment was
independently repeated 3 times from 3 mice with similar results.

Figure 3e. Representative graph showing massive retroAAV2
labeled cells in the CnF but not the CIC. This experiment was inde-
pendently repeated 2 times from 2 mice with similar results.

Figure 3g. Representative graph showing AAV1-Cre labeled cells in
VTA were TH-immunonegative. This experiment was independently
repeated 3 times from 3 mice with similar results.

Figure 3i. Representative graph showing anterograde labeled cells
in the VTA from CnF were GAD67 immunopositive. This experiment
was independently repeated 4 times from 4 mice with similar results.

Figure 30. Representative graph showing eYFP expressing CnFeABA
projections in the red nucleus (Rn) but not in the VTA. This experiment
was independently repeated 3 times with similar results.

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

Data availability
All data are provided in the Supplementary Information. Source data
are provided with this paper.

Code availability

In our study, we utilized custom codes and software for analyzing in
vivo microendoscopic (miniscope) calcium imaging data. The primary
software and analysis tools used are based on the UCLA Miniscope
project, which provides open-source resources for data acquisition
and analysis. The source code and pre-built versions of the software
are available on GitHub (https://github.com/Aharoni-Lab/Miniscope-
DAQ-QT-Software).
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