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SUMMARY
For survival, animals encode prominent events in complex environments, which modulates their defense
behavior. Here, we design a paradigm that assesses how a mild aversive cue (i.e., mild air puff) interacts
with sound-evoked flight behavior in mice. We find that air puffing facilitates sound-evoked flight behavior
by enhancing the auditory responses of auditory cortical neurons. We then find that the anterior part of
the anterior cingulate cortex (ACC) encodes the valence of air puffing and modulates the auditory cortex
through anatomical examination, physiological recordings, and optogenetic/chemogenetic manipulations.
Activating ACC projections to the auditory cortex simulates the facilitating effect of air puffing, whereas in-
hibiting the ACC or its projections to the auditory cortex neutralizes this facilitating effect. These findings
show that the ACC regulates sound-evoked flight behavior by potentiating neuronal responses in the auditory
cortex.
INTRODUCTION

In ever-changing environments, animals need to use informa-

tion from all modalities to predict possible danger. Many

studies have examined how a stimulus in one modality can

trigger defensive behavior and the brain structures underlying

this process (Motta et al., 2009; Pagani and Rosen, 2009;

Perez-Gomez et al., 2015; Wei et al., 2015; Xiong et al., 2015;

Yilmaz and Meister, 2013). In the auditory field, several studies

show that a circuit composed of the auditory cortex (ACx) and

brainstem controls flight behavior evoked by sound in mice

(Wang et al., 2019; Xiong et al., 2015). However, how a prom-

inent cue (e.g., mild air puff) interacts with flight behavior is

unknown, although this interaction is essential for animals to

predict danger.

Prefrontal cortical areas encode the valence of stimuli and

influence primary sensory cortices through corticocortical pro-

jections in a top-down fashion (Bidet-Caulet et al., 2015; Desi-

mone and Duncan, 1995; Miller and Cohen, 2001; Romanski

and Goldman-Rakic, 2002; Tomita et al., 1999; Zanto et al.,

2011; Zhang et al., 2014). Among these prefrontal areas, the

anterior cingulate cortex (ACC) may be an ideal structure for
This is an open access article under the CC BY-N
mediating the interaction between an aversive cue and

sound-evoked flight behavior. The ACC participates in many

advanced functions, such as attention, motivation, anticipation,

and emotion (Bush et al., 2000; Hughes and Beer, 2012; Pardo

et al., 1990; Sohn et al., 2007). Also, the ACC can modulate the

visual cortex (Zhang et al., 2014), claustrum (White et al., 2018),

and thalamus (Bubb et al., 2021). Hence, the ACC helps

determine relevant task performance by participating in the

top-down control of these areas. Here, we ask how the ACC

modulates the ACx, which is a question that has not yet been

addressed.

Previous studies show that the ACx receives strong top-down

modulation during various behaviors or tasks, such as running

(Nelson et al., 2013; Schneider et al., 2014), vocalization (Eliades

and Wang, 2008), and two-alternative choice tasks (Otazu et al.,

2009). In this study, we designed a behavioral paradigm in which

a moderate air puff is utilized as a cue to facilitate sound-evoked

flight behavior in mice. We investigated how the ACx and ACC

participate in this behavior. Through anatomical, physiological,

optogenetic, chemogenetic, and behavioral methods, we further

examined how the ACC modulates ACx neurons, thereby facili-

tating sound-evoked flight behavior.
Cell Reports 38, 110506, March 8, 2022 ª 2022 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Air puffing facilitated sound-evoked flight behavior

(A) Schematic drawing showing the behavioral setup.

(B) Experimental protocol.

(C) Representative speed change tracings to sounds at 90 dB (sound pressure level [SPL]) with (red, AFP) and without (black, no APF) air puffing.

(D) Average and individual speed changes during the sound (90 dB)-presenting period (0–5 s) with and without air puffing.

(E) Average and individual speed changes to sounds when air puffing was presented at different pressures (lines were fitted by a sigmoidal model for display

purposes).

(F) Average and individual sound-intensity thresholds with and without air puffing.

Shadows and error bars represent SEM. *p < 0.05; **p < 0.01; ***p < 0.001 (see Table S1 for detailed statistics).

See also Figure S1.
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RESULTS

Air puffing facilitates the sound-evoked flight response
We adopted a sound-evoked flight paradigm to measure the

flight response to a sound stimulus (Chou et al., 2018; Wang

et al., 2019; Xiong et al., 2015) and then examined the facilitating

effect of air puffing on this flight response (Figures 1A and 1B).

When head-fixed mice could run on a round plate (Figure 1A),

we measured their running speed in response to white noises

at different intensities. We found that sounds evoked flight

behavior, especially at high intensities (Figures 1C–1E, black).

We next examined how an air puff presented before the sound
2 Cell Reports 38, 110506, March 8, 2022
affects flight behavior (Figure 1B). At a single intensity (90 dB),

air puffing significantly facilitated flight behavior (Figure 1C,

red), accelerating running speed from 7.15 ± 0.85 to 10.68 ±

0.79 cm/s (Figure 1D). Group data show that air puffing signifi-

cantly elevated the speed-to-intensity psychometric curve (Fig-

ure 1E). Air puffing also significantly lowered the threshold of

sound intensity that could evoke flight behavior (Figure 1F;

68.77 ± 1.56 versus 50.10 ± 3.58 dB).

As the air puff is accompanied by a blasting sound (�43 dB at

10 cm when pressure was 20 psi), we designed a control exper-

iment in which the air puff was aimed away from the animal to

rule out the possibility that the facilitating effect is generated
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by this blasting sound (Figure S1A). That is, the animal heard the

blasting sound but did not experience air puffing. The blasting

sound did not alter flight responses to the noise or the sound-in-

tensity threshold (Figures S1B–S1E). When its pressure was high

enough, air puffing alone evoked flight responses (Figures S1F

and S1G). Therefore, we chose moderate pressures (20 or 30

psi) that induced no significant flight behavior in our paradigm.

We found that air puffing produced the strongest facilitating

effect when the delay between the air puff and sound was 2 s

(Figures S1H and S1I), which was thus selected as the delay

between the air puff and sound in all subsequent experiments.

When the degree of the valence (i.e., air pressure) was manip-

ulated, air puffing with higher valence possessed a stronger abil-

ity to facilitate flight behavior (Figure 1E). Therefore, moderate air

puffing facilitated the flight behavior triggered by loud sounds.

ACx silencing reduces the flight response and blocks
the facilitatory effect of air puffing
Previous studies show that sound-evoked defense behavior re-

lies on activation of the ACx (Wang et al., 2019; Xiong et al.,

2015). Thus, we first examined whether the facilitating effect of

air puffing depends on the ACx (Figure 2A). We injected a g-ami-

nobutyric acid (GABA) A receptor agonist, muscimol, into the

ACx through a cannula implanted in the ACx. Muscimol fully

blocked neural activity in the ACx (Figure 2B). At a single sound

intensity (90 dB), when the ACx was silenced, running speed

decreased significantly, and air puffing no longer facilitated flight

responses (Figures 2C and 2D; no air puffing [APF] = 5.79 ± 0.70,

APF = 10.77 ± 0.90, no AFP + muscimol [Mus] in ACx = 2.70 ±

0.67, APF + Mus in ACx = 2.48 ± 0.64 cm/s). Group data show

that silencing the ACx significantly lowered the psychometric

curve and eliminated the difference between no-air-puffing and

air-puffing situations (Figure 2E). The threshold of sound inten-

sity was also significantly higher than in the no Mus infusion sit-

uation (Figure 2F). In a control experiment with artificial cerebro-

spinal fluid (ACSF) injected into the ACx, there was no significant

change in the facilitating ability of air puffing (Figures S2A and

S2B). The change in pupil size was decreased by ACx silencing

(Figures S2C and S2D). However, air puffing alone still enlarged

pupil size and enhanced the change in pupil size in response to

the sound when Mus was infused into the ACx. These results

demonstrate that the ACx is critical for both sound-evoked flight

behavior and the facilitating effect of air puffing on this behavior.
Figure 2. ACx inactivation eliminated sound-evoked flight responses a

(A) Top: schematic drawing showing the experimental setup. Bottom: represent

1,000 mm).

(B) Top: representative raw traces showing extracellular activity with and without m

responses to sounds with and without muscimol.

(C) Representative speed-change tracings to sounds at 90 dB (SPL) without a

muscimol in the ACx (green, no APF + Mus in ACx), and with air puffing plus mu

(D) Average and individual speed changes during the sound (90 dB)-presenting pe

in the ACx, and with air puffing plus muscimol in the ACx.

(E) Average speed changes at different sound intensities without air puffing, with a

muscimol in the ACx.

(F) Average and individual sound intensity thresholds without air puffing, with air

muscimol in the ACx.

Shadows and error bars represent SEM. *p < 0.05; **p < 0.01; ***p < 0.001 (see

See also Figure S2.

4 Cell Reports 38, 110506, March 8, 2022
However, the ACx regulates sympathetic responses (e.g., pupil

size) to a lesser extent.

Air puffing enhances auditory responses in the ACx
The next question was how air puffing regulates auditory re-

sponses in the ACx. We implanted an optical fiber and injected

an adeno-associated virus (AAV) that expresses GCaMP6s in a

Cre-enzyme-dependent manner (AAV9-Syn-Flex-GCaMP6s-

WPRE-pA) into the ACx of CaMKIIa-Cre mice. Calcium signals

were measured by the fiber photometry method 3 weeks later

(Figure 3A). Recorded signals represent summarized neural activ-

ities of all excitatory neurons near the tip of the fiber. Sounds

evoked apparent calcium responses (Figures 3B, no APF, and

3C, black line). Calcium responses to the sound were significantly

enhanced when it was preceded by air puffing (Figures 3B, APF,

and 3C, red line). When the air puff was aimed away from the an-

imal, its sound still evoked auditory responses, but there was no

enhancement in auditory responses to the subsequent noise (Fig-

ures 3B, APF not on mice, and 3C, blue line). Average responses

to the noise significantly increased from 8.10% ± 1.23% to

10.70% ± 1.58% (DF/F) when there was air puffing, but there

was no significant change when the air puff was aimed away

from themice (Figure 3D, left panel). Running speed shows similar

changes as calcium signals (Figure 3D, right panel). Therefore, air

puffing enhanced auditory neuronal responses in the ACx and

facilitated flight responses to the sound. In mice injected with

AAV9-hSyn-DIO-eGFP-WPRE-pA, no or minimal artifacts were

evoked by the same stimuli (Figures S3A and S3B).

Changes in pupil size were similar to changes in calcium sig-

nals. Air puffing enhanced pupil enlargement in response to

the sound, but the air-puff sound did not (Figures S3C and

S3D). Previous studies show that change in pupil size correlates

with the release of acetylcholine (Ach) in the cortex (Naicker

et al., 2016; Reimer et al., 2016). Ach can regulate auditory re-

sponses and enable the formation of neural plasticity in the

ACx (Guo et al., 2019; Ma and Suga, 2005). We checked whether

Ach regulates behavior in our paradigm by applying the Ach-re-

ceptor antagonists atropine and mecamylamine (A&M) into the

ACx (Figure S3E). The psychometric curve was only slightly

downshifted by the administration of Ach-receptor antagonists

(Figure S3F), and the threshold was slightly upshifted (Fig-

ure S3G). Therefore, Ach does not appear to play a major role

in this behavior.
nd the facilitating effect of air puffing

ative image showing the infusion area of muscimol in the ACx (red, scale bar:

uscimol (gray bars for sounds; scale bar: 2 s). Bottom: average and individual

ir puffing (black, no APF), with air puffing (red, AFP), without air puffing plus

scimol in the ACx (blue, APF + Mus in ACx).

riod (0–5 s) without air puffing, with air puffing, without air puffing plusmuscimol

ir puffing, without air puffing plus muscimol in the ACx, and with air puffing plus

puffing, without air puffing plus muscimol in the ACx, and with air puffing plus

Table S1 for detailed statistics).
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Figure 3. Air puffing enhanced auditory responses in the ACx
(A) Left: schematic drawing showing the experimental setup for fiber photometry. Right: expression of GCaMP6s and the tract of the implanted optical fiber (scale

bars: 500 and 50 mm).

(B) Representative heatmaps showing responses in three blocks (without air puffing, no APF; with air puffing, APF; with air puff sound, APF not on mice) in one

animal.

(C) Average response traces in three situations (no APF, black; APF, red; APF not on mice, blue).

(D) Left: average and individual calcium responses during the sound-presenting period (0–5 s) in three situations (no APF, APF, and APF not on mice). Right:

average and individual speed changes during the sound-presenting period (0–5 s) in three situations (no APF, APF, and APF not on mice).

Shadows and error bars represent SEM. *p < 0.05; **p < 0.01; ***p < 0.001 (see Table S1 for detailed statistics).

See also Figure S3.
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The ACC projects to the ACx
The prefrontal cortex can modulate the primary sensory cortices

in an excitatory or inhibitory manner (Schneider et al., 2014;

Zhang et al., 2014). We examined the distribution of retrogradely

labeled neurons in the frontal regions after injecting a retrograde

tracer (CTB647) into the ACx (Figure 4A). We found the highest

density of labeled neurons in the anterior part of the ACC

compared with other frontal cortical regions (Figure 4B, N = 3 an-

imals). Conversely, we injected AAV9-EF1a-DIO-EYFP into the

anterior part of the ACC and found strong expressions of EYFP

in the auditory region (Figure 4C). By contrast, mCherrry expres-

sion was found mainly in the visual cortex after AAV9-EF1a-DIO-

mCherry was injected into the posterior part of the ACC (Figures

S4A and S4B). Based on this anatomical connection, we specu-

late that the ACC is involved in the facilitating effect of air puffing

on auditory and flight responses.

ACC neurons encode the air puff through various
responses that potentially modulate the ACx
We implanted tetrodes in the anterior part of the ACC to examine

how ACC neurons encode air puffing (Figures 4D and S4D). Of

370 neurons recorded (N = 4 animals), 76 were classified as

persistent (P; Figures 4E), 183 as onset (O; Figure S4C1), and

37 as inhibitory (I; Figure S4C2), whereas 74 showed no
response (N). Most ACC neurons showed a robust and short

onset response to the air puff (Figure 4F, yellow line, onset neu-

rons) or a strong and persistent response (Figure 4F, red line,

persistent neurons). Group data show that persistent neurons re-

sponded for up to 3 s and onset neurons for only up to 1 s (Fig-

ure 4G). Both persistent and onset neurons retained their robust

responses to air puffing even when the air-puff sound was

masked (Figures S4E and S4F, APF + masking versus AFP +

no masking). Onset neurons responded robustly to the puffing

sound but at a lower firing rate, whereas persistent neurons

showed small but not significant responses when the puffing

was directed away from the mice (Figure S4F, APF not on

mice + no masking). These results demonstrate that both persis-

tent and onset neurons encode the valence of the air puff, and

onset neurons also encode the air-puff sound. Persistent neu-

rons are more capable of filling in the gap between the air puff

and the noise, sending the valence information of the air puff to

other brain regions, including the ACx.

In the next experiment, we confirmed that ACC neurons pro-

jecting to the ACx encode the valence of the air puff by specif-

ically visualizing their responses. We injected into the ACx

AAVretro-hSyn-Cre-WPRE-hGH that expresses the Cre enzyme

and then injected a Cre-dependent virus (AAV9-Syn-Flex-

GCaMP6s-WPRE-pA) into theACC1 to 2weeks later (Figure 4H).
Cell Reports 38, 110506, March 8, 2022 5
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Figure 4. The anterior part of the ACC projected

to the ACx, and neurons in the ACC encoded the

air puff

(A) Left: schematic drawing showing that a retrograde

tracer (CTB647) injected into the ACx. Right: represen-

tative images showing the injection site (1, scale bar:

1,000 mm), retrograde labeling in the prefrontal regions

(2, scale bar: 500 mm), and an enlargement of the square

area in 2 (3, scale bar: 200 mm).

(B) Cell density in different frontal areas (aACCd, anterior

part of the dorsal anterior cingulate area; pACCd, pos-

terior part of the dorsal anterior cingulate area; ACCv,

ventral anterior cingulate area; PL, prelimbic area; ILA,

infralimbic area; DP, dorsal peduncular area; ORBm, the

medial part of the orbital area; ORBvl, ventrolateral part

of the orbital area; ORBl, lateral part of the orbital area;

AId, dorsal part of the agranular insular area; AIv, ventral

part of the agranular insular area; AIp, posterior part of

the agranular insular area; VISC, visceral area; GU,

gustatory area; SSp, primary somatosensory area; SSs,

supplemental somatosensory area; PIR, piriform area;

Mop, primary motor area; Mos, secondary motor area).

(C) Left: schematic drawing showing AAV9-Ef1a-DIO-

eYFP injected into the ACC of CaMKIIa-Cre mice. Right:

representative images showing EYFP expression in the

injection site (1, scale bar: 1,000 mm), in the auditory

regions (2, scale bar: 1,000 mm), and an enlargement of

the square area in 2 (3, scale bar: 200 mm).

(D) Schematic drawing showing the experimental setup

for measuring responses in the ACC.

(E) A typical persistent neuron’s responses shown as a

raster plot (top left), peristimulus time histogram (bottom

left), and average waveforms of four channels in the

tetrode (right, scale bar: 50 mV).

(F) Average response tracings of persistent (P; red),

onset (O; yellow), inhibitory (I; blue), and no (N; gray)

neurons shown as Z scores (inset: percentage of each

type of neuron).

(G) Average responses 0–1, 1–2, 2–3, and 3–4 s after the

air puff for each type of neuron.

(H) Left: schematic drawing showing a retrograde virus

(AAVretro-hSyn-Cre) injected into the ACx and AAV9-

Syn-Flex-GCaMP6s injected into the ACC. Right:

representative images showing the expression of

GCaMP6s in the ACC (1, scale bar: 500 mm) and an

enlargement of the square area in 1 with a dashed

square for the tract of the implanted optical fiber

(2, scale bar: 100 mm).

(I) Representative heatmaps showing responses in one

block with air puffing and sounds.

(J) Average response traces in two situations (no APF,

black; APF, red).

(K) Average and individual calcium responses 0–2 and

2–7 s in two situations (no APF and APF).

Shadows and error bars represent SEM. Box charts

show medians, 25th and 75th percentiles with boxes,

10th and 90th percentiles with whiskers, andmeanswith

black dots. *p < 0.05; **p < 0.01; ***p < 0.001 (see Table

S1 for detailed statistics).

See also Figure S4.
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ACC neurons projecting to the ACx expressed GCaMP6s. An

optical fiber was implanted in the ACC to record its neural activity

using the fiber photometry method. We found that these neurons

showed long-lasting responses to the air puff, similar to persis-

tent neurons (Figures 4I–4K). These results suggest that ACx-

projecting ACC neurons encode the valence of the air puff.

ACC silencing blocks the facilitatory effect of air puffing
Next, we examined whether silencing the ACC could block the

facilitating effect of air puffing on the sound-evoked flight

response by injection of Mus into the ACC (Figure 5A). When

the anterior ACC was silenced, air puffing no longer facilitated

sound-evoked flight responses. Running speed at a single sound

intensity (90 dB) slowed to a speed similar to when there was no

air puffing (Figures 5B and 5C, no APF = 7.62 ± 1.03, APF = 13.04

± 1.28, APF + Mus in ACC = 7.25 ± 0.94 cm/s). Group data also

show that the psychometric curve and threshold returned to

those in the no-air-puffing situation when the ACC was silenced

(Figures 5D, psychometric curves, and 5E, threshold). As a con-

trol, the infusion of ACSF did not influence performance (Figures

S5A and S5B). Silencing the ACC did not change pupil size (Fig-

ures S5C and S5D), indicating that the ACC is not involved in the

mechanism that controls pupil dilation. As the ACC and nearby

structures (including motor areas) may participate in generating

motor commands, it is possible that silencing the ACC interferes

with running behavior. We found no change in sound-evoked

flight responses with Mus inactivation of the ACC, ruling out

this possibility (Figure 5F). These results strengthen our claim

that the ACCplays a vital role in the facilitating effect of air puffing

on the flight response.

Activation of ACC projections potentiates auditory
responses in the ACx, and the ACC controls the ACx in a
behavioral context
To directly examine how the ACCmodulates auditory responses

in the ACx, we injected AAV9-Syn-ChrimsonR-tdTomato ex-

pressing ChrimsonR (a red-light-sensitive cation channel) into

the ACC (Figure 6A). An electrode array combinedwith an optical

fiber was inserted into the ACx in a separate session under anes-

thesia. A red laser pulse was presented at various times (5, 20,

80, and 160 ms) before a 100-ms noise burst �10 dB above

the responding threshold. Activation of the ACC projection

enhanced the responses of 72.9% of all units (n = 186; example

shown in Figure 6B) and suppressed the other units. Overall,

activation of ACC terminals enhanced auditory responses

when the delay was 5, 20, 80, or 160 ms but not in mice injected

with control virus (AAV9-Syn-tdTomato) (Figure 6D). We exam-

ined the enhancing effect at various delays by choosing all

neurons that showed increased responses (Figures 6C and

6E). At all delays, activation of the ACC projection enhanced

both early (0–50 ms) and late (50–200 ms) responses (Figure 6E).

Silencing the ACC with a local infusion of lidocaine did not block

the enhanced auditory responses induced by the laser, ruling out

the effect of collateral activation (Figure S6A). Therefore, direct

activation of ACC projections in the ACx can potentiate auditory

responses with a wide time window.

To directly demonstrate that the ACC controls the ACx in a

behavioral context, we bilaterally injected AAVretro-hSyn-Cre-
WPRE-hGH into the ACx and then injected Cre-dependent

AAV9-Syn-DIO-hM4D(Gi)-mCherry that expresses inhibitory

DREADD into the ACC 1 to 2 weeks later. Using this method,

neurons in the ACC projecting to the ACx expressed hM4D(Gi)

and, later, could be inhibited by clozapine N-oxide (CNO) that

binds with hM4D(Gi) (Figures S6B and S6C). We also implanted

an optical fiber and injected AAV expressing GCaMP6s (AAV9-

CaMKIIa-GCaMP6s-WPRE-SV40) into the ACx. Calcium signals

weremeasured by the fiber-photometry method (Figure 6F). Cal-

cium responses to the sound were significantly enhanced when

it was preceded by air puffing (as in Figure 3). When CNO was

administrated to inhibit ACx-projecting neurons in the ACC, it

didn’t affect responses to the sound (Figure 6H), but the

enhancing effect of air puffing diminished (Figures 6G and 6I).

In mice injected with control virus (AAV9-Syn-DIO-mCherry),

CNO application did not influence the enhancing effect (Fig-

ure 6I). Running speed shows similar changes as calcium signals

(Figures 6J and 6K). These results show that in our behavioral

paradigm, the potentiation of auditory responses of ACx neurons

is controlled by ACx-projecting neurons in the ACC.

Activation of ACC projections in the ACx facilitates
sound-evoked flight responses
As direct activation of ACC projections in the ACx enhanced

auditory responses, we further hypothesized that such activation

could facilitate sound-evoked flight responses. We injected

AAV9-mCaMKIIa-DIO-ChrimsonR-mCherry-ER2-WPRE-pA

into the ACC of CaMKIIa-Cre mice and exposed and transpar-

entized both sides of the skull above the ACx for later laser appli-

cation (Figure 7A). Tomimic the persistent firing of ACC neurons,

we presented a train of laser pulses that covered the entire

period of sound stimuli. At a single intensity (90 dB), the laser

increased running speed comparable to that observed with air

puffing (Figures 7B and 7C, no APF = 6.54 ± 1.01, APF = 11.31

± 1.19, 635 nm in ACx = 10.38 ± 0.98 cm/s). Group data show

that the laser upshifted the psychometric curve significantly

and lowered the threshold, but not significantly (Figures 7D, psy-

chometric curves, and 7E, threshold). However, the facilitation

by laser stimulation across a wide range of intensities was

weaker than that by air puffing, possibly due to the efficiency

of the virus or the limited activating area. As a control, no facili-

tation effect by laser stimulation was observed after we injected

control virus that only expresses mCherry (Figure 7F). Therefore,

activation of ACC projections not only enhanced auditory re-

sponses in the ACx but also facilitated sound-evoked flight

responses.

Inhibition of ACC projections in the ACx suppresses the
facilitating effect of air puffing
Finally, we performed an additional loss-of-function experiment

in which we selectively suppressed ACC projections in the ACx

with chemogenetics. We examined whether such suppression

could neutralize the facilitating effect of air puffing on sound-

evoked flight behavior. We injected AAV9-hSyn-DIO-hM4D(Gi)-

mCherry expressing inhibitory DREADD into the bilateral ACC

of CaMKIIa-Cre mice and implanted an injection cannula in

each hemisphere of the ACx (Figure 7G). We administered

CNO into the bilateral ACx to inhibit ACC projections during
Cell Reports 38, 110506, March 8, 2022 7
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Figure 5. Silencing the ACC blocked the facili-

tating effect of air puffing on sound-evoked

flight behavior

(A) Left: schematic drawing showing the experimental

setup. Right: representative image showing the infu-

sion areas of muscimol in the ACC (red, scale bar:

1,000 mm).

(B) Representative speed-change tracings to sounds

at 90 dB (SPL) without air puffing (black, no APF), with

air puffing (red, AFP), and with air puffing plus mus-

cimol in the ACC (blue, APF + Mus in ACC).

(C) Average and individual speed changes during the

sound (90 dB)-presenting period (0–5 s) without air

puffing, with air puffing, and with air puffing plus

muscimol in the ACC.

(D) Average speed changes at different sound in-

tensities without air puffing, with air puffing, and with

air puffing plus muscimol in the ACC.

(E) Average and individual thresholds to sound

intensity without air puffing, with air puffing, and with

air puffing plus muscimol in the ACC.

(F) Average speed changes at different sound in-

tensities without and with muscimol in the ACC.

Shadows and error bars represent SEM. *p < 0.05;

**p < 0.01; ***p < 0.001 (see Table S1 for detailed

statistics).

See also Figure S5.
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the behavioral paradigm. CNO administration significantly

slowed running speed to that observed in the sound-only situa-

tion when sound intensity was 90 dB (Figures 7H and 7I, no

APF = 4.72 ± 0.56, APF = 9.28 ± 0.47, APF + CNO in ACx =

6.66 ± 0.49 cm/s). Group data show that CNO administration

greatly downshifted the psychometric curve and increased the

threshold (Figures 7J, psychometric curves, and 7K, threshold).

There was a small but statistically significant difference between

the APF + CNO and no-APF groups, indicating that CNO admin-

istration did not fully neutralize the facilitating effect of air puffing,

possibly due to inefficiency of the virus or the limited diffusion

range of CNO. In control animals, we observed no effect after

CNO administration when AAV8-hSyn-DIO-mCherry only ex-

pressing mCherry was injected (Figure 7l). Therefore, a direct

ACC-ACx projection mediates the facilitating effect of air puffing

on sound-evoked flight responses.

DISCUSSION

We demonstrated that the ACC encodes the valence of air puff-

ing. The anterior ACCmodulates the ACx by enhancing the audi-

tory responses of ACx neurons and facilitating sound-evoked

flight behavior (Figure 7M). Activation of this circuit may be crit-

ical for an animal to survive in a natural environment. For

example, airflow and certain sounds together are more likely to

predict the appearance of predators from the air than only

sounds. The animal would need to escape more quickly under

such circumstances.

Traditionally, air puffing is thought to trigger the release of Ach

in the cortex and either disinhibits the cortex or directly enables

plastic changes through n- andm-type Ach receptors (Guo et al.,

2019; Letzkus et al., 2011). We observed no significant role of the

Ach signaling pathway in our experiments, possibly due to the

passive nature of the behavioral paradigm, which required little

learning. Air puffing in our paradigm might raise the arousal level

andmodulate gain in the cortices (Fu et al., 2014; Lin et al., 2019;
Figure 6. Activation of the ACC-ACx projection enhanced auditory r

potentiating effect of air puffing on auditory responses

(A) Left: schematic drawing showing the experimental setup and protocol. Rig

(1, scale bar: 500 mm) and the auditory regions (2, scale bar: 200 mm).

(B) A representative neuron’s responses to sounds at different delays with the las

scale bar: 50 mV).

(C) Average response tracings to soundswith (yellow) andwithout (gray) the laser s

80, and 160 ms).

(D) Average responses 0–200ms after the sound for all neurons at different delays

ChrimsonR (left)- and tdTomato (right)-expressing mice.

(E) Average responses 0–50 (left) and 50–200 ms (right) after the sound for all neur

stimulation.

(F) Left: schematic drawing showing the experimental setup. Right: representative

tract of the implanted optical fiber and mCherry expression in the ACC (scale ba

(G) Average response traces in three situations (no APF, black; APF, red; APF +

(H) Average and individual calcium responses during the sound-presenting period

mice.

(I) Average and individual calcium responses during the sound-presenting period

mCherry (right)-expressing mice.

(J and K) Similar to (H) and (I), but for speed changes.

Shadows and error bars represent SEM. Box charts show medians, 25th and 75t

with black dots. *p < 0.05; **p < 0.01; ***p < 0.001 (see Table S1 for detailed sta

See also Figure S6.
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Shimaoka et al., 2018). The role of the direct ACC-ACx projection

in learning and memory awaits future investigation. Numerous

studies have adopted air puffing at high pressures (normally

higher than 40 psi) as an aversive stimulus to elicit startle (Logue

et al., 1997; Paylor and Crawley, 1997), eye-blink (Heiney et al.,

2014; Ohmae and Medina, 2015; Ten Brinke et al., 2017), and

other negative valence responses (Cao et al., 2021; Zhang

et al., 2018a; Zhang and Li, 2018; Zhu et al., 2018). In this study,

we presented a rather mild air puff (20–30 psi at 10 cm) to the an-

imal, which did not by itself induce flight behavior. Amore neutral

stimulus (e.g., flashlight) could be tested in future studies.

An ACC projection to the visual cortex inhibits somatostatin-

expressing (SOM+) and parvalbumin-expressing (PV+) interneu-

rons by activating vasoactive intestinal peptide-expressing

(VIP+) interneurons, causing disinhibitory responses of pyrami-

dal neurons (Zhang et al., 2014). The direct activation of VIP neu-

rons can induce a disinhibitory effect with a duration of hundreds

of milliseconds (Pi et al., 2013). Our results show that activation

of the ACC projection in the ACx induces a long-lasting enhance-

ment (i.e., more than 100ms). Although disinhibition of pyramidal

neurons by activating VIP+ interneurons is an attractive mecha-

nism underlying the phenomenon of long-lasting enhancement,

other neuronal mechanisms involving neuromodulators are

also possible and worth further investigation (Chen et al., 2019).

Apart from the ACx, the ACC also projects to many other

structures, such as other sensory cortices (Zhang et al., 2014,

2016), the thalamus (Zhang et al., 2016), superior colliculus

(Huda et al., 2020), amygdala (Jhang et al., 2018), and periaque-

ductal gray (Marchand and Hagino, 1983), whose involvements

in the functionality of our behavioral paradigm cannot be ruled

out. Whether the ACC uniformly encodes the valence of the air

puff and then distributes it to various brain regions is another

interesting topic for future study. In the visual system, activation

of the ACC projection in the visual cortex enhances visual coding

(Zhang et al., 2014, 2016). Thus, further studies must investigate

which types of tasks require the activation of this circuit.
esponses, and silencing ACx-projecting ACC neurons blocked the

ht: representative images showing tdTomato expression in the injection site

er (top: raster; bottom: peristimulus time histogram; inset: average waveform,

timulation for all neurons showing the facilitating effect at different delays (5, 20,

with (yellow, 5, 20, 80, and 160ms) andwithout (gray, no) the laser stimulation in

ons showing the facilitating effect at different delays with and without the laser

images showing GCaMP6s expression in the ACx with a dashed square for the

r: 500 mm).

CNO, blue).

(0–5 s) in two situations (no APF and no APF + CNO) in hM4D(Gi)-expressing

(0–5 s) in three situations (no APF, APF, and APF + CNO) in hM4D(Gi) (left)- and

h percentiles with boxes, 10th and 90th percentiles with whiskers, and means

tistics).
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Previous research on the interaction between prefrontal areas

and the ACx mainly focused on how motor areas transmit mo-

tion-related information to the ACx. The projection from themotor

cortex suppresses neuronal responses in the ACx, such as those

to proprioceptive sounds, through activating the local inhibitory

network (Nelson and Mooney, 2016; Nelson et al., 2013;

Schneider et al., 2014, 2018). Our results demonstrate that the

prefrontal cortex can also enhance neuronal activities in the

ACx and promote the encoding of sensory information and

behavioral responses in a specific context. Pathological overex-

citement of the ACC (Allen et al., 2008; Alonso-Solis et al., 2015)

may cause overexcitement of the auditory system. Overenhance-

ment of the ACx may cause auditory hallucinations in patients

with schizophrenia. Further investigations should seek to under-

stand the mechanisms of the ACC projection to sensory cortices

and possible correlations with such pathological conditions.

Limitations of the study
The underlyingmechanism of how the ACC enhances responses

in the ACx is not elucidated and is pending future study.

The involvement of other structures controlled by the ACC in

our paradigm cannot be ruled out.

In the experiment to study how activation of ACC projections

potentiates auditory responses in the ACx, we stimulated the

ACC projections in the ACx by one pulse of laser stimulation.

Our aim is to examine the level and duration of the potentiation

effect once the ACC fires one or a few action potentials. The in-

tensity of this stimulation is weaker than that used in the behavior

experiments. We speculate that a burst of laser stimulation can

induce a larger enhancement on auditory responses than just

one pulse.

Calcium signals recorded by the fiber-photometry tech-

nique may not fully reflect the neural activities since this
Figure 7. Activation of the ACC-ACx projection facilitated sound-evok

pressed the facilitating effect of air puffing on sound-evoked flight res

(A) Left: schematic drawing showing the experimental setup. Top right: representa

Bottom right: stimulation protocol.

(B) Representative speed-change tracings to sounds at 90 dB (SPL) without air p

(yellow, 635 nm in ACx).

(C) Average and individual speed changes during the sound (90 dB)-presenting p

(D) Average speed changes at different sound intensities without air puffing, with

(E) Average and individual sound intensity thresholds without air puffing, with air

(F) Left: schematic drawing showing the experimental setup in control animals. R

(black, no APF) and with the laser in the ACx (635 nm in ACx).

(G) Left: schematic drawing showing the experimental setup. Right: represen

500 mm).

(H) Representative speed-change tracings to sounds at 90 dB (SPL) without air puf

in the ACx (blue, APF + CNO in ACx).

(I) Average and individual speed changes during the sound (90 dB)-presenting pe

the ACx.

(J) Average speed changes at different sound intensities without air puff, with air

(K) Average and individual sound-intensity thresholds without air puffing, with air

(L) Left: schematic drawing showing the experimental setup in control animals. R

(black, no APF), with air puffing (red, APF), and with air puffing plus CNO in the A

(M) Proposed network controlling the facilitating effect of air puffing on sound-ev

sound and projects to brainstem structures such as the external nuclei of the infe

trigger escape behavior (i.e., flight). When there is an air puff, the ACC encodes i

responses to the sound and facilitates the flight response.

Shadows and error bars represent SEM. *p < 0.05; **p < 0.01; ***p < 0.001 (see
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method measured an aggregated signal with slow dynamics.

Local field potentials and action potentials recorded by

the electrophysiological method can provide more accurate

information.
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image showingmCherry expression in the injection site (scale bar: 500 mm).

g (black, no APF), with air puffing (red, AFP), and with the laser in the ACx
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puffing, and with the laser in the ACx.

fing, and with the laser in the ACx.

t: average speed changes at different sound intensities without air puffing

ve image showing mCherry expression in the injection site (scale bar:

(black, no APF), with air puffing (red, AFP), andwith air puffing plus the CNO

(0–5 s) without air puffing, with air puffing, and with air puffing plus CNO in

f, and with air puffing plus CNO in the ACx.

fing, and with air puffing plus CNO in the ACx.

t: average speed changes at different sound intensities without air puffing

(APF + CNO in ACx).
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Fluorescent Nissl Stain Thermo Fisher Scientific Cat# N21483;

RRID:AB_2572212

Bacterial and virus strains

AAV9-Syn-ChrimsonR-tdTomato UNC Vector Core N/A

AAV9-Syn-Flex-GCaMP6s-WPRE-pA a gift from Douglas Kim &

GENIE Project (Chen et al., 2013a)

Addgene viral prep # 100845-AAV9;

RRID:Addgene_100845

AAV8-hSyn-DIO-mCherry a gift from Bryan Roth Addgene viral prep # 50459-AAV8;

RRID:Addgene_50459

AAVretro-hSyn-Cre-WPRE-hGH a gift from James M. Wilson Addgene viral prep # 105553-AAVrg;

RRID:Addgene_105553

AAV9-CamKII-GCaMP6s-WPRE-SV40 a gift from James M. Wilson Addgene viral prep # 107790-AAV9;

RRID:Addgene_107790

AAV9-EF1a-DIO-eYFP-WPRE-hGHpA BrainVTA Cat# PT-0012

AAV9-EF1a-DIO-mCherry-WPRE-hGHpA BrainVTA Cat# PT-0013

AAV9-hSyn-DIO-hM4D(Gi)-mCherry-

WPRE-hGHpA

BrainVTA Cat# PT-0020

AAV9-hSyn-tdTomato-WPRE-hGHpA BrainVTA Cat# PT-1206

AAV9-mCaMKIIa-DIO-ChrimsonR-

mCherry-ER2-WPRE-pA

Taitool BioScience Cat# S0728-9

AAV9-hSyn-DIO-eGFP-WPRE-pA Taitool BioScience Cat# S0746-9

Chemicals, peptides, and recombinant proteins

DAPI Santa Cruz Biotechnology Cat# sc-3598

Pentobarbital sodium (Dorminal 20%) Alfasan International B.V. N/A

Urethane Sigma-Aldrich Cat# U2500

Lidocaine Tokyo Chemical Industry Cat# L0156

Dexamethasone Sigma-Aldrich Cat# D4902

Carprofen Sigma-Aldrich Cat# PHR1452

Alexa Fluor 647-conjugated Cholera

Toxin Subunit B

Molecular Probes Cat# C34778

Dil Stain Thermo Fisher Scientific Cat# D282

CNO Sigma-Aldrich Cat# C0832

Muscimol Sigma-Aldrich Cat# M1523

Fluorescent Muscimol Thermo Fisher Scientific Cat# M23400

Atropine Sigma-Aldrich Cat# A0257

Mecamylamine Sigma-Aldrich Cat# M9020

Experimental models: Organisms/strains

Mouse: C57BL/6J The Laboratory Animal Services Centre;

Chinese University of Hong Kong;

Laboratory Animal Research Unit,

City University of Hong Kong

RRID: IMSR_JAX:000664

Mouse: B6.Cg-Tg(Camk2a-cre)T29-1Stl/J The Laboratory Animal Services Centre RRID:IMSR_JAX:005359

Software and algorithms

Fiji (Schindelin et al., 2012) https://imagej.net/software/fiji/;

RRID:SCR_002285

Matlab Mathworks http://www.mathworks.com/products/matlab/;

RRID:SCR_001622

(Continued on next page)
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offline sorter Plexon http://www.plexon.com/products/offline-sorter;

RRID:SCR_000012

Synapse suite Tucker-Davis Technologies https://www.tdt.com/component/synapse-

software/

Origin 2018 OriginLab http://www.originlab.com/index.aspx?

go=PRODUCTS/Origin;

RRID:SCR_014212

MClust-4.0 Redish Lab https://redishlab.umn.edu/mclust

SPSS IBM https://www.ibm.com/products/spss-statistics;

RRID:SCR_019096

Other

Guide Cannula RWD Life Science Cat# 62004

Dummy cannula(metal) RWD Life Science Cat# 62108

Internal injector RWD Life Science Cat# 62204

PE tube RWD Life Science Cat# 62329

Fiber Optic Cannula Inper Cat# FOC-W-L-6-20037

Tungsten-wires California Fine Wire Cat#100–211

32-channel Silicon probes Cambridge NeuroTech Cat# ASSY-37F
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Xi Chen

(xi.chen@cityu.edu.hk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. This paper does not report original code. Any addi-

tional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All experimental procedures were approved by the Animal Subjects Ethics Sub-Committee of City University of Hong

Kong. Experiments were conducted using C57BL/6J and CaMKIIa-Cre (Jackson lab stock #005359) mice. Animals were housed

at 20–24�C with 40–60% humidity under a 12-hour-light/12-hour-dark cycle (lights off from 8:00 am to 8:00 pm) with ad

libitum access to food and water. Experiments were conducted during the dark cycle with adult (6–12 weeks) male and female

mice.

Viruses
AAVs were purchased from the UNC Vector Core (AAV9-Syn-ChrimsonR-tdTomato), Addgene (AAV9-Syn-Flex-GCaMP6s-

WPRE-pA [#100845-AAV9], AAV8-hSyn-DIO-mCherry [#50459-AAV8], AAVretro-hSyn-Cre-WPRE-hGH [#105553-AAVrg],

AAV9-CamKII-GCaMP6s-WPRE-SV40 [#107790-AAV9]), BrainVTA (AAV9-EF1a-DIO-eYFP-WPRE-hGHpA [#PT-0012], AAV9-

EF1a-DIO-mCherry-WPRE-hGHpA [#PT-0013], AAV9-hSyn-DIO-hM4D(Gi)-mCherry-WPRE-hGHpA [#PT-0020], AAV9-hSyn-

tdTomato-WPRE-hGHpA [#PT-1206]), and Taitool BioScience (AAV9-mCaMKIIa-DIO-ChrimsonR-mCherry-ER2-WPRE-pA

[#S0728-9], AAV9-hSyn-DIO-eGFP-WPRE-pA [#S0746-9]). AAV was loaded in a pipette with a fine tip mounted on a nanoliter

2000/Micro4 system (World Precision Instruments [WPI], Sarasota County, FL, USA). Craniotomies with diameters �0.5–1 mm

were made over the target regions. The pipette was slowly advanced into and held at the target depth for 5 min before infusion.

The infusion speed was set as 25 nL/min for all injections. Five min after infusion, the pipette was slowly withdrawn (Chen et al.,

2019; Zhang et al., 2020).
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Surgery
For intracranial injection and implantation of fiber optic cannulas, drug cannulas, or tetrodes, animals were administered (i.p.)

80 mg/kg pentobarbital sodium (Dorminal 20%, Alfasan International B.V., Woerden, Netherlands). Anesthesia for acute in vivo

recording was induced by urethane (2 g/kg, i.p., Sigma-Aldrich, St. Louis, MO, USA). Lidocaine (2%, Tokyo Chemical Industry

[TCI] #L0156, Tokyo, Japan) was liberally applied on the incision site for local analgesia. To maintain anesthesia during surgery,

pentobarbital sodium or urethane was periodically supplemented (Chen et al., 2019; Zhang et al., 2020). The animal was mounted

on a stereotaxic instrument (RWD Life Science #68001, Shenzhen, China), and the scalp was sterilized with 70% alcohol before a

midline incision. The skull was exposed, and craniotomies were made over different target brain regions after leveling. For drug

cannula, fiber optic cannula, or tetrode implantation, dexamethasone (2 mg/kg, i.p., Sigma-Aldrich #D4902, Darmstadt, Germany)

and carprofen (5 mg/kg, i.p., Sigma-Aldrich #PHR1452, Darmstadt, Germany) were injected at least 1.5 h before anesthetization

to prevent brain swelling and inflammation (Li et al., 2017). All surgery tools were autoclaved before experiments. Throughout the

surgery, body temperature was maintained at 37–38�C with a heating blanket (homeothermic blanket system, Harvard Apparatus,

Holliston, MA, USA). After surgery, animals for chronic experiments were monitored until they fully regained consciousness and

then were returned to the Laboratory Animal Research Unit of our university for regular holding. Erythromycin ointment was applied

to the wound daily for at least 1 week to prevent infection.

Histology
Animals were anesthetized with an overdose of pentobarbital sodium and perfused with ice-cold phosphate-buffered saline (PBS,

0.01 M, �30 mL/each animal, Sigma-Aldrich, Darmstadt, Germany) followed by 4% paraformaldehyde in 0.01 M PBS (PFA,

�30 mL/each animal, Santa Cruz Biotechnology, Dallas, TX, USA). The brain was gently removed and immersion-fixed in 4% PFA

for another 24 h. Brains sections (70 mm thick) were made on a vibratome (Leica VT1000 S, Wetzlar, Germany). A Nikon Eclipse

Ni-E upright fluorescence microscope (Tokyo, Japan) and Zeiss LSM880 confocal microscope (Oberkochen, Germany) were

used to take fluorescent images. In some experiments, Nissl (Neurotrace 640, 1:200 in 0.01 M PBS with 0.1% Triton X-100, 2 h,

Thermo Fisher Scientific #N21483, Waltham, MA, USA) or DAPI (1:10000 in 0.01 M PBS, 10 min, Santa Cruz Biotechnology

#sc-3598, Dallas, TX, USA) staining was performed (Chen et al., 2019).

Retrograde and anterograde tracing
For retrograde tracing, CTB647 (5 mg/mL, Molecular Probes stock #C34778, Eugene, OR, USA) was injected into the ACx of the left

hemisphere of C57 mice. The animal was mounted on a head rotatory device (SG-4N, Narishige, Tokyo, Japan). The temporal skull

was exposed and rotated to the horizontal plane. The injection setup and procedure were same as those for AAV injection. CTB was

injected at three locations (200 nL/each) in the ACx. The coordinates were as follows: AP -2.6 mm (site 1) or �2.9 mm (site 2) or

�3.2 mm (site 3), ML 1.0 mm ventral to the edge differentiating the parietal and temporal skull, and DV -0.5 mm from the dura.

Five days after injection, the animal was sacrificed, and the brain was collected. For anterograde tracing, AAV9-EF1a-DIO-eYFP-

WPRE-hGHpA (5.24E+12 vg/mL, 150 nL, BrainVTA, Wuhan, China) and AAV9-EF1a-DIO-mCherry-WPRE-hGHpA (2.88E+12

vg/mL, 150 nL, BrainVTA, Wuhan, China) were injected into the anterior part of the ACC (AP 2.4 mm, ML 0.4 mm, and

DV -0.5 mm from dura) and the posterior ACC (AP 0.26 mm, ML 0.27 mm, and DV -0.6 mm from dura) of the left hemisphere of

CaMKIIa-Cre mice, respectively. Four weeks after injection, the mouse was sacrificed, and the brain was collected (Zingg et al.,

2014).

Sections (70 mm thick) with an interval of 420 mmwere collected andmounted in an anterior to posterior order. These sections were

scanned at 43 magnification (Ni-E, Tokyo, Japan) using the same laser intensity. Delineations of different brain regions were made

according to the Allen Brain reference atlas (Mouse, coronal). To quantify retrogradely labeled neurons, the Cell Counter plugin in Fiji

(Schindelin et al., 2012) was used. The cell density of a brain structure was calculated by the total number of manually identified retro-

labeled neurons divided by the total area of the structure across all sections. The coronal level of AP +1.5 mm was used to differen-

tiate the anterior and posterior ACC. Fiji was also used to quantify anterograde projection intensity with the FeatureJ plugin (Grider et

al., 2006). The projection intensity in a brain structure was calculated as the total number of pixels of all identified fiber-like axons

divided by the total area of the structure across all sections. For every channel, the threshold was kept the same across all images.

Intracranial drug infusion
Cannulas (O.D. 0.41 mm, RWD Life Science #62004 and #62108, Shenzhen, China) were implanted in target areas (anterior ACC or

ACx). The surgical procedures were similar to those described above, but the dura was removed before penetration. For implantation

in the anterior ACC, cannulas penetrated the brain at a 30� angle to the vertical axis at the following coordinates: AP 2.4 mm, ML

0.75 mm (left) or �0.75 mm (right), and DV -0.75 mm from the dura. For implantation in the ACx, the coordinates were as follows:

AP -2.9 mm, ML 0.35 mm medial to the edge differentiating the parietal and temporal skull (both left and right), and DV -0.85 mm

from the dura. The cannulas were slowly advanced to and kept at the target depth for 10 min before fixation. A brain tissue protective

gel (Kwik-Cast Silicone Sealant, WPI) was applied to the craniotomy window. Ten min later, thin layers of adhesive cement (C&B

Metabond, Parkell, Edgewood, NY, USA) and dental cement (mega PRESS NV + JET X, megadental GmbH, B€udingen, Germany)
Cell Reports 38, 110506, March 8, 2022 e3
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were sequentially applied to fix the cannula to the skull. Finally, a screw for head fixation was cemented to the skull at an angle of 45�

to the horizontal plane (Chen et al., 2019; Zhang et al., 2020). Two 5-mL syringes (Hamilton 7105, Reno, NV, USA) coupled with soft PE

tubes (RWD #62329, Shenzhen, China) and corresponding injectors (RWD #62204, Shenzhen, China) controlled by a dual syringe

pump (KD Scientific #78–8210, Holliston, MA, USA) were used for the infusion of different drugs. To label the diffusion range, fluo-

rescent drugs were injected. For those drugs without fluorescent probe conjugated, we injected same volume of Dil solution (Thermo

Fisher Scientific #D282, Waltham, MA, USA) to confirm the diffusion range after completion of all experiments.

Fiber photometry
For fiber photometry recording in the ACx, AAV9-Syn-Flex-GCaMP6s-WPRE-pA (2.50E+13 vg/mLwith 4-fold dilution, 300 nL, Addg-

ene, Watertown, MA, USA) or AAV9-hSyn-DIO-eGFP-WPRE-pA (2.13E+13 vg/mL with 4-fold dilution, 300 nL, Taitool BioScience,

Shanghai, China) as a control was injected into the ACx (AP -2.9 mm, ML 0.35 mm medial to the edge differentiating the parietal

and temporal skull, and DV -1.0 mm from the dura) of the left hemisphere in CaMKIIa-Cre mice.

For fiber photometry recording of the ACx-projecting anterior ACC neurons, 1–2weeks after injection of AAVretro-Cre (pENN-AAV/

retro-hSyn-Cre-WPRE-hGH, 2.10E+13 vg/mL, Addgene, Watertown, MA, USA) into the ACx using the same parameters as above in

retrograde CTB tracing, AAV9-Syn-Flex-GCaMP6s-WPRE-pA (2.50E+13 vg/mL with 4-fold dilution, 300 nL, Addgene, Watertown,

MA, USA) was infused into the anterior ACC at the following coordinates: AP 2.4 mm, ML 0.4 mm, and DV -0.5 mm from the

dura. A fiber optic cannula (200 mm, 0.37 NA, Inper, Hangzhou, China) was implanted 10 min after the injection of vectors carrying

calcium indicators, and the end of the cannula was placed 50–100 mm above the virus infusion site. Both the surgical and fixation

procedures were the same as those for drug cannula implantation. Calcium dynamics recording began 2 weeks after implantation.

Based on the Doric lenses’ solution, the fiber photometry system was combined with a fluorescence mini cube (FMC-Two Fluoro-

phores-5 ports, Doric Lenses, Quebec, QC, Canada) with appropriate spectral filtering of excitation and emission light, a femtowatt

photoreceiver (Newport 2151, Irvine, CA, USA) that converted fluorescence to an analog signal, fiber-coupled LEDs (M470F3,

M565F3, Thorlabs, Newton, NJ, USA) with drivers (LEDD1B, Thorlabs), and an RZ5D base processor (Tucker-Davis Technologies

[TDT], Alachua, FL, USA) that triggered the LED drivers and digitized the fluorescence-converted analog signal. Synapse software

(Synapse suite, TDT) was used to control the excitation lights and record calcium signals with a sampling rate of 1 kHz and 5-Hz

low-pass filter. To avoid photobleaching, the intensity of the excitation light at the end of the optic cannula was controlled to less

than 30 mW (Pol et al., 2021; Zhu et al., 2018). For the control experiment in mice injected with eGFP expressing virus, we adjusted

the intensity of excitation light to excite similar baseline level of fluorescent signal as that in mice injected with GCaMP6s expressing

virus. Calcium signals were analyzed by custom scripts in Matlab (Mathworks, USA). Change in fluorescent signal (DF/F) was calcu-

lated as (F – F0)/F0, where F0 is the 5-s average signal during the baseline period of each trial. The mean response was calculated as

average DF/F over 0–5 s for sound or 0–2 s for the air puff.

For fiber photometry recording of calcium signals from the ACx during the behavioral task when ACx-projecting anterior ACC

neurons were silenced, wild-type mice were used. One to two weeks after the injection of AAVretro-Cre (pENN-AAV/retro-hSyn-

Cre-WPRE-hGH, 2.10E+13 vg/mL, Addgene, Watertown, MA, USA) into the bilateral ACxs using the same parameters as those

used for retrograde CTB tracing, AAV9-hSyn-DIO-hM4D(Gi)-mCherry (5.70E+12 vg/mL, BrainVTA, Wuhan, China) or AAV8-hSyn-

DIO-mCherry (2.60E+13 vg/mL with a 4-fold dilution, Addgen, Watertown, MA, USA) was injected into the ACC of both hemispheres,

and AAV9-CaMKII-GCaMP6s-WPRE-SV40 (2.50E+13 vg/mL with a 4-fold dilution, 300 nL, Addgene, Watertown, MA, USA) was

injected into the ACx (AP -2.9 mm, ML 0.35 mm medial to the edge differentiating the parietal and temporal skull, DV -1.0 mm

from the dura). Calcium dynamics recording began 3 weeks after the second injection to allow expression of hM4D(Gi). To inactivate

ACx-projecting anterior ACC neurons, CNO (0.5 mg/kg, i.p., Sigma-Aldrich # C0832, Darmstadt, Germany) was administered 20 min

before the test.

In vivo electrophysiological recording
For anterior ACC recording in head-fixed awake mice, a custom-made screw-driven micro-drive electrode array consisting of 32

insulated tungsten-wires (California Fine Wire Material #100–211, Grover Beach, CA, USA) twisted into eight tetrodes was implanted

in the anterior ACC of the left hemisphere. The coordinates were as follow: AP 2.4 mm, ML 0.4 mm, and DV -0.2 mm from the dura.

The surgical and fixation procedures were same as those used for drug cannula implantation. The impedance of electrode tips was

controlled at�300 kU. The recording of neuronal activity started on day 6 after implantation (Zhu et al., 2018). The tipswere advanced

62.5 mm after the recording session each day. The recording range was from DV -0.325 mm to�1.325 mm. Neuronal activities in the

air puffing-facilitated flight behavior test were recorded. Based on the TDT system, the detected signal was sequentially passed

through the headstage (ZC32) and pre-amplifier (PZ5) to the acquisition processor (RZ5D) with a sampling rate of 25 kHz. The filter

bandwidth was set at 300–5000 Hz, and the threshold was set as 6 times of standard deviations (SD) from the baseline to detect

spikes. Synapse software (Synapse suite, TDT) was used to store the digitized data, synchronize the data with behavioral timestamps

and video recordings, and control the RZ6 Multi I/O processor to present different stimuli to the animal (Chen et al., 2013b, 2019; Li

et al., 2014; Yu et al., 2009; Zhang et al., 2020). Spike data were sorted by MClust (MClust-4.0, Redish Lab). Units with good wave-

forms and less than 0.2% spikes in the refractory period were selected as single units. Responses were binned at 50 ms and trans-

formed to Z-scores by Z = (x-m)/d, where x was the neuronal response, and m and dwere the mean and SD, respectively, of the spon-

taneous firing rates 2 s before the air puff in each trial. If a neuron’s Z score was larger than 2 for both 0–1 s and 1–2 s after the air puff,
e4 Cell Reports 38, 110506, March 8, 2022
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it was classified as a persistent neuron. If a neuron’s Z score was larger than 2 only for 0–1 s after the air puff, it was classified as an

onset neuron. If a neuron’s Z score was smaller than �2 for 0-1 s after the air puff, it was classified as an inhibitory neuron. The other

neurons were classified as no response neurons. We also recorded neuronal activites to the air puff with (APF +Masking) andwithout

(APF + No masking) a continuous 47 dB environmental background noise, and to the air puff directing away from animals with (APF

not on mice + Masking) and without (APF not on mice + No masking) the masking noise.

For ACx recording in anesthetized animals, 32-channel silicon probes (Cambridge NeuroTech #ASSY-37F, Cambridge, UK)

attached to a lambda-b fiber (100 mm core, 0.7 mm taper, 0 mm offset) were used. Extracellular recording was performed in the

left ACx 5 weeks after the injection of AAV9-Syn-ChrimsonR-tdTomato (4.10E+12 vg/mL, UNC, Chapel Hill, NC, USA) or AAV9-

hSyn-tdTomato-WPRE-hGHpA (5.12E+12 vg/mL, BrainVTA, Wuhan, China) in two locations of the anterior ACC (AP 2.25 [site 1]

or 2.55 [site 2] mm,ML 0.4mm, DV -0.5mm from the dura, 250 nL/each) in the left hemisphere of wild-type animals. To avoid tracheal

secretion-induced asphyxia and maintain stable recording, a tracheotomy was performed using the surgical procedure described

above. A craniotomy (AP -2.0 to �4.5 mm, ML -0.2 to �2.5 mm [ventral to the edge differentiating the parietal and temporal skull])

was performed to access the ACx. The dura was removed before penetration. The probes were remotely controlled by a microma-

nipulator (Narishige #MO-10, Tokyo, Japan) outside the soundproof chamber to advance to the target depth. As described above,

neuronal signals were amplified and stored using the TDT system and Synapse software. Five SDs was set as the threshold to detect

spikes. Spikes were sorted by the K-Means Scan sorting method using an offline sorter (Version 4, Plexon, Dallas, TX, USA). Units

with good waveforms and less than 0.2% spikes in the refractory period were selected as single units. The others were assigned as

multi-units (Chen et al., 2013b, 2019; Li et al., 2014; Yu et al., 2009; Zhang et al., 2020). To explore the effect of activation of the

ACC-ACx projection on auditory responses, a 5-ms pulse of 635 nm laser stimulation of the viral-transfected terminals followed

by a 100-ms sound stimulus were given to the animal, which was repeated for 60 trials with an intertrial interval of 5 s. Pairs of a laser

pulse and soundwith different delays (between the offset of the laser and the onset of the sound: 5, 20, 80, 160ms, and no laser) were

randomly presented in each trial. Neuronal responses to sound stimuli at different intensities (40, 50, 60, 70, 80, 90 dB SPL) were

measured to find a proper intensity, which was 10 dB above the threshold. To ensure the activation of terminals expressing opsins,

we selected 15 mW as the laser power. To exclude an antidromic effect, lidocaine (2%, 300 nL, 60 nL/min, TCI #L0156) was injected

into the anterior ACC at the following coordinates: AP -2.4 mm, ML 0.4 mm, and DV -0.5 mm from the dura (Chen et al., 2013b, 2019;

Li et al., 2014; Yu et al., 2009; Zhang et al., 2020).

To confirm the inactivating effect of inhibitory DREADD, in vivo recordings were conducted in the ACCwhere hM4D(Gi) expressing

virus was injected. Neuronal activities were recorded and compared before and after CNO application.

Air puff, auditory stimuli, and laser stimulation
The air puff (compressed nitrogen gas) was presented through a tube placed 10 cmaway from the animal. The tubewas connected to

a solenoid valve (Q22XD-1.2L, FWD ltd., Shanghai, China), which was controlled by an Arduino UNO board (Arduino, Ivrea, Italy)

(Chen and Li, 2017). White noise stimuli were digitally generated by a RZ6 processor (TDT) controlled by Synapse software (Synapse

suite, TDT) and delivered through a free-field magnetic speaker (MF-1, TDT). The sound pressure level was calibrated with a

condenser microphone (Center Technology, Taipei). In behavioral experiments, the speaker faced the animal’s head direction and

was placed 10 cm diagonally above the animal’s head. In electrophysiological experiments, the speaker faced the animal’s right

ear and was placed 10 cm away. Laser stimulation was delivered by a laser generator (Inper #B1465635, Hangzhou, China) triggered

by a signal sent from the Synapse-controlled RZ5D processor. A fiber patch cable (200 or 100 mm for different optic cannulas, 0.37

NA, Inper) connected to a fiber optic cannula was used to deliver the laser from the generator to the target area. All events were

sampled and recorded by the TDT system.

Behavioral experiments
We designed an air puffing-facilitated sound-evoked flight behavior paradigm in which a 500-ms air puff was presented before a 5-s

white noise stimulus. Animals were first prepared for head fixation, and the surgical procedure was performed as described above.

Five days after surgery, animals with screws cemented on the skull were head-fixed on a flat plate that smoothly rotated around its

center (Wang et al., 2019; Xiong et al., 2015). Before experiments, animals were trained to walk freely on the rotatory plate in the head

fixation setup, which usually took 2–3 days. To determine the air puffing pressure and delay between the onsets of air puff and sound,

two experiments were conducted in advance in a separate group of mice. In one experiment, air puffs at different intensities (10, 20,

30, 50, 70 p.s.i., 10 repeats per intensity) were given to animals. The intensity (20 or 30 p.s.i.) that did not induce obvious running but

still evoked blinking and whisker vibration, was chosen for subsequent behavioral experiments. In another experiment, an air puff at

20 p.s.i. followed by sound at different intensities (30, 60, 80 dB SPL, randomly presented in each trial) with different delays (1, 2, 5,

10 s, randomly presented in each trial, ten repeats of each combination of sound intensity and delay) were given to animals. The delay

(2 s) producing the largest speed increment was chosen for subsequent behavioral experiments.

In the testing phase, there were night types of testing experiments as follows. 1) Sound-evoked flight behavior test (No APF): after

10 min of habituation on the plate, 70 trials of 5-s white noise stimuli at different sound pressure levels (30, 40, 50, 60, 70, 80, 90 dB,

randomly presented in each trial, total ten repeats of every intensity) were given to the animal with an intertrial interval varying between

50 and 70 s 2) Sound-evoked flight behavior test but with ACx inactivation by muscimol infusion (No APF + Mus in ACx): before

testing, muscimol (1.5 mM, Sigma-Aldrich #M1523, Darmstadt, Germany or Thermo Fisher Scientific #M23400 [fluorescent
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muscimol], Waltham, MA, USA) or ACSF (control) was simultaneously infused into the ACx of both hemispheres through the

implanted cannulas (300 nL/each side, 60 nL/min), after which the injectors were kept in the infusion site for an extra 5 min (Xiong

et al., 2015; Zhang et al., 2018b). 3) Sound-evoked flight behavior test but with ACC inactivation by muscimol infusion (No APF +

Mus in ACC): similar to the No APF + Mus in ACx test except that muscimol or ACSF was injected into the bilateral anterior ACC

through the implanted cannulas (200 nL/each side). 4) Air puffing facilitated sound-evoked flight behavior test (APF): similar to the

No APF test except that a 500-ms air puff (20 or 30 p.s.i.) was presented 2 s before the sound. 5) Air puffing facilitated sound-evoked

flight behavior test but with ACx inactivation bymuscimol infusion (APF +Mus in ACx): similar to the No APF +Mus in ACx test except

that a 500-ms air puff (20 or 30 p.s.i.) was presented 2 s before the sound. 6) Air puffing facilitated sound-evoked flight behavior test

but with ACC inactivation by muscimol infusion (APF + Mus in ACC): similar to the APF + Mus in ACx test except that muscimol or

ACSF was injected into the bilateral anterior ACC through the implanted cannulas (200 nL/each side). 7) Air puffing facilitated sound-

evoked flight behavior test but with Ach receptors blockade in the ACx (APF + A&M in ACx): similar to the APF + Mus in ACx test

except that a mixture of antagonists of different types of Ach receptors (atropine, 0.05 mM, Sigma-Aldrich #A0257; mecamylamine,

1 mM, Sigma-Aldrich #M9020) was injected into the bilateral ACx. 8) Optogenetic activation of the bilateral ACC-ACx projections

facilitated sound-evoked flight behavior test (635 nm in ACx): to bilaterally activate ACC-ACx projections, AAV9-mCaMKIIa-DIO-

ChrimsonR-mCherry-ER2-WPRE-pA (1.20E+13 vg/mL with a 2-fold dilution, Taitool, Shanghai, China) or AAV8-hSyn-DIO-mCherry

(2.60E+13 vg/mL with a 4-fold dilution, Addgen, Watertown, MA, USA) was injected at four locations (250 nL/each) symmetrically

distributed in two hemispheres, the coordinates of which were located in the left hemisphere as follows: site a) AP 2.25 mm, ML

0.4 mm, and DV -0.5 mm from the dura; and site b) AP 2.55, ML 0.4 mm, and DV -0.5 mm from the dura. Five weeks later, temporal

skulls covering the ACx of both sides were exposed, and thin layers of instant glue and nail polish were sequentially applied to make

the skulls transparent for easier delivery of laser to the ACC-ACx terminals. This test was similar to the APF test except that the air puff

was replacedwith 635-nm laser stimulation of the bilateral ACC-ACx terminals consisting of a train of laser pulses (5 ms/pulse, 20 Hz,

140 pulses, �10 mW). During the experiment, on each side, the ferrule end of the patch cable (400 mm, 0.37 NA, Inper, Hangzhou,

China) was placed over the transparent skulls with a distance of 2 mm to cover the ACx (Allen et al., 2017; Guo et al., 2014). 9) Air

puffing facilitated sound-evoked flight behavior test but with chemogenetic inactivation of bilateral ACC-ACx projections (APF +

CNO in ACx): to bilaterally inhibit ACC-ACx projections, cannulas were implanted in the ACx of both hemispheres 5 weeks after in-

jection of AAV9-hSyn-DIO-hM4D(Gi)-mCherry (5.70E+12 vg/mL, BrainVTA, Wuhan, China) or AAV8-hSyn-DIO-mCherry (2.60E+13

vg/mL with a 4-fold dilution, Addgen, Watertown, MA, USA) in the bilateral anterior ACC (using the same coordinates as above),

and CNO (3 mM, Sigma-Aldrich #C0832, Darmstadt, Germany) was locally injected into the bilateral ACx (300 nL/each side, 60

nL/min) (Zhang et al., 2018a) 20 min before the test. To exclude the effect of the air puff-produced blasting sound, control experi-

ments were conducted in a separate cohort of mice, in which the air puff was directed away from the animal’s body.

Another cohort of mice was recruited to investigate how the valence of air puff predict the facilitating effect. Air puffs at different

levels of pressure (0, 5, or 20 p.s.i.) were presented before noises at different intensity (30, 40, 50, 60, 70, 80, 90 dB, randomly pre-

sented in each trial, total ten repeats of every intensity).

Animal running speed was sampled by an optical encoder (H1-1250-NE-D, US Digital, USA) and recorded by the Arduino UNO

board (Arduino, Ivrea, Italy). The sound intensity that induced 50% of the maximum running speed was determined as the threshold

to trigger flight behavior after running speed to sound intensity curve was fitted by a sigmoidal model. The pupil of the animal was

captured by a web camera equipped with a 16-mm lens (PlayStation Eye, Sony Computer Entertainment, Japan). Change in pupil

size was extracted by Facemap software (Stringer et al., 2019) and transformed to a Z score by Z = (x-m)/d, similar to the neural firing

rate.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses (including paired student t-tests and one- or two-way RM ANOVA) was done in SPSS (IBM, USA). Pairwise

comparisons were adjusted by Bonferroni correction. Statistical significance was set at p < 0.05. Refer to Table S1 for detailed

statistics.
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