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Summary

Safety assessment and threat evaluation are crucial for animals to live and survive in the 

wilderness. However, neural circuits underlying safety assessment and its transformation to 

mediate flexibility of fear-induced defensive behaviors remain largely unknown. Here, we report 

that distinct neuronal populations in mouse anterior cingulate cortex (ACC) encode safety 

status by selectively responding under different contexts of auditory threats, with one preferably 
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activated when animal staying in a self-deemed safe zone, and another specifically activated in 

more dangerous environmental settings that led to escape behavior. The safety-responding neurons 

preferentially target the zona incerta (ZI), which suppresses the superior colliculus (SC) via its 

GABAergic projection, while the danger-responding neurons preferentially target and excite SC. 

These distinct corticofugal pathways antagonistically modulate SC responses to threat, resulting 

in context-dependent expression of fear reactions. Thus, ACC serves as a critical node to encode 

safety/danger assessment and mediate behavioral flexibility through differential top-down circuits.

Introduction

Safety need is considered as a most fundamental motivation for animals’ behaviors for 

them to live and survive in the wilderness. Animals constantly assess their safety status in 

a dynamically changing environment, and when encountering threats, are able to quickly 

choose an appropriate behavioral reaction (e.g. to escape from the source of threats and 

approach to a refuge) to evade harm 1–3. The safety assessment is critically dependent 

on the animal’s overall evaluation of environmental contexts, with prior experience and 

internal states also contributing to the perceived level of danger 4–11. A proper judgement 

of the safety status allows the animal to choose to act by selecting the most effective and 

efficient strategy of action among many possibilities or to ignore the external threat stimuli 
1,2. Such flexibility is essential for increasing the ultimate survival chance. For example, in 

a relatively safe situation, suppression of defensive reactions to likely non-life-threatening 

events can minimize costs associated with unnecessary escape responses, thus optimizing 

fitness in the long run. Safety assessment is thus a critical factor for determining the 

flexibility of animals’ behavioral reactions under environmental danger.

Despite the essential requirement of safety assessment, how it is effectuated in brain 

circuits to specifically guide behavioral reactions remains poorly understood. In particular, 

studies on neural bases for safety assessment in natural unlearned behaviors have remained 

scarce. We hypothesized that there exist safety assessment devoted circuits in higher-level 

cortical areas, which contain neurons with their activity correlated with the environmental 

safety situation, and that through a top-down modulation of lower-level brain regions for 

the execution of behavior, these neurons can affect whether and when fear reactions are 

expressed. A potential candidate is the medial prefrontal cortex (mPFC). This structure has 

been implicated in risk-based decision making 12–15. It has also been shown to be involved 

in the expression and extinction of learned fear responses 10,16–18. In addition, anatomical 

studies of the mPFC suggest that it can modulate many subcortical structures through its 

broad corticofugal projections 19,20. However, whether specific neuronal populations in the 

mPFC can encode environmental safety related information is unknown.

Previous studies have established robust behavioral paradigms of sensory threat induced 

fear/defensive reactions 21–26. These paradigms provide a foundation for understanding 

the regulatory circuits of fear/defensive behaviors 5,6,8,27,28. In this study, by exploiting 

auditory threat induced fear/defensive behavior under paradigms of differentially-assessed 

environmental safety, we interrogated the neural circuits for how safety/danger context 

is encoded and interpreted. With micro-endoscopic imaging of Ca2+ activity in freely 
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moving mice, we found that subpopulations of neurons in a specific mPFC region, the 

anterior cingulate cortex (ACC), could selectively represent safety/danger contexts. Via 

differential corticofugal projections, these ACC neurons relayed safety- and danger-related 

information to the superior colliculus (SC) and antagonistically modulated the SC activity, 

which contributed to the flexibility of SC-dependent fear/defensive reactions under different 

contexts. Our results suggest that ACC can serve as a critical node to relay safety assessment 

information and to control behavioral flexibility upon environmental threats.

Results

Self-built nest is a self-deemed safe zone

When we investigated behaviors of freely moving mice in an enclosed arena separated 

into two connected chambers, we noticed that after the mouse became accustomed to the 

surrounding it begun to build a nest by collecting cotton balls scattered on the floor (Figure 

S1A). It usually took the mouse a few hours to build a nest (Figure S1B–S1C). The self-built 

nest was always located in a corner or along the wall (Figure 1A), which are considered 

safer zones in the arena 29. After the nest building, the animal spent most of the time staying 

in the nest, longer than the time spent in corners when no nest was present (Figure 1B–1C). 

In addition, mice that had experienced auditory threats (see STAR Methods) built a nest 

faster than naïve animals (Figure 1D–1E). Furthermore, after experiencing auditory threats 

(Figure 1F), the animals initially staying in the nest exhibited less anxiety-like behaviors 

compared to those in the arena without a nest, as shown by elevated plus maze (EPM) 

(Figure 1G–1H) and open field (OF) tests (Figure 1I–1J), suggesting less fear experience. 

Thus, the self-built nest may be naturally deemed by the animal as a safe zone.

Safety status determines fear reactions

To test how environmental safety status influences the behavioral response of the animal to 

threat signals, we placed the mouse in the arena and allowed it to complete the nest building. 

Auditory threat signals (broadband noise, 5 sec, 70 dB sound pressure level [SPL]) were 

then applied when the animal was in the chamber without the nest (scene 1) or when it was 

resting in the nest (scene 2) (Figure 1K) for at least 5 trials each scene in a randomized 

order (see STAR Methods). For a subset of mice, after the first set of tests, the self-built nest 

was replaced by an artificial (“sham”) nest and auditory stimulation was applied when the 

animal was outside (scene 3) or inside (scene 4) the sham nest in a randomized order (Figure 

1K). We observed different behaviors under these different scenarios/contexts. For scene 1, 

the mouse quickly escaped into the nest (Figure 1L, first panel) with a fast running speed 

(Figure 1M, first panel), consistent with a defensive flight response under auditory threats 
8,21,23,27,30. For scene 2, however, the mouse mostly stayed in the nest during the auditory 

stimulation with no obvious freezing observed. Only occasionally it moved outside but then 

shortly returned to the nest (Figure 1L–1M, second panel). For scene 3, the mouse usually 

ran into the other chamber but rarely into the sham nest, and for scene 4, it usually ran out 

of the sham nest (Figure 1L–1M, right two panels). The quantifications of the total flight 

distance (Figure 1N), maximum running speed (Figure 1O) and probability of flight (Figure 

1P) during the auditory stimulation indicate that escape behavior was nearly absent in scene 

2 but strong in all the other three scenarios.
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To provide a simplified quantification of the behavioral outcome, we scored the behavior 

with values 1-7 to indicate from the strongest to no defense phenotypes (Figure S2A–S2C). 

This “safety score” was on average much higher for scene 2 than the other three scenarios 

(Figure 1Q), indicating that the animals exhibited minimum or no escape response when 

staying in the self-built nest, while displaying strong escape in the other scenarios. No 

difference was found between male and female mice (Figure S2D–S2E). We next calculated 

a context selectivity index (CSI) by comparing the safety scores inside (Si) and outside (So) 

the nest (self-built or sham) (see STAR Methods). The CSI in our test cohort was much 

higher for the self-built than sham nest (Figure 1R), indicating a strong context-dependency 

of the behavioral expression (i.e. very different reactions between inside- and outside-nest 

conditions). The CSI was close to 0 for the sham nest, indicating a very similar escape 

response regardless of whether the animal was inside or not. We also tested the dependency 

on the sound loudness. For scenes with the self-built nest, the louder the sound, the stronger 

was the escape response (i.e. lower safety score) in the outside-nest condition, whereas 

the animal consistently exhibited minimum escape response (i.e. high safety score) in the 

inside-nest condition (Figure 1S). The mean (± SD) latency of escape was 1.40 ± 0.95 sec 

after the noise onset and then it took 2.22 ± 1.71 sec for the animal to return to the nest 

at noise intensity of 70 dB SPL (Figure 1T). After returning to the nest, the animal stayed 

there for a much longer time than a spontaneous return before exposure to auditory threats 

(Figure S1D–S1E). For the trials starting with the animal staying in the nest, after exposure 

to auditory threats, the louder the noise, the longer the animal remained to stay in the nest 

(Figure S1F–S1G). Together, these data suggest that the observed differences in behavioral 

reactions upon the same auditory cue could be attributed to a difference in the perceived 

level of danger in different scenarios. The self-built (but not sham) nest provides the animal 

with a safe zone where the perceived level of danger is reduced. In other words, animals 

flexibly express fear reactions depending on their assessment of environmental safety.

Safety- and danger-preferring neuronal populations in mPFC

Previously, mPFC has been implicated in the regulation of fear responses 10,17,31–34. After 

exposing mice to auditory threats in the behavioral arena, we found significant neuronal 

activation in the mPFC region, revealed by c-Fos staining (see STAR Methods). Among 

the subdivisions of the mPFC, ACC contained the largest number of activated neurons 

(Figure 2A–2B). We thus focused on this area and examined whether it could play a role in 

the observed safety status-dependent regulation of escape behavior. We first investigated 

the dynamics of ACC neuronal activity in different scenarios using micro-endoscope 

(miniscope) recording of Ca2+ signals 35 (Figure 2C). Threat-exposure-event-related neurons 

were identified through the receiver operating characteristic (ROC) analysis (see STAR 

Methods). Figure 2D shows three example cells, with cell 1 activity related to both inside- 

and outside-nest bouts, cell 2 to inside-nest bouts only and cell 3 to outside-nest bouts only 

(Figure 2E). We used auROC ≥ 0.65 as a criterion to identify neurons with their activity 

related to either inside- or outside-nest bouts (Figure 2F). In this population of neurons, 

we observed four types of cells, as shown by an example recording (Figure 2G). The first 

type exhibited a short-latency auditory-evoked response with similar amplitudes regardless 

of whether the animal was inside the self-built nest or not (Figure 2G, cell #1-2 on the 

left, also see Figure S3A–S3B, brown), suggesting that these neurons responded to auditory 

Wu et al. Page 4

Neuron. Author manuscript; available in PMC 2024 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



signals per se. Retrograde tracing confirmed that ACC received direct input from auditory 

sensory structures such as the auditory cortex and medial geniculate body (MGB) (Figure 

S3C–S3D). The second type showed a short-latency auditory-triggered response when inside 

but not outside the self-built nest (Figure 2G, cell #3-6, also see Figure S3A–S3B, green). 

In the outside-nest scenario, a large Ca2+ increase was observed in these neurons around 

the time when the animal returned to the nest. The third type exhibited little response when 

inside the nest, but in the outside-nest scenario a strong Ca2+ response was observed, which 

more-or-less temporally correlated with the onset of flight (Figure 2G, cell #9-12, also see 

Figure S3A–S3B, red). The fourth type appeared to combine the response properties of the 

second and third types, exhibiting a short-latency response when inside the self-built nest 

and a delayed response in the outside-nest scenario (Figure 2D, cell #7-8, also see Figure 

S3A–S3B, blue). The responses of these neurons were quite consistent across trials (Figure 

2G, right panel).

To better illustrate the event-related activity at the population level, we used an interpolation 

method (Figure S3E–S3J) to align the Ca2+ responses of different neurons based on event 

onsets such as the onset of flight and that of nest-entering. For non-auditory-only (type 2-4) 

neurons, we ranked them based on the relative response levels in two different contexts 

(Figure S3A) and computed a safety-fear selectivity index (SFSI; see STAR Methods) from 

the peak amplitudes of Ca2+ responses in the inside-nest (Pi) and outside-nest (Po, before 

returning to the nest) conditions. Based on the SFSI, we could separate them into three 

categories: danger-responding, safety-responding and neutral (Figure 2H). The population 

average of ΔF/F showed that the danger-responding cells (Figure 2I, red) did not respond 

to the auditory stimulation when inside the self-built nest but exhibited a strong response 

around the time of flight (latency = 1.15 ± 0.29 sec, Figure S3B) in the outside-nest 

scenario. On the contrary, the safety-responding cells (Figure 2I, green) responded quickly 

to the onset of auditory stimulation when inside the self-built nest. They did not do so when 

outside the self-built nest, but exhibited a strong response around the time when the animal 

returned to the nest (also see Figure S3B). The neutral cells (Figure 2I, blue) resembled the 

danger-responding cells in the outside-nest scenario but the safety-responding cells in the 

inside-nest scenario. Overall, there were comparable numbers of safety-responding (19.1%) 

and danger-responding (14.6%) neurons in ACC, while auditory-only and neutral cells were 

fewer (Figure 2J). In the safety-responding population, about two-thirds (63.8%) exhibited a 

robust response at the time of returning to the nest (Figure 2J, dark green curve).

We focused on the two ACC subpopulations exhibiting selectivity to the safety/danger 

context. We examined their activity dynamics under other scenarios. The safety-responding 

neurons exhibited very different dynamics in the sham-nest than self-built-nest scenario in 

that they did not respond to the auditory stimulation when inside the sham nest (Figure 3A–

3B). In addition, while most of them responded to nest-returning, this response was absent 

if no nest was present (Figure 3C–3D). The danger-responding neurons exhibited a similar 

response around the time of flight when both outside the self-built nest and inside the sham 

nest (Figure 3E–3F), implying similarly fearful situations. Their responses around the time 

of flight could not be explained by running per se, since their activity was uncorrelated with 

the speed of spontaneous locomotion (Figure 3G–3H). These results further suggest that 
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the responses of safety- and danger-responding neurons correlate well with the perceived 

safety/danger status.

To more quantitatively illustrate the difference in activity dynamics between the safety- 

and danger-responding subpopulations, we reduced dimensionality and projected the time-

evolving average population activity in the space of the first two principal components 

(Figure 3I–3J, left panels). The distance between the two trajectories greatly increased 

following the onset of flight or noise stimulation (Figure 3I–3J, right panel), demonstrating 

that these the two cell populations behaved very differently upon auditory threats. Next, 

we trained a linear decoder, a binary classifier based on a support vector machine (SVM) 

learning algorithm 36, to discriminate behaviors in two different scenarios (scene 1 and 

scene 2) based on the imaged activity of the safety- or danger-responding subpopulation (see 

STAR Methods). In either case, the accuracy of the decoder was significantly higher than 

that on shuffled data (Figure 3K), demonstrating a strong correlation between the activity 

dynamics of safety/danger-responding ACC neurons and the safety/danger context. Further 

consistent with this notion, after the termination of auditory stimulation (“post-threat” 

period, 5 sec), the activity level of safety-responding cells was significantly higher than 

danger-responding cells in both outside- and inside-nest scenarios, although they did not 

differ during the resting period just before the auditory stimulation (Figure 3L–3M).

Distinct corticofugal pathways from ACC

The presence of safety- and danger-responding neurons suggests that ACC may modulate 

fear responses through the context-dependent activity of these neurons. To further explore 

this issue, it is important to understand where these neurons project to. We thus investigated 

the ACC targets by injecting AAV-Syn-GFP into ACC (Figure 4A–4B). We found that ACC 

axons strongly targeted the basolateral amygdala (BLA), dorsomedial striatum (DMS), zona 

incerta (ZI), superior colliculus (SC) and dorsal periaqueductal gray (dPAG) (Figure 4C). 

The latter two structures, especially the SC, are known to be involved in threat-induced 

flight behavior 6,21,37,38. By performing fiber photometry recording of ACC axon terminals 

in these different target areas (see STAR Methods), we found that the ACC→BLA 

projection did not respond under the auditory threat (Figure 4D). The ACC→DMS 

projection showed sound-triggered Ca2+ responses that were invariant in response amplitude 

between different contexts (Figure 4E), suggesting that this pathway may relay auditory-

only information. The ACC projections to ZI and SC, however, exhibited context-selective 

responses resembling safety- and danger-responding neurons, respectively (Figure 4F–4G): 

the projection to ZI had a much stronger response to the onset of auditory stimulation when 

inside than outside the self-built nest and had a distinct delayed response when the animal 

returned to the nest from outside, whereas that to SC exhibited a much stronger response 

to the auditory stimulation when outside than inside the nest (Figure 4H). These results 

suggest that the ACC→ZI projection may mainly transmit safety-related information, while 

the ACC→SC projection may relay danger-related information.

Next, we labeled ACC neurons targeting ZI and SC by injecting a retrograde dye (CTB) of 

different colors into ZI and SC, respectively (Figure 4I). In the mPFC region, retrogradely 

labeled neurons were mainly found in ACC relative to other subdivisions (Figure S4). In 
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ACC, cells retrogradely labeled from ZI and SC injections exhibited differential laminar 

profiles (Figure 4J–4K), and the co-labeled cells overall only accounted for a small fraction 

of the total labeled neurons (Figure 4L). We then specifically imaged Ca2+ responses 

of individual ACC neurons projecting to ZI or SC, using an intersectional viral labeling 

approach and miniscope recording (Figure 4M and 4P). Both safety- and danger-responding 

cells were observed in the ZI- and SC-projecting ACC populations (Figure 4N and 4Q). 

However, the proportions of the two cell types were different: danger-responding cells 

dominated over safety-responding cells in the SC-projecting population (danger/safety: 

2.45), while safety-responding cells dominated in the ZI-projecting population (safety/

danger: 3.64) (Figure 4O and 4R). The population average of ΔF/F signals of cell 

bodies revealed response properties consistent with the terminal imaging results, with the 

SC-projecting population exhibiting higher danger-related activity and the ZI-projecting 

population higher safety-related activity (Figure 4S and 4U). Finally, we compared the 

SFSI of the target-defined subpopulation with the general ACC population (Figure 4T and 

4V). The distribution of SFSIs was relatively symmetrical for the general ACC population, 

with two peaks around −1 and 1. However, distributions for the SC- and ZI-projecting 

subpopulations were skewed, with a bias towards negative (fear-dominating) and positive 

(safety-dominating) values, respectively. These data together suggest that ACC neurons 

projecting to ZI and SC are largely separate subpopulations, and that danger- and safety-

responding ACC neurons preferentially target SC and ZI, respectively.

Integration of ACC safety/danger-related signals in SC

Previous studies have shown that SC plays an essential role in mediating defensive flight 

induced by visual or auditory cues21,37,38, 39,66,67. The anatomical data further suggest that 

ACC may modulate SC activity through a direct projection to SC and an indirect pathway 

via ZI, which projects to SC with an inhibitory output 8,27,40. To confirm these pathways, 

we expressed fluorescence proteins of different colors in ACC and ZI, respectively. The 

labeled ACC and ZI axons terminate in overlapping areas in the midbrain, in particular the 

deep layers of SC and dPAG (Figure 5A). Next, we expressed ChR2 in ACC or ZI axons 

and performed whole-cell recording from SC neurons in slice preparations (Figure 5B). The 

results confirmed that SC neurons received direct excitatory and inhibitory synaptic inputs 

from ACC and ZI, respectively (Figure 5C–5D). Furthermore, whole-cell recording from 

ZI neurons retrogradely labeled from SC confirmed that SC-projecting ZI neurons received 

direct excitatory input from ACC (Figure 5E–5H). Therefore, our data indicate a direct 

excitatory and an indirect inhibitory pathway from ACC to SC, which presumably have 

opposite effects on SC activity.

Using dual-color fiber photometry, we imaged simultaneously the ensemble Ca2+ activity 

of ACC→SC and ZI→SC axon terminals, which expressed GCaMP7 and jRGECO1a, 

respectively (Figure 5I). The ACC→SC terminals exhibited a much stronger auditory-

triggered response than the ZI→SC terminals in the outside-nest scenario, and vice versa 

for the inside-nest scenario (Figure 5J–5L). In addition, the ZI→SC terminals exhibited 

a delayed response when the animal returned to the nest (Figure 5J, red). These inverse 

response dynamics suggest that the two corticofugal pathways from ACC (ACC→SC, 

ACC→ZI→SC) may modulate SC activity in an antagonistic manner.
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We next investigated how SC activity varied under different contexts and whether it 

correlated with different behavioral responses, by performing miniscope recording of Ca2+ 

signals in deep layers of SC (Figure 5M). As shown by an example recording (Figure 5N) 

and the population summary (Figure 5O–5P), auditory noise induced Ca2+ responses of 

large amplitudes in SC neurons in the outside- but not inside-nest scenario. Therefore, the 

low and high levels of SC activity correlate with the absence and presence of fear response, 

respectively. We postulated that by modulating SC activity, ACC outputs via direct and 

indirect pathways could regulate the escape response in a context-dependent manner.

Antagonistic modulation of fear reactions by ACC-mediated pathways

To test the above hypothesis, we applied Designer Receptors Exclusively Activated by 

Designer Drugs (DREADD)-based chemogenetics for activity manipulations. Excitatory 

(hM3Dq) and inhibitory (hM4Di) DREADD receptors were expressed in desired cells 

for activation and inactivation, respectively. Slice whole-cell recording confirmed the 

effectiveness of the ligand CNO in increasing or suppressing spiking activity (Figure S5A–

S5B). We first tested the effect of SC activation/inactivation on the context-dependent escape 

response (Figure 6A). Activation of SC increased escape in the inside-nest scenario but 

without affecting it in the outside-nest scenario, resulting in a reduction of CSI (Figure 

6B–6C, Figure S6A–S6B). On the other hand, inactivation of SC reduced escape in the 

outside-nest scenario but without any effect in the inside-nest scenario, which also resulted 

in a reduction of CSI (Figure 6D–6E, Figure S6C–S6D).

We next investigated whether manipulating any modulatory input to SC could generate a 

similar effect to manipulating SC per se. We expressed hM3Dq or hM4Di in ACC or ZI and 

locally infused CNO into a specific target area to upregulate or downregulate activity of a 

desired pathway (Figure 6F, 6K, 6P). The context-dependent escape behavior was markedly 

affected. Activating the ACC→SC pathway increased escape in the inside-nest scenario 

and greatly reduced the CSI (Figure 6G–6H, Figure S6E–S6F), whereas inactivating this 

pathway reduced escape in the outside-nest scenario, which also resulted in a significant 

reduction of the CSI (Figure 6I–6J, Figure S6G–S6H). Manipulating ACC→ZI or ZI→SC 

pathway produced an opposite effect: activating either of these pathways reduced escape in 

the outside-nest scenario (Figure 6L–6M, 6Q–6R), whereas inactivation increased escape in 

the inside-nest scenario (Figure 6N–6O, 6S–6T). In all cases, the CSI was reduced (Figure 

S6I–S6P). Our results suggest that activity of the ACC→SC pathway promotes while that 

of the ACC→ZI→SC pathway suppresses escape response. This supports an antagonistic 

relationship between these two ACC-mediated corticofugal pathways to SC.

Consistent with the notion that activation of the ACC→SC pathway enhances fear response, 

we found that activation of this pathway also increased anxiety-like behaviors, as shown 

by the results of EPM and OF tests (Figure S5C–S5G, S5M–S5O). On the other hand, 

inactivation of ACC→ZI axon terminals did not significantly affect anxiety-like behaviors 

(Figure S5H–S5L, S5P–S5R), suggesting that inactivation of the ACC→ZI projection may 

not be sufficient for changing the baseline anxiety level.
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ACC projections to SC and dPAG have similar functional effects

ACC innervates both the deep layers of SC and its adjacent dPAG region (Figure 4C). 

Since fiber photometry recording of the ensemble Ca2+ activity of Vglut2+ neurons in dPAG 

revealed a similar context dependency (Figure S7), we could not exclude the possibility 

that the ACC→dPAG projection also contributed to the observed effects in the above 

experiments. To further distinguish SC vs. dPAG contributions, we employed anterograde 

transsynaptic tagging with a double-injection strategy 38,41 to restrict opsin expression 

within ACC-recipient SC or dPAG neurons (Figure 7A, 7G). For optogenetic activation, 

we chose a weak light intensity that itself did not induce running (Figure 7B, 7H). We 

observed similar modulatory effects by activation/inactivation of either ACC-recipient SC 

or ACC-recipient dPAG neurons on the defensive behavior (Figure 7C–7F, 7I–7L). These 

results suggest that ACC projections to SC and dPAG may have a similar functional role in 

the context-dependent fear response.

Auditory sensory inputs to SC are not modulated by the safety/danger context

Besides ACC, the SC/dPAG region also receives salient excitatory inputs from auditory 

sensory structures such as the auditory cortex (ACx) and inferior colliculus (IC) 23,30,40,42. 

Both structures can convey auditory threat signals, but whether these inputs could also be 

modulated by the safety/danger context and contribute to the behavioral flexibility has been 

unknown (Figure 8A). To address this issue, we expressed GCaMP in the cortex of IC (ICx), 

which provides auditory input to SC/dPAG 23,40. Photometry recording of the ensemble 

Ca2+ signal of ICx terminals in SC revealed similar auditory-triggered responses in different 

contexts (Figure 8B–8E). We also expressed GCaMP in SC-projecting ACx neurons, using 

a retrograde viral injection strategy (Figure 8F). Miniscope recording again revealed that 

auditory stimulation triggered similar Ca2+ responses in inside- and outside-nest scenarios 

(Figure 8G–8I). These results indicate that auditory sensory inputs to SC are not specifically 

modulated by the safety/danger context.

Discussion

In this study, we have shown that animals exhibit flexible behavioral reactions under 

different safety/danger contexts. With single-cell and projection-based Ca2+ imaging in 

freely moving animals and projection-specific activity manipulations, we demonstrated 

that ACC is critically involved in context-dependent adaptive fear/defensive behavior by 

bidirectionally modulating the activity of SC, which is important for driving the escape 

response.

Flexible auditory threat-induced fear reactions

We found that the auditory threat induced defensive behavior is flexible and context-

dependent. When the animal is initially in a self-deemed safe zone, defensive behavior upon 

a potentially threatening event is greatly suppressed, possibly because in this circumstance 

the event is unlikely life-threatening. Suppressing nonessential flight then reduces energy 

cost, which is beneficial to the animal in the long run. We have not observed any difference 

in such context-dependent defensive behavior between male and female mice (Figure S2D–

S2E), in line with a recent study on visually evoked defensive behavior 43. In addition, the 
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study reports that the estrus phase does not significantly affect the visually induced defense 

behavior in females 43, likely reflecting a most fundamental need of animals for safety 

across the lifespan. Nevertheless, since the estrous cycle is associated with fluctuations of 

ovarian hormone levels and the latter can potentially affect the brain state, we do not exclude 

the possibility that the estrous phase may be able to modulate the auditory-evoked defensive 

behavior in some ways or to some extent. This intriguing question requires more extensive 

investigations in the future.

The functional role of ACC and its functional cell types

Previous studies of ACC have demonstrated its diverse roles in pain-related affect and 

high-level cognitive processes, including attention allocation, decision making, learning, 

cost-benefit calculation, as well as conflict and error monitoring 44–53. This structure is 

well positioned to modulate widely distributed networks through top-down projections to 

many areas of the brain 54–58, and thus is thought to broadly regulate behaviors. Here in 

this study, our results have elucidated a less recognized functional role of ACC in assessing 

environmental safety.

Our imaging data have revealed that ACC contains functionally heterogeneous neuronal 

subgroups. As implicated by the auditory-only cells, ACC receives auditory information 

that is independent of safety/danger contexts, likely directly from the auditory cortex and 

auditory thalamus (Figure S3C–S3D). Context-specific neurons, however, are present. The 

danger-responding cells do not respond to auditory threat signals when the animal stays in 

a safe zone, its self-built nest, and behaviorally the animal ignores the threat signals. These 

cells on the other hand respond in various danger scenarios, not immediately to sensory 

stimulation, but with a delay (Figure S3B). Their responses temporally correspond to the 

onset of flight, but cannot be explained by locomotion per se. These responses may thus 

reflect an escape decision after appraising the situation and calculating the escape strategy. 

The safety-responding cells respond almost immediately to the threat signals when the 

animal stays in the self-built nest, possibly because the brain has already been preset to 

operate in a “safe” mode. Most of these neurons also exhibit robust activation when the 

animal returns to the nest from flight, which is absent if the nest is absent from the arena. 

Our data thus suggest a strong correlation between the activity of danger-/safety-responding 

cells and the danger/safety context. Indeed, based on the observed activity of either of 

these two cell populations, a linear classifier can discriminate danger/safety contexts with 

high accuracies (Figure 3K). Together, our results suggest that these context-specific ACC 

subpopulations can encode information of safety assessment. It is worth noting that the 

activity pattern of ACC neurons forms a continuum, containing a middle fraction of neurons 

which more-or-less combine the response properties of danger- and safety-responding cells 

(i.e. neutral cells). Their activity may contribute to the population coding of safety/danger 

contexts in a graded manner, or alternatively their activity might be irrelevant to safety 

assessment. The functional significance of neutral cells remains to be investigated in the 

future. The ACC could either receive context-specific information from other structures, 

or alternatively the context-dependent activity could emerge in ACC by integrating multi-

dimensional information, e.g. from sensory cortices 19,58–61 and the hippocampal formation 
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62–64. It will be of great interest to investigate in the future which scenario is true and how 

context-specific activity emerges in brain circuits.

Bidirectional modulation of SC activity by distinct ACC corticofugal circuits

Previous studies on the neural circuits regulating SC-mediated unlearned fear/defensive 

behaviors have been mostly focused on subcortical areas 5,6,8,27,28. The impact of ACC 

revealed in this study suggests more extensive neural networks underlying the flexibility of 

fear/defensive reactions. The direct projections of ACC neurons to SC and ZI are consistent 

with previous reports 58,65,66. SC- and ZI-projecting ACC neurons appear to be largely 

separate cell populations as examined functionally and anatomically (Figure 4). Our slice 

recording data confirmed that the ACC→SC projection excites SC neurons, whereas the 

ACC→ZI→SC pathway disynaptically inhibits SC neurons via ACC-recipient ZI neurons 

(Figure 5A–5H). Thus, through these functionally antagonistic ACC-mediated corticofugal 

pathways, ACC can bidirectionally regulate the SC activity. The projection-based imaging 

of the ensemble Ca2+ activity indicated that the ACC→SC pathway relays primarily danger-

related information, while the ACC→ZI→SC pathway relays predominantly safety-related 

information (Figure 5I–5L). These sources of information converge in SC, modulating 

SC responses to auditory signals which are otherwise context-invariant (Figure 8B-8I). 

Projection-specific activity manipulations demonstrated that enhancing and suppressing 

the activity of the ACC→SC pathway promotes and suppresses the escape response, 

respectively, and vice versa for the ACC→ZI→SC pathway (Figure 6). A similar 

mechanism likely operates in dPAG as well, since the ACC→dPAG pathway also promotes 

the escape response (Figure 7G–7L) and ZI also projects to dPAG8,27,42. Thus, through 

its safety- and danger-responding neuronal populations and their associated corticofugal 

pathways towards SC, the ACC critically contributes to safety/danger-context-dependent 

flexible fear/defensive behavior. Whether this functional role of ACC generalizes to other 

sensory modalities is an intriguing question that remains to be studied. Since previous 

studies have demonstrated that SC neurons in the intermediate layer, where ACC and ZI 

axons project to, mediate visual looming induced defensive behaviors 24,67,68, we postulate 

that ACC corticofugal projections can play a similar role in modulating visually evoked 

defensive behaviors.

A working model

Previously, it has been suggested that evidence of threat is integrated in SC and passes 

through a synaptic threshold at the level of dPAG to initiate escape 69. Based on our 

results in the current study, we propose that SC/dPAG neurons can integrate external threat 

signals and safety assessment information from ACC. As such, SC/dPAG interprets ACC’s 

evaluation of environmental safety according to the relative strengths of the opposing signals 

relayed from the two ACC-mediated corticofugal pathways (Figure 8J). Only when the 

summed signal exceeds a certain threshold, can the output of SC/dPAG initiate escape 

actions. Otherwise, no escape is initiated. Importantly, the safety-responding ACC neurons 

respond quickly to the sound onset when the animal stays inside the self-built nest. This 

would result in a fast inhibitory input to SC via ZI, ensuring the timely suppression of SC 

neuronal responses to the sound signals and thus the fear response. In danger scenarios, 

the delayed response of the danger-responding ACC neurons, when transmitted to SC, may 
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facilitate the temporal summation of SC synaptic inputs in dPAG 21, thus promoting the 

initiation of escape.

Altogether, our study suggests that ACC can serve as an important node to encode safety 

assessment and to mediate the flexibility of defensive behavioral responses according to 

the overall environmental safety situation. This would allow the animal to effectively and 

efficiently adapt to different challenges in a dynamic environment. The context-dependent 

top-down control of fear responses by ACC raises the possibility that dysregulation of 

ACC circuits may contribute to fear-related emotional disorders such as phobias and post-

traumatic stress disorder 70.

STAR★ METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Feixue Liang (Liangfx@smu.edu.cn).

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.

• All original code has been deposited at Zenodo and is publicly available as of the 

date of publication. DOIs are listed in the key resources table.

• Any additional information required to reanalyze the data reported in this paper 

is available upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All experimental procedures were approved by the Animal Care and Use Committee at 

the Southern Medical University. Male and female wild-type C57BL/6J and transgenic 

Vglut2-Cre (JAX# Stock No. 028863.), Thy1-Cre (JAX# Stock No. 006143) and Gad2-Cre 

(JAX# Stock No. 028867) mice were used in this study. All transgenic mice were first 

purchased from Jackson Laboratories and backcrossed to C57BL/6J to generate a breeding 

colony. Animals used for stereotaxic surgery were aged 9–12 weeks. Animals were housed 

under a 12 h light–dark cycle, with food and water available ad libitum. The housing facility 

had a temperature of 21–23 °C and a humidity of 40–60%. Flying saucer pet wheels were 

placed in the home cages for environmental enrichment.

METHOD DETAILS

Viruses and tracers—The following adeno-associated viruses (AAVs) and tracers 

were used in this study. For micro-endoscopic calcium imaging and fiber photometry 

recording experiments, AAV2/9-syn-jGCaMP7s-WPRE (9.83×1012 v.g./ml, OBiO), 

AAV2/1-syn-FLEX-jGCaMP7s-WPRE (1.58×1013 v.g./ml, OBiO), AAV2/9-hSyn-FLEX-

NES-jRGECO1a-WPRE (9.2×1012 v.g./ml, OBiO) and AAV2-retro-hSyn-Cre (1×1013 

v.g./ml, Vigene) were used. For chemogenetic experiments, AAV2/9-hSyn-hM4D(Gi)-
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mCherry-WPRE (3.5×1012 v.g./ml, OBiO) and AAV2/9-hSyn-hM3D(Gq)-mCherry 

(3.5×1012 v.g./ml, OBiO) were used. For optogenetic experiments, AAV2/1-hSyn-Cre 

(5.3×1013 v.g./ml, BrainVTA), AAV2/9-EF1α-DIO-eYFP (3.5×1012 v.g./ml, OBiO), 

AAV2/9-DIO-hChR2 (H134R)-eYFP (6.5 × 1012 v.g./ml, OBiO), AAV2/9-DIO-GtACR1-

eYFP (5.0 × 1012 v.g./ml, OBiO), AAV2/9-CaMKIIα-hChR2(H134R)-eYFP (6.83×1012 

v.g./ml, OBiO) were used. For anterograde tracing, AAV2/9-syn-FLEX-eYFP (9.83×1012 

v.g./ml, OBiO) and AAV2/9-hSyn-GFP (5.14×1012 v.g./ml, BrainVTA) were used. For 

retrograde tracing, Cholera Toxin subunit B (CTB 488, 555, 0.25%; Invitrogen) was 

used. For ex vivo electrophysiology, AAV2/9-CaMKIIα-hChR2(H134R)-eYFP (6.83×1012 

v.g./ml, OBiO), AAV2/9-EF1α-DIO-mCherry-WPRE-hGH (5.35×1012 v.g./ml, BrainVTA), 

AAV2/9-DIO-hChR2(H134R)-eYFP (6.5 × 1012 v.g./ml, OBiO) were used. AAVs were 

diluted with clean PBS on the day before injection if the original viral titer was too high.

Surgical procedures and virus injections

General virus/tracer injections: Mice were anaesthetized with isoflurane (1.25%–2% in 

0.7–1.5 l/min of O2) and mounted on a stereotaxic device. The skin was cleaned and 

Betadine and lidocaine (2%, ~0.3 ml) was injected for local anesthesia. A craniotomy 

was made over the desired brain region. The AAVs (encoding GCaMP7s, hM4D(Gi), 

hM3D(Gq), ChR2, GFP or mCherry) or tracer (CTB 488/555) were used, depending on 

the purpose of the experiments and the strain of mice. A beveled glass micropipette (tip 

diameter, 30-40 μm; pulled with the Model P-97, Sutter Instrument) was used to deliver 

the virus or tracer, through pressure injection with a microsyringe pump (World Precision 

Instruments) at a rate of 20 nl/min. After injection, pipette stayed for 10 min before being 

withdrawn. 0.1 mg/kg buprenorphine was injected subcutaneously after the surgery and the 

animal was returned to the home cage. Recovery time was at least 2 weeks before cannula or 

optic fiber implantation, behavioral testing or recording experiments. After the experiments, 

brain was extracted, sectioned and imaged under a confocal microscope to confirm viral 

expression.

Surgeries for micro-endoscopic calcium imaging: The surgical procedures were generally 

performed following previous studies 71,72,73. To image neurons in the deep layers of SC, 

AAV1-syn-GCaMP7s-WPRE (200-300 nl) was injected unilaterally into SC (ML 0.6, AP 

−4.05 from bregma, DV −1.65 mm) of C57BL/6J mouse. To image neurons in the deep 

layers of ACC, AAV2/1-syn-FLEX-GCaMP7s-WPRE (100-200 nl) was injected unilaterally 

into ACC (ML 0.4, AP +1.38 from bregma, DV −1.8 mm) of the Thy1-Cre mouse. To image 

projection-specific neurons in the auditory cortex (SC-projecting ACx neurons) or ACC 

(SC- or ZI-projecting ACC neurons), AAV2-retro-hSyn-Cre was firstly injected unilaterally 

into SC or ZI (ML 0.98, AP −1.4 from bregma, DV −4.55 mm). Two weeks after the first 

injection, AAV2/1-syn-FLEX-GCaMP7s-WPRE was then injected unilaterally into AC or 

ACC. 20-30 minutes after the second virus injection, a gradient refractive index (GRIN) lens 

(1.0 mm diameter and 4.2 mm length for SC recording; 1.0 mm diameter and 4.2mm length 

for ACC recording; 0.5 mm diameter and 6.00 mm length for ACx recording; Inscopix) was 

then implanted above the injection site and secured to the skull using super glue as well as 

dental cement. Mice were given a subcutaneous injection of Ketoprofen (4 mg/kg) during 

surgery. Ibuprofen was administered through drinking water (30 mg/kg), lasting for 4 days 
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for postoperative care. After a recovery period of 1-4 weeks, the micro-endoscope together 

with a titanium baseplate were placed above the lens. The position of the micro-endoscope 

was adjusted till the cells and the blood vessels appeared sharp in the focal plane. Then, 

the baseplate was secured at the position with dental cement. All mice were handled and 

habituated for over 3 days before imaging experiments.

Surgeries for fiber photometry recording: AAV encoding GCaMP7s (100-200 nl) was 

injected unilaterally into dPAG (for recording dPAG neuronal Ca2+ signals, ML 0.45 mm, 

AP −4.5 mm from bregma, DV −2.15mm), ICx (for recording ICx axon terminals; ML 

−1.50 mm, AP −5.10 mm from bregma, DV −1.30 mm), ACx (ML −3.90 mm, AP −2.80 

mm from bregma, DV −2.15 mm), ZI (ML −0.98 mm, AP −1.34 mm from bregma, DV 

−4.55 mm) or ACC (ML −0.45 mm, AP +1.35 mm from bregma, DV −2.00 mm). For dual-

color optical fiber photometry recording, AAV2/9-hSyn-FLEX-NES-jRGECO1a-WPRE and 

AAV1-syn-GCaMP7s-WPRE were injected unilaterally into ZI and ACC of Gad2-Cre 

mouse, respectively. 2~3 weeks after the virus injection, a ferrule fiber-optic cannula (200 

μm core diameter, 0.39 numerical aperture; RWD) was implanted above the target region 

(for recording from BLA, ML 3.05 mm, AP −1.25 mm from bregma, DV −4.45 mm; for 

recording from DMS, ML 1.70 mm, AP 0.50 mm from bregma, DV 2.45 mm; for recording 

from dPAG, ML −0.80 mm, AP −4.50 mm from bregma, DV −2.30 mm) and secured to the 

skull using dental cement.

Surgeries for chemogenetic activation and inhibition: AAV2/9-hSyn-hM4D(Gi)-

mCherry-WPRE or AAV2/9-hSyn-hM3D(Gq)-mCherry-WPRE (150-200 nl) was injected 

bilaterally into ACC (for ACC→ZI or ACC→SC pathway manipulations) or ZI (for 

ZI→SC pathway manipulations). 2~3 weeks after the virus injection, drug cannulas (140 

μm internal diameter; RWD) were bilaterally implanted into the ZI or SC and secured with 

dental cement.

Surgeries for optogenetic activation and inhibition: For optogenetic activation of the 

ACC→ZI or ACC→SC pathway, AAV2/9-CaMKIIα-hChR2(H134R)-eYFP or eYFP only 

(200 nl) was injected bilaterally into ACC. 2~3 weeks after the virus injection, optical fibers 

(200 μm core diameter; RWD) were bilaterally implanted above the ZI or SC and secured 

with dental cement. For optogenetic activation or inhibition of ACC-recipient neurons in 

SC or dPAG, a two-step injection method was used. AAV1-hSyn-Cre (200 nl) was firstly 

injected into ACC. 5-7 days after the first injection, AAV2/9-EF1α-DIO-eYFP (100 nl, for 

activation), AAV2/9-EF1α-DIO-GtACR1-eYFP (100 nl, for inhibition) or AAV2/9-EF1α-

DIO-eYFP (100 nl, for control) was then selectively injected into either SC or dPAG. 

20 minutes after the final injection, optical fibers (200 μm core diameter; RWD) were 

bilaterally implanted above the SC or dPAG and secured with dental cement.

Behavioral testing

General flow of behavioral testing

Nest-building.: Behavioral testing was performed in a test arena divided into two chambers 

(dimensions of each chamber in cm: 35 w, 75 l, 55 h), similar to what was previously used 
23. There was an opening connecting the two chambers, which allowed the animal to move 

Wu et al. Page 14

Neuron. Author manuscript; available in PMC 2024 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



freely back and forth. A speaker was attached to each chamber for sound stimulation and 

two cameras were placed on the top and one side of the arena respectively to monitor the 

locomotion of the animal. Before a new animal was placed in, the behavioral arena was 

cleaned with 10% alcohol. Bedding materials, nesting materials, food and water were also 

replaced. A day before behavioral testing, the mouse was individually introduced in the 

behavioral arena. 2-4 hours after explorations, most mice would begin to build a nest in a 

corner or near a wall and it would take a few hours to complete the nest-building (Figure 

S1A–S1C). After that the mouse would consider the self-built nest as a safe context, thus 

resting inside the nest for most of the time. They only occasionally explored outside the nest 

(Figure 1B–1C). Only after a mouse successfully completed nest building, it was advanced 

to behavioral testing.

Context-dependent behavioral testing.: To test context-dependent fear responses upon 

auditory threats, we tested two scenarios for all the mice. In the first scenario, auditory threat 

(a 5 sec-duration noise sound at 70 dB SPL) was applied when the mouse was resting in 

the nest (inside-nest bouts, scene 1); while in the second scenario, the same auditory threat 

was applied when mouse was exploring outside the nest (outside-nest bouts, scene 2) (Figure 

1K). A typical behavioral testing session included 5-8 inside-nest bouts and 5-8 outside-nest 

bouts tested in a randomized order. The interval between auditory threats was > 2 min. In a 

subset of mice, after the first set of tests, the self-built nest was replaced by a sham nest and 

a second set of behavioral testing was performed, which included 5-8 inside-sham-nest bouts 

and 5-8 outside-sham-nest bouts in a randomized sequence. A behavioral testing session was 

performed per animal per day, with at most 2 repetitions per animal. The location and speed 

of the mouse during behavioral testing was monitored in real-time with two cameras for 

off-line analysis.

Behavioral scoring.: The mouse behavior was video recorded at 25 fps. The location and 

moving trajectories were analyzed off-line with a commercial software (Smart 3.0, Panlab). 

We assigned a safety score from 1 to 7 based on the mouse’s maximum flight speed 

and ending location (Figure S2A–S2C). We quantitatively measured several parameters 

of the behavior, including total travel distance, maximum locomotion speed and defense 

probability (percentage of trials with a safety score < 6) (Figure 1N–1P). A context 

selectivity index (CSI) was calculated as: CSI = (Si − So)/(So + Si), where Si and So 

were safety scores for inside- and outside-nest bouts, respectively. CSI close to 1 indicates 

strong context-dependency with strong safety responses in inside-nest bouts, while CSI = 0 

indicates no context-dependency.

Elevated plus maze (EPM) and open field (OF) tests.: EPM and OF tests were performed 

10 min after exposing the mouse to auditory threats, following the methods used in a 

previous study 74. EPM was performed within a white Plexiglass apparatus with two closed 

arms and two opened arms, elevated 30 cm above the ground. The animal was placed in the 

center of the crossed maze, and its locomotion was recorded with a video camera for 5 min. 

The percentage of time spent in the open arms was determined by offline analysis. For OF 

test, the mouse was placed at the center of a cubic box (60 cm long, 60 cm wide, 35 cm 
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high), and locomotor activity was monitored for 10 min. The percentage of time spent in the 

center area was analyzed offline.

Chemogenetic manipulations during behavior: Mice expressing hM4D(Gi) or hM3D(Gq) 

were given a local infusion of CNO (5 μM, 120 nl) or solvent at a rate of 100 nl/min through 

the implanted cannula to the target region, 30 min before behavioral testing. The behavioral 

testing was similar to described above, except that the number of bouts in each session was 

slightly smaller (3-5 trials for both inside-nest and outside-nest conditions).

Optogenetic manipulations during behavior: For optogenetic activation, blue laser pulses 

(20 Hz, 25 ms pulse duration, 5 sec stimulation duration) were delivered to the target region 

using a laser stimulator (Aurora 400, Newdoon). For the activation of SC (Figure 7B) or 

PAG (Figure 7H) neurons, the laser intensity was first tested and the maximum intensity that 

did not directly elicit escape behavior was selected for experiments. For terminal activation, 

laser intensity of 5 mw was used. Laser pulses were continuously applied during each 

trial. For the place preference test (Figure S5M–S5R), the two chambers were randomly 

designated as the laser-on and laser-off chamber. Laser pulses were applied when the mouse 

entered the laser-on chamber and continued until the animal exited that chamber 74.

Micro-endoscopic calcium imaging—A micro-endoscope (UCLA Miniscope 

V4, purchased from Open Ephys; https://github.com/Aharoni-Lab/Miniscope-DAQ-QT-

Software) was used to image GCaMP7s-expressing neurons in SC, ACx or ACC in 

freely-moving conditions. One week before behavioral testing, a custom-made object with 

the same weight as the micro-endoscope was fixed on the head of the subject mouse 

for it to adapt to weight-bearing running. After that, no significant difference of mouse 

behavior was observed under auditory threats between weight-bearing and non-bearing 

conditions. During each trial of behavioral testing, Ca2+ fluorescence signals and behavior 

were simultaneously video recorded, at 25 fps for 30 sec duration, initiated by an external 

trigger signal synchronized with the onset of noise stimulation. To better distinguish event-

related neurons, only the inside-nest bouts with safety score equal to 7 and outside-nest 

bouts with safety score equal to 1 were selected for further analysis. In general, data 

from 3-5 inside-nest bouts and outside-nest bouts were selected for analysis from each 

behavioral testing session. The micro-endoscope was neither unloaded nor refocused in a 

behavioral testing session, as to ensure the same field of view (FOV) over time. All the 

selected Ca2+ fluorescence videos were firstly concatenated and motion-corrected using 

the NormCorre algorithm (https://github.com/flatironinstitute/NoRMCorre)(Pnevmatikakis 

and Giovannucci, 2017). Individual neurons were identified with Constrained Non-Negative 

Matrix Factorization (CNMF-E; https://github.com/zhoupc/CNMF_E) (Cunningham and Yu, 

2014; Zhou et al., 2018) and a raw Ca2+ activity trace was obtained for each neuron by 

averaging all the pixel values in the associated region of interest (ROI). Next, fluorescence 

changes (ΔF/F) were calculated and z-scored. Finally, extracted ROIs as well as their traces 

were manually inspected to exclude false-positive neurons, and the motion-corrected Ca2+ 

fluorescence video was also manually inspected to add missing neurons.
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Fiber photometry recording—The photometry recording experiment was performed 

using a fiber photometry system (Thinker Biotech, Nanjing). Before each recording 

experiment, we adjusted the light intensity of fiber optic patch cables to be 40-60 μW. 

After each recording trial, we turned off the laser immediately to avoid photo bleaching. The 

Ca2+ signal was then exported to MATLAB for off-line analysis. The value of fluorescence 

change (∆F/F) was calculated by (F − F0)/F0, where F0 was the baseline fluorescence. We 

also performed a time normalization for the Ca2+ signal in outside-nest bouts from fiber 

photometry recording, similar to the method used for Ca2+ signal from micro-endoscopic 

calcium imaging recoding.

Slice preparation and recording—C57BL/6J mice injected with ChR2 virus in ACC 

or ZI, Ai14 mice injected with ChR2 virus in ACC and retrograde Cre virus in SC, or 

C57BL/6J mice injected with hM4D(Gi) or hM3D(Gq) virus in ACC were used for slice 

recording. Following the urethane anesthesia, the mouse was decapitated and the brain 

was rapidly removed and immersed in an ice-cold dissension buffer (composition: 60 

mM NaCl, 3 mM KCl, 1.25 mM NaH2PO4, 25 mM NaHCO3, 115 mM sucrose, 10 mM 

glucose, 7 mM MgCl2, 0.5 mM CaCl2; saturated with 95% O2 and 5% CO2; pH¼7.4). 

Brain slices of 350 μm thickness containing the target regions (SC, ZI or ACC, depending 

on the purpose of recording) were cut in a coronal plane using a vibrating microtome 

(Leica VT1000s). Slices were allowed to recover for 30 min in a submersion chamber 

filled with the warmed (35 °C) ACSF and then to cool gradually to the room temperature 

until recording. The spatial expression pattern of ChR2-eYFP or tdTomato in each slice 

was examined under a fluorescence microscope before recording. Only slices with the 

correct location for expression were used for further recording. Cells were visualized with 

IR-DIC and fluorescence microscopy (Olympus BX51 WI) for specific target neurons. Glass 

patch pipettes with 4–5MΩ impedance were used for whole-cell recording. Internal solution 

contained: 130 mM K-gluconate, 4 mM KCl, 2 mM NaCl, 10 mM HEPES, 0.2 mM EGTA, 

4 mM ATP, 0.3 mM GTP and 14 mM phosphocreatine (pH, 7.25; 290 mOsm). Signals 

were recorded with an Axopatch 700B amplifier (Molecular Devices) under voltage-clamp 

mode at a holding voltage of −70 mV and +10 mV for excitatory and inhibitory currents, 

respectively. The recoded current was filtered at 2 kHz and sampled at 10 kHz. A blue light 

pulse of 5-ms duration was applied to active ChR2-expressing axon terminals. To confirm 

the functional connection of ACC→ZI or ACC→SC/ZI→SC pathways, 1mM TTX and 

1mM 4-aminopyridine was added to the external solution to record monosynaptic responses. 

To verify the effect of hM4D(Gi) or hM3D(Gq), spikes of hM4D(Gi) or hM3D(Gq) 

expressing neurons in ACC were recorded before and after perfusion of CNO (5 μM) and 

after washing out CNO.

Sound generation—Software for sound stimulation was custom made in LabVIEW 

(National Instruments). Sound was generated by the sound wave generation module and 

delivered through a calibrated open acoustic delivery system using a TDT ES1 speakers 

(Tucker-Davis Technologies), as previously described 77. For behavioral testing on different 

scenarios, a 5 sec noise at 70 dB SPL was delivered selectively from the speaker at the side 

of the mouse’s location side manually. The outside- and inside-nest bouts were performed 

depending on both the mouse’s location and state, while they were alternated as much as 
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possible. In both outside- and inside-nest bouts, noise stimulation was applied only when the 

mouse was quiet for more than 3s, and the inter-stimulus interval was no less than 2 minutes 

to avoid behavioral adaptation. In a small subset of experiments, we also tested dependency 

on sound intensity by using pre-calibrated noise from 40 to 80 dB SPL.

Immunohistochemistry and cell quantification—For detecting c-Fos expression, 

viral expression and grin lens location, frozen sections were prepared. Animals were 

deeply anesthetized and perfused with 50 mL of PBS, followed by 50 mL of ice-cold 4% 

paraformaldehyde (PFA, Sigma). After perfusion, brain was harvested, soaked in 20% of 

sucrose in PBS for 48 hours and then embedded with O.C.T compound (Fisher Healthcare). 

40 μm thick coronal sections were collected with a cryostat (RWD, FS800). Brain sections 

were then washed with PBS (10 min for 3 times) and PBST (0.1% Triton X-100 in PBS, 

10 min for 3 times), blocked in 10% normal goat serum (NGS, Beyotime) in PBST for 40 

minutes under room temperature, and then incubated with primary antibodies in 3% NGS 

in PBST overnight at 4°C. Sections were then washed with PBST (10 min for 3 times), 

incubated in the secondary antibodies in 1% NGS in PBST for 2h under room temperature, 

then washed with PBST (10 min for 3 times). The sections were finally mounted onto 

microscope slides and covered with coverslips along with an anti-fade reagent containing 

DAPI (P36931, Invitrogen).

The primary antibody used was: rabbit monoclonal anti-c-fos (dilution 1:200, 2,250; Cell 

Signaling). The secondary antibody was: Alexa Fluor 488 goat anti-rabbit IgG (dilution 

1:500, ab150077, Abcam).

The sections were photographed and analyzed using a confocal microscope. For each brain, 

all the images were taken with the exact same settings. Confocal images were acquired and 

cell counting was performed using ImageJ.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of event-related neurons

Analysis of behavioral events: To define event-related neurons, the accurate timing of 

behavioral events, such as flight onset and nest-entering onset, was first manually marked 

frame-by-frame from behavioral videos. The flight onset latency and nest-entering latency 

were then calculated as the time lag between the noise onset (determined by the timing 

of the trigger signal) and flight onset, and between flight onset and nest-entering onset, 

respectively (Figure 1T). We then synchronized the timing of behavioral events and Ca2+ 

activity traces for further analysis.

Analysis of event-related neurons in SC and AC: The activity of individual cells during 

outside-nest bouts (aligned to the flight onset) and inside-nest bouts (aligned to the noise 

onset) was averaged across all corresponding trials within each imaged session and z-scored. 

Event-related neurons were defined by Ca2+ activity during auditory threat presentation that 

was higher than the average baseline activity by 3 standard deviations. Average baseline 

activity was calculated over a 5 sec time window before the flight onset (for outside-nest 

bouts) or noise onset (for inside-nest bouts).
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Analysis of event-related neurons in ACC: We used the receiver operating characteristic 

(ROC) analysis to identify whether neurons significantly responded during inside-nest bouts 

and/or outside-nest bouts. The true-positive rate and false-positive rate of the calcium signal 

of individual cell were calculated to generate ROC curves of both inside- and outside-nest 

bouts, and the area under the ROC curve was then calculated to generate auROCi and 

auROCo, which measured how strong the neural activity was related to inside- and outside-

nest bouts, respectively (Figure 2D–2E). When either auROCi or auROCo was equal to or 

greater than 0.65, the neuron was considered as an event-related neuron (Figure 2F).

In the event-related neuronal population, a small subset exhibited a short-latency auditory-

evoked response, which had a similar amplitude regardless of whether the animal was 

inside or outside the self-built nest (Figure 2G, cell #1-2, also see Figure S3A–S3B). 

Therefore, this small subset was defined as the auditory-only neuron (type 1) and the rest 

were defined as non-auditory-only (type 2-4) neurons. To quantify the average response 

during inside-nest bouts, the Ca2+ activity traces of individual cells were aligned to the 

noise onset and averaged across all trials within an imaging session. To better quantify the 

average response of multiple behavioral events (flight or nest-entering) during outside-nest 

bouts, we performed a time normalization for the Ca2+ activity trace of each trial, since 

the nest-entering latency was varied across trials (Figure 1T). Specifically, the Ca2+ activity 

traces from the flight onset to nest-entering onset was first interpolated as a 2 sec signal and 

the rest of the signals remained unchanged (Figure S3E–S3J). Then the interpolated Ca2+ 

activity traces of individual cells were aligned to the flight onset and averaged across all 

outside-nest bouts within an imaging session. After that, the averaged Ca2+ activity trace 

was normalized to the largest peak amplitude during 0-1.5 sec after the flight onset (for 

outside-nest bouts) or noise onset (for inside-nest bouts).

Safety-fear selectivity index (SFSI): SFSI was calculated as: SFSI = (Po −Pi) / (Po + Pi), 

where Pi and Po were the peak amplitudes of the normalized Ca2+ activity during inside- 

and outside-nest bouts, respectively. SFSI was used to classify non-auditory-only neurons 

into safety-responding neurons (SFSI ≥ 0.33), danger-responding neurons (SFSI ≤ −0.33) 

and neutral cells (−0.33 < SFSI < 0.33) (Figure 2H).

Analysis of population dynamics during behavior and behavioral decoding: To examine 

the separation of population responses between safety- and danger-responding cells for 

both scenarios, we performed principal components analysis (PCA, Matlab toolbox) 75,76 

on the normalized Ca2+ activity traces from each behavioral testing session. We first 

smoothed each trace (9 sec, 25 fps, total 225 frames) with a 20-frames smoothing window. 

For a given behavioral testing session which had m danger-responding cells and n safety-

responding cells, we acquired a m×225 danger-responding cellular matrix and a n×225 

safety-responding cellular matrix for outside- and inside-nest bouts, respectively. Next, we 

performed PCA to reduce the dimensionality of both danger-responding cellular matrix and 

safety-responding cellular matrix and projected them onto the first two principal components 

for visualization, respectively. Shown as an example session in the left panel of Figure 

3I–3J, the trajectories between safety-responding cells and danger-responding cells indicated 

a strong separation for both outside- (Figure 3I, left) and inside-nest bouts (Figure 3J, left). 
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To further quantify the separation dynamics between safety- and danger-responding cell 

activity, we calculated Mahalanobis distance 76 between two trajectories during behavior, 

and averaged all data across behavioral testing sessions for both outside- (Figure 3I, right) 

and inside-nest bouts (Figure 3J, right).

To further analyze the relationship of animal behavior and population activity in ACC, 

a linear binary SVM decoder was trained to predict behavioral responses upon auditory 

threats under different scenarios with Ca2+ activity of both safety- and danger-responding 

cells. A data matrix combining a binary behavior table with a Ca2+ activity array was first 

established as the dataset of the decoder. The binary behavior table was established by 

labeling outside-nest bouts as 1 and inside-nest bouts as 0. The Ca2+ activity array was 

established with a N × M × T dimension matrix, where N is the number of safety- and 

danger-responding cells, M is the number of trials and T is the number of frames. The 

Ca2+ activity trace of each cell was smoothed with a 15-frame smoothing window and 

normalized by the maximum value. 80% of cells were used to train a SVM decoder, while 

the Ca2+ activity trace of outside-nest bouts or inside-nest bouts of the remaining cells were 

used to predict behavioral responses under different scenarios, respectively (10 fold cross-

validation, sklearn in Python). To generate shuffled data as control, we randomly permuted 

the binary behavior table and performed the same decoding. To estimate the performance 

of the decoder, decoding was repeated 100 times and the cumulative distribution function 

(CDF) of accuracy was calculated (Figure 3K), similar to previously described 36.

Statistics—Shapiro–Wilk test was first applied to examine whether samples had a normal 

distribution. In the case of a normal distribution, t-test or analysis of variance test was 

applied. Otherwise, a non-parametric test (Wilcoxon signed-rank test in this study) was 

applied. Data were presented as Mean ±SEM, if not otherwise specified.
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Figure 1. 
Context-dependent fear responses upon auditory threats.

(A) Top, an example video frame showing the location of the self-built nest. Bottom, 

distribution of nest locations in the behavior arena. Mirror image was used if the location 

was on the right side.

(B) Heat map showing distribution of time in different locations of the arena with (top) or 

without (bottom) the self-built nest for an example mouse.
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(C) Comparison of proportions of time staying in the nest (with the self-built nest present) 

and in a corner (with the nest absent). Grey, time outside the nest (with nest) or in the open 

area (without nest). Unpaired t test (***P < 0.001, t = 21, n = 30 mice each).

(D) Curve showing nest-building time for naïve mice (orange) and mice that had 

experienced auditory threats (blue).

(E) Comparison of the nest-building time reaching nest-building score 4 between for naïve 

mice (orange) and mice that had experienced auditory threats (blue). Unpaired t test (***P < 

0.001, t = 4.15, n = 30, 20 mice for Naïve and auditory threat respectively).

(F) Experimental condition: a mouse staying in the arena with or without a self-built nest 

was exposed to auditory threat signals and after that was subjected to EPM and OF tests.

(G) Movements tracks for an example animal of with- and without-nest conditions in EPM 

test.

(H) Percentage of time spent in open arms of EPM. Unpaired t test (w/ nest vs. white 

control: t = 4.1, ***P < 0.001; w/ nest vs. w/o nest: t = 7.26, ***P < 0.001, n = 11, 9, 10 

mice for w/ nest group, w/o nest group and white control group respectively).

(I) Movements tracks for example animals in OF test.

(J) Percentage of time spent in center of OF. Unpaired t test (w/ nest vs. w/o nest: t = 6.07, 

P < 0.001, n = 11, 9, 10 mice for w/ nest group, w/o nest group and white control group 

respectively).

(K) Schematic of experimental design. After habituation and nest-building, a self-built 

nest behavioral session under two scenarios (scene 1, noise stimulation was applied when 

the mouse was outside the self-built nest; scene 2, noise stimulation was applied when it 

was inside the nest) including 5–8 outside- and 5–8 inside-nest bouts were performed in 

a randomized order. Following that, in a subset of mice, a sham-nest behavioral session 

under two scenarios (scene 3 and scene 4) was also performed, similar to the self-built nest 

behavioral session.

(L) Trajectory with speed plot for an example mouse in each scenario (5 trials). Red dot, 

location at the onset of flight. Open triangle, location at the end of flight.

(M) Corresponding speed traces of single trials (light grey) and the mean (solid color) for 

the same mouse shown in (L), aligned to the onset of flight (red dotted line) or noise 

stimulation (black dotted line). Note that auditory threat was applied only if the mouse had 

remained relatively quiet for at least 3 seconds (shaded blue).

(N-P) Quantification of the total flight distance (N), maximum speed (O) and defense 

probability (P) in different scenarios. One-way ANOVA (***P < 0.001, ***P < 0.001 and 

***P < 0.001; F = 369, 229 and 249 for (N), (O) and (P), respectively) and post hoc test, n = 

30, 25 mice for self-built nest and sham nest respectively. All error bars represent s.e.m.

(Q) Boxplot of safety scores (see Figure S2 for scoring) in different scenarios. Red, for 

self-built nest; blue, for sham nest.

(R) Distribution of context selectivity indices (CSIs) for the self-built nest group (red) and 

sham nest group (blue). Kolmogorov-Smirnov test (***P < 0.001, D = 1.00), n = 30, 25 

mice for self-built nest and sham nest respectively.

(S) Mean safety score plotted as a function of sound intensity for inside- (blue) and outside-

nest (red) bouts, respectively.
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(T) Distribution of onset latencies of flight (time from the noise onset to the flight onset, 

left) and latencies of nest-entering (time from the flight onset to the timing of nest-entering, 

right).
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Figure 2. 
Distinct danger- and safety-related neural representations in ACC.

(A) Image showing c-Fos staining in ACC (left), PL and IL (right) after inside-nest bouts. 

Blue, DAPI staining. Scale bar, 100 μm.

(B) Comparison of total numbers of c-Fos+ neurons among ACC, PL and IL. Kruskal-Wallis 

test (***P < 0.001, H = 19.50), n = 9 brain slices from 3 mice. Colored, experiment; gray, 

control.

(C) Schematic of micro-endoscopic calcium imaging (first panel) in ACC and an example 

confocal image showing GCaMP7s expression in deep layers of ACC (second panel). An 

example field of view (FOV) of GCaMP7s-expressing neurons (third panel). Scale bar, 100 

μm.

(D) Three example cells showing different activation patterns in outside- and/or inside-nest 

bouts.
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(E) The auROC of the example cells shown in (D) in outside- (red) and inside-nest (blue) 

bouts, respectively.

(F) Distribution of the largest auROC between outside- and inside-nest bouts for all 

individual cells. The dashed line indicates the auROC threshold (0.65) for defining event-

related neurons.

(G) Left, Ca2+ signal traces for example auditory- (cell #1-2, brown), safety- (cell #3-6, 

green) and danger- (cell #9–12, purple) responding, as well as neutral (cell #7–8, blue) cells 

from the same FOV shown in (C), aligned to the noise onset. Note that a 5-point smoothing 

calculation was performed on each trace. Dashed black line, noise onset; dashed red line, 

flight onset; dashed purple line, timing of nest-entering. Right, single-trial Ca2+ response 

traces of example cells for each type. Red dot marks the onset of flight, and purple dot 

(safety) marks the timing of nest-entering. Note that the signal traces are after interpolation 

for alignment (see Figure S3E–S3J for details).

(H) Heatmap of normalized Ca2+ signal traces for danger-responding, safety-responding and 

neutral cells in two scenarios, sorted by SFSI (SFSI = (Po −Pi) / (Po + Pi), where Pi and 

Po were the peak amplitudes of the normalized Ca2+ activity during inside- and outside-nest 

bouts, respectively; also see STAR Methods) and aligned to the flight onset (dashed red line) 

in outside-nest bouts (left) or noise onset (dashed black line) in inside-nest bouts (right). 

Horizontal white lines mark the SFSI thresholds for neural classifications.

(I) Average normalized responses of danger-responding (n = 77 cells), safety-responding (n 

= 101) and neutral (n = 62) cells shown in (E).

(J) Proportions of safety-, danger-, and auditory-responding, neutral as well as non-

responding (NR) cells. Dashed black line separates safety-responding population with 

(63.8%) and without (36.2%) showing nest-entering responses.
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Figure 3. 
Activity dynamics of danger- and safety-responding neurons under different scenario.

(A) Heatmap for Ca2+ responses of a subset of safety-responding cells (with SDSI > 0.5) 

responding to auditory threats when inside the self-built nest (left) or when inside the sham 

nest (right).

(B) The average response trace for data shown in (A). Insert, mean ∆F/F during 0–5 sec after 

noise onset. Wilcoxon signed-rank test (W = 328, ***P < 0.001, n = 28 cells).

(C) Heatmap of Ca2+ responses of a subset of safety-responding cells (with SFSI > 0.5) 

responding to nest-entering (left) in outside-nest bouts and to flight offset in inside-sham-

nest bouts (right).
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(D) Average responses for the data shown in (C). Insert, mean ∆F/F during 0–5 sec after 

nest-entering or flight offset. Wilcoxon signed-rank test (***P < 0.001, W = 325.00), n = 25 

cells.

(E - F) Similar to (A-B), but for a subset of danger-responding cells (with SDSI < −0.5) in 

outside-nest bouts and inside sham-nest bouts. Red dash line marks flight onset. Paired t test 

(P = 0.215, t =1.258, n = 44 cells).

(G) Spontaneous Ca2+ activity trace of an example danger-responding cell (top) and the 

synchronous running speed (bottom) from a mouse.

(H) The auROC of the example cell (left) shown in (G) and the summary of population cells 

(right) showing Ca2+ activity is not related to locomotion speed of the mouse.

(I - J) Population activity trajectories during behavior projected onto the first two principal 

components for danger- and safety-responding cells from an example section in outside-nest 

(I, left) and inside-nest (J, left) bouts, with the average Mahalanobis distance between the 

two cell populations plotted (I and J, right).

(K) Left, cumulative distribution of decoding accuracy of SVM decoder trained to 

discriminate different behaviors in two scenarios using the population activity of danger-

responding (red) or safety-responding (green) cells. Grey traces are for shuffled data. Right, 

overall accuracy. One-way ANOVA (***P < 0.001, F = 271.4).

(L) Average Ca2+ signal trace of an example safety- (green) and danger-responding (pink) 

cell in outside- and inside-nest bouts. Shaded boxes denote the analysis time windows in 

quiet-resting and post-threat periods, respectively.

(M) Comparison of activity levels during quiet-resting (blue) and post-threat (brown) 

periods between danger-responding (“D”) and safety-responding (“S”) cells in outside-nest 

(left) and inside-nest (right) conditions. Unpaired t test (Outside nest: quiet resting, D vs. S, 

P = 0.427, t = 0.796; post threat, D vs. S, ** * P < 0.001, t = 4.22. Inside nest: quiet resting, 

D vs. S, P = 0.208, t = 1.263; post threat, D vs. S, **P = 0.002, t = 3.229. n = 77, 101 for 

danger- and safety-responding cells respectively).
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Figure 4. 
Differential target preferences of safety- and fear-preferring ACC neurons.

(A) Schematic of virus injection and fiber photometry recording of ACC axon terminals in 

different target areas.

(B) Confocal image showing GFP expression at the injection site. M2, secondary motor 

cortex.

(C) GFP-labeled ACC axons in different target areas. BLA, basolateral amygdala; ZI, zona 

incerta; DMS, dorsomedial striatum; dlPAG, dorsolateral periaqueductal gray.
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(D-G) Average Ca2+ responses of ACC axon terminals in BLA (D), DMS (E), ZI (F) and 

SC (G), aligned to the flight onset (outside-nest bouts) or noise onset (inside-nest bouts). 

Note that the traces between two dashed lines in outside-nest bouts were interpolated before 

averaging.

(H) Mean ∆F/F during 0–2s after the flight onset (outside-nest bouts) or noise onset (inside-

nest bouts). Mann-Whitney test (P = 0.647, P = 0.737, ***P < 0.001 and ***P < 0.001; U = 

94, 129, 0 and 144; n =14, 15, 17, 12 trials for BLA, DMS, ZI and SC respectively).

(I) Schematic of double retrograde labeling with CTB-488 injection in ZI (green) and 

CTB-555 injection in SC (red).

(J) Confocal images showing CTB expression at injection sites (left and middle) and the 

retrogradely labeled neurons in ACC (right). Scale bar, 100 μm.

(K) Relative density of neurons retrogradely labeled from ZI (green) and SC (red) at 

different laminar locations of ACC.

(L) Quantification of single- and double-labeled neurons in ACC.

(M) Top, schematic of micro-endoscopic calcium imaging of SC-projecting ACC neurons. 

Bottom, example image showing GCaMP7s expression in ACC (left) and a FOV at the 

imaged site (right). Scale bar, 100 μm.

(N) Heatmap for normalized Ca2+ responses separated into safety- and fear-preferring cells 

in outside-nest (left) and inside-nest (right) conditions.

(O) Pie chart showing proportions of different cell types.

(P-R) Similar to (M-O), but for ZI-projecting ACC neurons.

(S) Average responses for cells (n = 122) shown in (N).

(T) Distribution of SFSIs for the overall ACC population and the SC-projecting population. 

Insert, cumulative distribution. Kolmogorov-Smirnov test (***P < 0.001, D = 0.313, n = 

240, 122 for overall and SC-projecting ACC cells respectively).

(U-V) similar to (S-T), but for ZI-projecting neurons. Kolmogorov-Smirnov test (*P = 

0.010, D = 0.172, n = 240, 142 for overall and ZI-projecting ACC cells respectively).
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Figure 5. 
Direct and indirect ACC corticofugal pathways to modulate SC.

(A) Viral injections of CaMKIIα-eYFP and Flex-mCherry injection in ACC and ZI, 

respectively, in a Gad2-Cre mouse (left). Confocal image (right) shows highly overlapping 

red-labelled ZI axons and green-labeled ACC axons in SC. Scale bar, 100 μm.

(B) Schematic of whole-cell recording from SC neurons with photoactivation of ACC 

glutamatergic axons or ZI GABAergic axons in a slice preparation.

(C) A representative light-evoked monosynaptic excitatory postsynaptic current (EPSC) 

by photoactivating ACC-SC axons (top) and inhibitory postsynaptic current (IPSC) by 

photoactivating ZI-SC axons (bottom) recorded in SC neurons. A blue tick marks the onset 
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of LED illumination. Note that EPSCs and IPSCs were recorded by clamping the cells at 

different potentials.

(D) Peak amplitudes of light-evoked monosynaptic ACC-SC EPSCs and ZI-SC IPSCs 

recorded in SC neurons. Insert, fraction of cells exhibiting evoked responses.

(E) Schematic of recording from retrogradely labeled SC-projecting ZI neurons with 

photoactivation of ACC glutamatergic axons.

(F) Confocal image showing fluorescence-labeled ACC glutamatergic axons (green) and 

SC-projecting neurons (red) in ZI. Scale bar, 100 μm.

(G) Left, an example SC-projecting ZI neuron (CTB-positive) being recorded under infrared 

(IR) and epifluorescence (Epi) imaging. Scale bar, 10 μm. Right, representative light-evoked 

monosynaptic EPSC.

(H) Peak amplitudes of light-evoked monosynaptic ACC-ZI EPSCs.

(I) Schematic of dual-color fiber photometry recording of Ca2+ signals from ACC-SC and 

ZI-SC axon terminals.

(J-K) Average Ca2+ responses of ACC (green) and ZI (red) axon terminals in an example 

mouse in outside-nest (J) and inside-nest (K) conditions, aligned to the flight onset (outside-

nest) or noise onset (inside-nest).

(L) Mean ∆F/F during 0–2s after the flight onset (outside-nest) or noise onset (inside-nest). 

Paired t test (outside: **P = 0.009, t = 3.04, n = 14 trials; inside: ***P < 0.001, t = 4.52, n = 

14 trials).

(M) Schematic of micro-endoscopic calcium imaging of SC neurons (top), and an example 

image showing GCaMP7s expression in SC (bottom). Scale bar, 100 μm.

(N) Left, an example FOV of GCaMP7s-expressing neurons (top) and cell mask (bottom). 

Right, Ca2+ response traces of nine neurons under two scenarios in a single-trial, aligned to 

the flight onset (outside-nest) or noise onset (inside-nest).

(O) Heatmap of average Ca2+ responses of single SC neurons in outside-nest (left) and 

inside-nest (right) conditions, aligned to the flight onset (left) or noise onset (right).

(P) Average responses (top) and mean ∆F/F during 0–5 sec after the flight onset or noise 

onset (bottom) from SC cells. Paired t test (***P < 0.001, t = 19.88, n = 43 cells).
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Figure 6. 
Context-dependent antagonistic modulations of fear response by ACC-SC and ACC-ZI-SC 

pathways.

(A) Schematic of chemogenetic activation (hM3Dq) or inhibition (hM4Di) of SC neurons.

(B) Trajectory-speed map for an example mouse in the inside-nest condition with solvent 

(top) or CNO (bottom) infused in SC.

(C) Comparison of safety scores under two scenarios between solvent and CNO 

applications. Wilcoxon signed rank test (**P = 0.009, W = 28, n = 7 mice).

(D-E) Similar to (B-C), but for chemogenetic inhibition of SC neurons in a mouse in the 

outside-nest condition. Wilcoxon signed rank test (**P = 0.009, W= 28, n = 7 mice).

(F-J) Similar to (A-E), but for chemogenetic activation (G-H) or inhibition (I-J) of ACC 

axon terminals in SC. For (H), Wilcoxon signed rank test (**P = 0.004, W = 36, n = 8 mice); 

for (J), Wilcoxon signed rank test (**P = 0.009, W = 28, n = 7 mice).
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(K-O) Similar to (A-E), but for chemogenetic activation (L-M) or inhibition (N-O) of ACC 

axons in ZI. For (M), Wilcoxon signed rank test (**P = 0.009, W = 28, n = 7 mice); for (O), 

Wilcoxon signed rank test (**P = 0.009, W = 28, n = 7 mice).

(P-T) Similar to (A-E), but for chemogenetic activation (Q-R) or inhibition (S-T) of ZI 

GABAergic axons in SC. For (R), Wilcoxon signed rank test (**P = 0.009, W = 28, n = 7 

mice); for (T), Wilcoxon signed rank test (**P = 0.009, W = 28, n = 7 mice).
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Figure 7. 
ACC projections to SC and dPAG have similar functional effects.

(A) Top, schematic of viral injection strategy for activation (ChR2) or inhibition (GtACR1) 

of ACC-recipient neurons in SC. Bottom, image showing the expression of ChR2 in SC. 

Scale bar, 100 μm.

(B) Speed traces of an example mouse in response to activation of ACC-recipient SC 

neurons with increasing laser intensities in the inside- (top) or outside-nest (bottom) 

condition. The blue arrow indicates the intensity of laser used for the optogenetic 

experiment, which was the maximum intensity that did not elicit flight behavior.

(C) Trajectory-speed map for an example mouse in the inside-nest condition in the eYFP 

(top) or ChR2 (bottom) group with optogenetic activation.

(D) Comparison of safety scores in two scenarios between eYFP and ChR2 groups. 

Wilcoxon signed rank test (**P = 0.008, W = 28, n = 7 mice).

(E) Trajectory-speed map for an example mouse in the outside-nest condition in the eYFP 

(top) or GtACR1 (bottom) group with optogenetic inhibition.
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(F) Comparison of safety scores in two scenarios between eYFP and GtACR1 groups. 

Wilcoxon signed rank test (**P = 0.008, W = 28, n = 7 mice).

(G-L) Similar to (A-F), but for optogenetic activation (I-J) or inhibition (K-L) of ACC-

recipient dPAG neurons. For (J), Wilcoxon signed rank test (**P = 0.004, W = 36, n = 8 

mice); for (L), Wilcoxon signed rank test (**P = 0.008, W = 28, n = 7 mice).
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Figure 8. 
Non-context-dependent auditory signals to SC.

(A) Potential sources of context-dependent signals to SC/dPAG.

(B) Schematic of fiber photometry recording of ICx axons in SC.

(C) Confocal images showing GCaMP7s expression at the injection site (left) and in SC 

(right).

(D) Average Ca2+ response traces under two scenarios for an example mouse.

(E) Mean ∆F/F during 0–1 sec after the noise onset. Mann-Whitney test (P= 0.900, U = 

194.00). n = 18, 21 bouts for outside and inside respectively.

(F) Schematic of micro-endoscopic Ca2+ imaging of SC-projecting ACx neurons (top), and 

confocal image showing GCaMP7s expression in ACx (bottom). Scale bar, 100 μm.

Wu et al. Page 40

Neuron. Author manuscript; available in PMC 2024 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(G) Ca2+ response traces of nine neurons in a FOV responding to noise stimulation, aligned 

to the noise onset (dashed black line).

(H) Heatmap for average Ca2+ responses of single ACx neurons in outside-nest (left) and 

inside-nest (right) conditions.

(I) Average responses (top) and mean ∆F/F during 0–5 sec after the noise onset (bottom). 

Wilcoxon signed-rank test (P= 0.761, W= 873.00), n = 60 cells.

(J) Schematic illustration of the proposed neural pathways underlying context-dependent 

flexibility of fear reactions.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-c-fos Cell Signaling Cat#2250S

Alexa Fluor 488 goat anti-rabbit IgG Abcam Cat#ab150077

Mounting Medium, antifading (with DAPI) Solarbio Cat#S2110

Bacterial and virus strains

AAV2/9-syn-jGCaMP7s-WPRE OBiO H11264

AAV2/1-syn-FLEX-jGCaMP7s-WPRE OBiO H11256

AAV2/9-hSyn-FLEX-NES-jRGECO1a-WPRE OBiO H11158

AAV2-retro-hSyn-Cre Vigene AV204006

AAV2/9-hSyn-hM3D(Gq)-mCherry OBiO N/A

AAV2/1-hSyn-Cre OBiO CN867

AAV2/9-EF1α-DIO-eYFP OBiO AG20296

AAV2/9-DIO-hChR2 (H134R)-eYFP OBiO AG20298

AAV2/9-DIO-GtACR1-eYFP OBiO N/A

AAV2/9-CaMKIIα-hChR2(H134R)-eYFP OBiO AG26969

AAV2/9-syn-FLEX-eYFP OBiO N/A

AAV2/9-hSyn-GFP BrainVTA PT-1990

AAV2/9-EF1α-DIO-mCherry-WPRE-hGH BrainVTA PT-0013

Chemicals, peptides, and recombinant proteins

NaCl OmniPur UI27FZEMS

KCl Mallinckrodt 7447-40-7

NaHCO3 EMD Chemicals 48204847

MgCl2 J.T. Baker 7791-18-6

CaCl2 EMD Chemicals 41046444

NaH2PO4 EMD Chemicals SX0320-1

Cs-Gluconate Sigma G4625

TEA-Cl Sigma T2265

CsCl Sigma 289329

HEPES Sigma SLBX2493

EGTA Sigma 324626

GTP Sigma G8877

Phosphocreatine Sigma P7936

QX-314 Sigma L5783

MgATP Sigma A9187

Glucose Sigma SLBC6575V

Sucrose Sigma D00168514
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REAGENT or RESOURCE SOURCE IDENTIFIER

Biocytin Sigma B4261

Agar BioFroxx 1182GR500

Paraformaldehyde Alfa Aesar 10194340

Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory RRID: IMSR_JAX:000664

Mouse: Ai14 The Jackson Laboratory RRID: IMSR_JAX:007914

Mouse: VGluT2-ires-Cre The Jackson Laboratory RRID: IMSR_JAX: 016963

Mouse: GAD2-ires-Cre The Jackson Laboratory RRID: IMSR_JAX: 010802

Mouse: Thy1-Cre The Jackson Laboratory RRID: IMSR_JAX: 006143

Software and algorithms

LabVIEW LabVIEW http://www.ni.com; RRID: SCR_014325

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

Prism GraphPad https://www.graphpad.com/scientific-software/prism/; RRID: 
SCR_00279

Fiji NIH https://fiji.sc/; RRID: SCR_002285

Custom codes for analysis This paper

Other

NI board for data acquisition National Instrument PCl-6731

Sound-Attenuation Booth

Free Field Speaker Tucker-Davis Technologies TDT ES1
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