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 35 

SUMMARY 36 

Innate defensive responses are essential for animal survival and are conserved 37 

across species. The ventral tegmental area (VTA) plays important roles in learned ap-38 

petitive and aversive behaviors, but whether it plays a role in mediating or modulating 39 

innate defensive responses is currently unknown. We report that GABAergic neurons 40 

in the mouse VTA (VTAGABA+) are preferentially activated compared to VTA dopa-41 

minergic (VTADA+) neurons when a threatening visual stimulus evokes innate defen-42 

sive behavior. Functional manipulation of these neurons showed that activation of 43 

VTAGABA+ neurons is indispensable for looming-evoked defensive flight behavior and 44 

photoactivation of these neurons is sufficient for looming-evoked defensive-like flight 45 

behavior, whereas no such role can be attributed for VTADA+ neurons. Viral tracing 46 

and in vivo and in vitro electrophysiological recordings showed that VTAGABA+ neu-47 

rons receive direct excitatory inputs from the superior colliculus (SC). Furthermore, 48 

we showed that glutamatergic SC-VTA projections synapse onto VTAGABA+ neurons 49 

that project to the central nucleus of the amygdala (CeA) and that the CeA is involved 50 

in mediating the defensive behavior. Our findings demonstrate that visual information 51 

about aerial threats access to the VTAGABA+ neurons mediating innate behavioral re-52 

sponses, suggesting a more general role for the VTA. 53 

 54 

Keywords: Ventral tegmental area; GABAergic neurons; innate fear; superior collic-55 

ulus; looming; defensive responses. 56 
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INTRODUCTION 58 

The ventral tegmental area (VTA) is a heterogeneous nucleus including dopaminer-59 

gic (DA+) neurons, GABAergic (GABA+) and glutamatergic (Glut+) neurons (Dobi 60 

et al., 2010; Morales and Margolis, 2017; Yamaguchi et al., 2007), and its dysfunction 61 

has been implicated in depression (Nestler and Carlezon, 2006), schizophrenia (Davis 62 

et al., 1991), and addiction (Lüscher and Malenka, 2011). Dopamine neurons in VTA 63 

have been extensively studied for their role in reward and aversive processing 64 

(Bromberg-Martin et al., 2010; Fields et al., 2007; Schultz, 1998). It is widely ac-65 

cepted that VTAGABA+ neurons play an essential role in promoting aversion through 66 

inhibition of VTADA+ neurons (Bocklisch et al., 2013; Jennings et al., 2013; Tan et al., 67 

2012; van Zessen et al., 2012).  68 

Recently, there has been an increase in evidence that demonstrates the role of 69 

GABA neurons in numerous behavioral and physiological processes, such as the in-70 

volvement of GABA neurons in sensitizing dim-light vision in the retina (Herrmann 71 

et al., 2011), the acquisition of conditioned fear (Ciocchi et al., 2010; Haubensak et 72 

al., 2010) and predator odor evoked innate fear (Yang et al., 2016). In addition, it has 73 

been reported recently that dorsal raphe nucleus (DRN) GABA+ neurons are activated 74 

following looming stimulation (Huang et al., 2017) and Zona incerta (ZI) GABA+ 75 

neuronal projections to the periaqueductal gray (PAG) drive innate defensive re-76 

sponses (Chou et al., 2018) and also that VTAGABA+ neuronal projections to NAc en-77 

hance associative aversive learning (Brown et al., 2012).  78 

 In fact, the VTA also contributes to aversive cue processing, such as airpuffs, 79 

footshocks and free fall (Brischoux et al., 2009; Matsumoto and Hikosaka, 2009; 80 

Mirenowicz and Schultz, 1996; Wang and Tsien, 2011b). Consistent with these find-81 

ings, VTAGABA+ neurons are evoked by footshock stimulation that induces condi-82 

tioned place aversion (Tan et al., 2012). More importantly, it is of fundamental im-83 

portance for animals across species to detect visual predatory-like environmental 84 

stimuli and generate avoidance behavior when necessary. Environmental stimuli re-85 

quire multiple sensory modality inputs that enable the animal to avoid potential 86 
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threats (LeDoux, 2012). Given this, we speculate that the VTA is involved in pro-87 

cessing visual, potentially life-threatening signals, and if so, what the underlying cell-88 

specific neural circuitry mechanisms are. 89 

VTA receives widespread inputs to encode multiple signals (Beier et al., 2015; 90 

Lammel et al., 2012; Morales and Margolis, 2017; Watabe-Uchida et al., 2012). The 91 

superior colliculus (SC), a retinal recipient structure, is a vital source for conveying 92 

visual signals to VTA neurons, implicated in detecting biologically salient stimuli 93 

(Dommett et al., 2005; Redgrave and Gurney, 2006). These findings hint that visual 94 

threatening signal, such as those deriving from predatory-like looming stimulus, may 95 

reach the VTA via SC, and that this pathway might play a role in processing of the in-96 

nate defensive responses. 97 

 Selection and rapid execution of appropriate defensive responses, ranging from 98 

risk assessment, fighting, freezing to flight and attack, can be essential for survival 99 

when an animal faces imminent danger (Tovote et al., 2016; Ydenberg and Dill, 100 

1986)A laboratory-based experimental paradigm has been established where an ani-101 

mal is exposed to an expanding dark disc (looming) stimulus to the upper visual field 102 

that mimics an approaching aerial predator (Yilmaz and Meister, 2013). This looming 103 

stimulus leads to innate defensive behaviors (e.g. flight-to-nest and hiding behaviors) 104 

(Yilmaz and Meister, 2013). This paradigm offers the opportunity to dig deeper into 105 

the neural circuitry underlying visually-evoked innate defensive behaviors (Evans et 106 

al., 2018; Huang et al., 2017; Li et al., 2018; Salay et al., 2018; Shang et al., 2018; 107 

Wei et al., 2015; Zelikowsky et al., 2018; Zhao et al., 2014). 108 

  Using this looming-evoked flight-to-nest behavioral paradigm with mice, we 109 

found that VTAGABA+ neurons were significantly activated by the aversive visual stim-110 

ulus. Selective optogenetic inhibition and activation of VTAGABA+ neurons showed 111 

that they were indispensable and inducing for looming-evoked defensive behavior. 112 

Tracing and electrophysiological data show that VTAGABA+ neurons received glutama-113 

tergic inputs from SC and sent long projections to the CeA, which were also likely in-114 
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volved in the defensive behavior. To the best of our knowledge, this is the first evi-115 

dence showing the involvement of VTAGABA+ neurons in an innate, evolutionally con-116 

served, visually-evoked defensive responses. 117 

 118 

RESULTS 119 

1. VTAGABA+ neurons respond to looming stimulus, which evokes defensive be-120 

havior  121 

According to previous study (Yilmaz and Meister, 2013), mice were placed in an open 122 

field with a nest as a hiding place, and the presentation of an upper field expanding 123 

dark disc stimulus (looming stimulus) mimicking the approach of an aerial predator 124 

triggered transient intermittent periods of immobility (intersperse immobility) follow-125 

ing by flight-to-nest and hiding in nest behavior (Figure 1A). A comparison of vari-126 

ous looming stimuli, including front field expanding dark disc stimulus, upper field 127 

expanding white disc stimulus, lower field expanding dark disc stimulus and upper 128 

field expanding dark disc stimulus, only upper field expanding dark disc stimulus reli-129 

ably triggered intersperse immobility following by robust flight-to-nest and hiding in 130 

nest behavior (upper field expanding dark disc stimulus evoked latency of onset of 131 

flight, 1.83 ± 0.21 sec; return to nest, 3.07 ± 0.33 sec; hiding time in 1 min after onset 132 

of looming stimulus, 71.86 ± 6.83 %; Figure S3F). In the following experiments, 133 

therefore, we used this type of looming stimulus, and henceforth refer to it as “loom-134 

ing”. 135 

  We found that looming led to higher VTA c-Fos expression compared to that of a 136 

lower field looming stimulus control (Figure 1B). The distribution of c-Fos expres-137 

sion were located in the parabrachial and the paranigral portion of VTA. Tyrosine hy-138 

droxylase (TH) immunostaining revealed that the majority of c-Fos+ VTA neurons 139 

were TH-negative (Figure 1C, TH=3.90% vs Non-TH=96.1%). No significant in-140 

crease of c-Fos expression was observed in rostromedial tegmental nucleus (RMTg) 141 

(Figure S1). Bear in mind that VTA is a heterogeneous nucleus and the largest neural 142 

population excluding dopaminergic neurons are GABAergic neurons (Dobi et al., 143 
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2010).  144 

  To confirm the recruitment of GABA+ neurons in VTA by looming stimulus and  145 

investigate the dynamics of such activation, we carried out in vivo calcium imaging in  146 

VTA by fiber photometry (Kim et al., 2016). Genetically encoded Ca2+ indicators  147 

(GCaMP6s) (Figure 1D) or GFP was expressed in VTAGABA+ neurons following stere-148 

otaxic infusions of the virus AAV-EF1α:: DIO-GCaMP6s into the VTA of the 149 

GAD2::Cre transgenic mice. VTAGABA+ neurons showed significant activation of 150 

GCaMP6s activity following upper field looming stimulus exposure (Figure 1E, S2D 151 

and S2E, 6.16%, ΔF/F mean), while no signal change in control mice expressing GFP 152 

(Figures S2A-S2C) or those exposed to control visual stimulus (Figures S3B-S3E).  153 

Calcium signal rose rapidly with the onset of looming (latency = 0.73±0.15 sec, mean 154 

± SEM) and decayed slowly following looming stimulus offset (decay time constant = 155 

3.19±0.20 sec) (Figures 1G). Calcium signal of VTAGABA+ neurons were active 1.1 156 

sec precede onset of flight behavior (Figures 1E and 1F). Correlation analysis re-157 

vealed that the onset of GCaMP6 transients signal were correlated with the onset of 158 

flight behavior (Figures 1H, linear regression R=0.7094, P< 0.0001). The temporal 159 

dynamics of the calcium signal correlated well with that of looming-evoked following 160 

by flight-to-nest behaviors. 161 

These data demonstrate that VTAGABA+ neurons are robustly recruited by exposure 162 

to looming stimulus and suggest that they may be involved in mediating the defensive 163 

responses. 164 

 165 

2. VTAGABA+ neurons mediate looming-evoked defensive behavior  166 

To determine whether VTA has a role in looming-induced defensive behavior, we 167 

selectively suppressed neural activity in VTAGABA+ neurons using optogenetics. 168 

Gad2::Cre transgenic mice were bilaterally infected with AAV-EF1α:: DIO-169 

eNpHR3.0-mCherry to express the light-activated chloride pump halorhodopsin 170 

(NpHR) selectively in VTAGABA+ neurons (Figures 2A and 2B). Delivery of consecu-171 

tive yellow light to the VTA of these animals, but not those infected with control virus 172 
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(AAV-EF1α:: DIO-mCherry), significantly suppressed defensive behavior elicited by 173 

looming stimulus, including an increased latency to return to nest, decreased speed of 174 

flight, and decrease in the percentage of hiding time spent in the nest after flight (la-175 

tency: mCherry 4.6 ± 1.13 sec versus NpHR 27.7 ± 10.05 sec; speed: mCherry 1015 ± 176 

310.7 % versus NpHR 220.5 ± 68.44 %; hiding time: mCherry 69.5 ± 7.54 % versus 177 

NpHR 25.17 ± 6.02 %; Figures 2C and 2D). These data suggest that neural activity 178 

in VTAGABA+ neurons is indispensable for defensive behavior to looming stimulus. 179 

We then tested whether activation of VTAGABA+ neurons might trigger flight-to-nest 180 

behavior. Gad2::Cre transgenic mice were unilaterally infected with AAV-EF1α:: 181 

DIO-ChR2-mCherry to express the light-activated cation channel channelrodopsin 182 

(ChR2) selectively in VTAGABA+ neurons (Figures 2E and 2F).  Mice were placed 183 

into the looming stimulus apparatus without the presentation of looming stimulus. Se-184 

lective illumination of the VTA with blue light (5ms pulse, 60 Hz for 2.5 sec) elicited 185 

1.29 ± 0.46 sec intersperse immobility following by flight-to-nest behavior in ChR2-186 

expressing, but not control virus infected animals, and showed significantly decreased 187 

latency to return to nest, increased flight speed (latency: mCherry 75.75 ± 17.96 sec 188 

versus ChR24.46 ± 0.82 sec; speed: mCherry 215.7 ± 44.9% versus ChR2 610.7 ± 189 

100.7 %, Figures 2 G and 2H). Longer blue light stimulation (5ms pulse, 60 Hz for 190 

20 sec) induced flight-to-nest behavior and hiding time (mCherry 10.92 ± 6.98 % ver-191 

sus ChR2 58.43 ± 7.06 %, Figures S4A and S4B) ChR2 group. These results demon-192 

strate that activation of VTAGABA+ neurons can induce innate defensive behaviors.  193 

 194 

3. SC inputs to VTA mediate looming-evoked innate defensive behavior  195 

To investigate possible upstream sources of visual inputs to VTA that might medi-196 

ate looming stimulus responses, we examined mono-synaptic inputs to VTAGABA+ 197 

neurons using rabies virus tracing (Watabe-Uchida et al., 2012; Wickersham et al., 198 

2007). Gad2::Cre mice were coinfected with AAV- EF1α:: DIO-RVG and AAV- 199 

EF1α:: DIO-TVA-GFP in the VTA and three weeks later infected with pseudo-typed 200 
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and glycoprotein-deficient rabies virus (RV-EvnA-dG-dsRed) into the same coordi-201 

nates (Figures 3 A and 3B). After an additional week, mice were killed and examined 202 

for the distribution of upstreams of VTAGABA+ neurons. As expected, significant 203 

dsRed+ cells were identified in lateral habenula (LHb), PAG, and SC, regions known 204 

to provide inputs to VTA(Beier et al., 2015; Watabe-Uchida et al., 2012). For SC, 205 

dsRed+ cells were enriched mainly in the intermediate (IL) and deep layers (DL) 206 

(Figures 3C and 3E; mean RV+ / starter cell (%); SL, 0 %; IL, 63.65 %; DL, 207 

56.95 %). Notably, dsRed+ cells were rare in the lateral geniculate nucleus (LGN) and 208 

primary visual cortex (V1) (Figures 3D and 3G, mean RV+ / starter cell (%); SC, 209 

87.06 %; LGN, 0.061 %; V1, 0.236%) suggesting that SC provides the predominant 210 

source of direct inputs to VTA. Immunostaining revealed that the majority of VTA-211 

projecting SC neurons in IL and DL were CaMKIIα+ (Figure 3F; mean ± SEM, 212 

84.3%±3.23), suggesting that VTAGABA+ neurons receive direct monosynaptic 213 

CaMKIIα-positive inputs from the IL and DL layers of SC.  214 

  Next, we investigated whether direct SC inputs to VTA might be functionally in-215 

volved in looming-evoked defensive behavior. We selectively activated SC-VTA pro-216 

jections by delivering blue light (5ms pulse, 20 Hz for 2.5 sec) to the VTA in mice 217 

unilaterally infected in SC with AAV-CaMKIIα:: ChR2-mCherry (Figures 4A and 218 

4B) and placed into the looming stimulus apparatus without the presentation of the 219 

looming stimulus.  Photoactivation of this SC-VTA pathway induced 1.75 ± 0.36 sec 220 

intersperse immobility following by robust flight-to-nest and hiding in nest behavior, 221 

demonstrated by a significant increase in flight speed, a decreased latency to return to 222 

the nest, and an increased percentage of hiding time spent in the nest (latency: 223 

mCherry 31.53 ± 5.71 sec versus ChR2 4.12 ± 0.94 sec; speed: mCherry 212.5 ± 224 

32.93% versus ChR2 451.5 ± 31.48 %; hiding time: mCherry 29.76 ± 8.32 % versus 225 

ChR2 81.02 ± 5.48 %; Figures 4C and 4D and Video S1) compared to the mCherry 226 

control group. Importantly, the defensive behavior was impaired by local pretreatment 227 

with the glutamate receptor antagonist (AP5/NBQX) into the VTA (Figures S5A) 228 
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confirming a dependence of the behavioral effect on the activation of postsynaptic ex-229 

citatory receptors in VTA. SC-VTA projections activation also elicited significant in-230 

creases in heart rate and circulating corticosterone levels (Figures S5B and S5C), 231 

suggesting a widespread recruitment of downstream sympathetic arousal pathways. 232 

Direct photoactivation of CaMKIIα+ neurons in IL and DL of SC also resulted flight-233 

to-nest behavior (Figures S6A-S6E, S11A and Video S2). These data suggest that ac-234 

tivation of SC-VTA pathway can induce defensive responses in mice. 235 

 We then examined whether the SC-VTA pathways is indispensable for looming 236 

stimulus evoked defensive responses. Mice were bilaterally infected with AAV-237 

CaMK2a:: eNpHR 3.0-mCherry in SC (Figures 4E and S11C). Selective delivery of 238 

consecutive yellow light to the VTA of NpHR-expressing terminals, but not control 239 

virus infected animals, elicited a significant increase in latency to return to the nest, 240 

decreased the flight speed, and decrease in the percentage of time spent in the nest af-241 

ter looming stimulus exposure (latency: mCherry 4.91 ± 0.63 sec versus NpHR 48 ± 242 

15.86 sec; speed: mCherry 818.8 ± 175.1 % versus NpHR 153.5 ± 26.82 %; hiding 243 

time: mCherry 71.67 ± 6.62 % versus NpHR 26.52 ± 5.37 %; Figures 4F-4H and 244 

Video S3). These data suggest that the CaMKIIα:: SC-VTA pathway is indispensable 245 

for the induction of innate defensive behavior by looming stimulus.   246 

 247 

4. SC glutamatergic inputs activate VTAGABA+ neurons 248 

To understand the impact of SC-VTA pathway activation by looming stimulus we 249 

performed in vivo and in vitro electrophysiology to examine neural activity in VTA-250 

GABA+ neurons while activating SC-VTA inputs.  In vivo multichannel extracellular 251 

recordings were carried out in mice following unilateral infection of SC with AAV- 252 

CaMKIIα:: ChR2-mCherry and selective delivery of blue light (5 ms pulse, 20 Hz) to 253 

the VTA. Among 97 VTA neurons recorded, spike width, firing rate, and burst firing 254 

characteristics allowed us to classify 35 as putative non-dopaminergic (non-DA+) 255 

(Figure 5D) and 62 as putative dopaminergic (DA+) neurons (Figure S7B), though 256 

we need to keep in mind that it has been reported that among the putative VTA DA+ 257 
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neurons identified based on the classical electrophysiological characteristics, a minor-258 

ity could be non-dopaminergic neuron (Margolis et al., 2006; Ungless and Grace, 259 

2012) . For putative non-DA+ neurons, photostimulation of SC–VTA fibers resulted 260 

in time-locked firing with a mean latency of 5.65±3.44 ms (Figure 5B). The majority 261 

of neurons (25/35, 71.4%) exhibited an increase in firing rate, while only a small frac-262 

tion (2/35, 5.7%) exhibited a decrease (Figures 5C and 5D). The short latency of the 263 

responses confirmed our retrograde tracing data that a majority of VTAGABA+ neurons 264 

receive direct excitatory SC inputs. 265 

To better understand the functioning properties of SC inputs to VTAGABA+ neurons 266 

we carried out in vitro whole cell recordings in brain slices from Gad2:: Cre trans-267 

genic mice infected unilaterally with AAV-CaMKIIα::ChR2-mCherry in SC and 268 

AAV-EF1α:: DIO-EYFP in VTA (Figure 5E). Photostimulation of SC-VTA projec-269 

tions in the slice evoked excitatory postsynaptic currents (eEPSCs) in VTAGABA+ neu-270 

rons that were eliminated by pretreatment with glutamate receptor antagonists (NBQX 271 

and AP5) (Figure 5F). To confirmed that glutamatergic signaling in VTA mediates 272 

looming-evoked responses, glutamate receptor antagonists (NBQX and AP5) were de-273 

livered via indwelling cannulas into the VTA 30 min before exposure to the looming 274 

stimulus (Figure 5G). Pre-treated animals showed a significant increase in the latency 275 

to return to nest and decrease in the percentage of time spent in the nest when com-276 

pared to vehicle-treated controls or animals in which the drugs were allowed to wash-277 

out (Figure 5H). 278 

VTAGABA+ neurons play an important role in modulating the activity and responsiv-279 

ity of VTADA+ neurons (Bocklisch et al., 2013; Jennings et al., 2013a; Nieh et al., 280 

2016; Tan et al., 2012), primarily by directly inhibiting DA+ neuron firing. To exam-281 

ine whether such local inhibition might play a role in looming stimulus responses we 282 

carried out photostimulation of SC-VTA projections (20 Hz) while performing extra-283 

cellular, single unit recordings of putative VTADA+ neurons. Unexpectedly, we ob-284 

served short latency (7.03±3.84 ms), time-locked firing of putative DA+ neurons fol-285 

lowing SC-VTA activation (Figures S7A and S7C). The majority of putative DA+ 286 
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neurons (44/62, 71%) exhibited increased firing following stimulation (Figures S7B, 287 

S7D and S7E) and a minority (10/62, 16.1%) exhibited a decrease (Figures S7B, S7F 288 

and S7G). 289 

 Though the c-Fos activation of VTADA+ neurons were rather weak under looming 290 

stimulus, considering the above electrophysiological recording data, it is intriguing to 291 

test the possible function of VTADA+ neurons in looming-evoked defensive behavior. 292 

DAT::Cre mice were infected with AAV-EF1α:: DIO-ChR2-mCherry in the VTA (Fig-293 

ures S7A-S7C). Activation of VTADA+ neurons did not elicit flight-to-nest behavior in 294 

open field without looming. We then examined whether the VTADA+ neurons are in-295 

dispensable for looming stimulus evoked defensive responses. DAT::Cre mice were 296 

bilaterally infected with AAV-EF1α:: DIO-eNpHR3.0-mCherry in the VTA (Figure 297 

S8D) and looming stimulus responses were measured during photoinhibition. Inhibi-298 

tion of VTADAT+ neurons did not induce significant change in latency to return to nest 299 

or flight speed and increased the percentage time spent in the nest when compared 300 

with the mCherry mice (latency: mCherry 3.27 ± 0.52 sec versus NpHR 2.98 ± 0.47 301 

sec; speed: mCherry 788.2 ± 187.8 % versus NpHR 947.9 ± 108.8 %; hiding time: 302 

mCherry 66.26 ± 7.35 % versus NpHR 88.34 ± 4.82 %; Figures S8E and S8F). 303 

There data proved the functions of VTAGABA+ neurons, but not VTADA+ neurons, in 304 

looming-evoked flight-to-nest behavior. 305 

 Whole cell recordings in brain slices from TH::Cre mice in which photostimula-306 

tion of SC-VTA projections was carried out confirmed the presence of evoked excita-307 

tory and inhibitory postsynaptic currents (eEPSCs and eIPSCs) in VTA TH+ neurons 308 

(Figures S7H-S7K). Notably, among 21 cells only 4 cells (19%) showed eIPSCs, 309 

confirming a relatively low probability of inhibition of DA+ neurons following SC-310 

VTA pathway stimulation (Figure S7I).  311 

For this part, our structural and functional results derived from viral tracing and 312 

electrophysiological recordings, respectively, show that VTAGABA+ neurons received 313 

functional glutamatergic inputs from SC, and that activating this pathway was induc-314 

ing for acitivity of VTAGABA+ neurons.  315 
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 316 

5. CeA is a downstream target of the SC-VTA GABAergic pathway and it is in-317 

volved in defense 318 

Next, we sought to identify downstream targets of VTAGABA+ neurons that might 319 

mediate looming-evoked defense. Following infection of Gad2::Cre mice in VTA 320 

with AAV-EF1α:: DIO-mCherry (Figures 6A and S9A) dense labelled terminals were 321 

found in several brain regions, including the CeA, lateral hypothalamus (LH), LHb, 322 

and PAG (Figures 6B, 6C and S9B-S9E). Because CeA plays a critical role in medi-323 

ating both learned and innate defensive behaviors (Gross and Canteras, 2012; Isosaka 324 

et al., 2015; LeDoux and Daw, 2018; Zelikowsky et al., 2018) we examined these pro-325 

jections in further details using tracing the relationship between input and output 326 

(TRIO) (Beier et al., 2015; Schwarz et al., 2015) and output-specific monosynaptic vi-327 

ral tracing (Gielow and Zaborszky, 2017).  328 

For TRIO, animals were infected unilaterally with CAV-Cre in CeA and AAV-329 

EF1α:: DIO-histone-TVA-GFP, AAV-EF1α:: DIO-RVG, and EnvA-RV-dG-dsRed 330 

three weeks later in VTA (Figure S10A). Histological analysis revealed a dense distri-331 

bution of dsRed+ cell bodies in the IL and DL layers of SC, while sparse labelling in 332 

the LGN and V1 (Figures S10C, S10D and S10F; mean RV+ / starter cell (%); SC, 333 

400.8 %; LGN, 3.536 %; V1, 0 %). Tyrosine hydroxylase (TH) immunostaining 334 

showed that 78.4 ± 3.9 % of VTA starter cells were TH-negative (Figures S10B and 335 

S10E) suggesting the existence of a population of mainly non-DA+ VTA neurons that 336 

receive direct SC inputs and project to CeA. To confirm our findings we selectively 337 

examined the input-output connectivity of VTAGABA+ neurons using cell type-specific 338 

trans-synaptic rabies tracing (Gielow and Zaborszky, 2017). Gad2::Cre mice were in-339 

fected with AAV-EF1α:: DIO-histone-TVA-GFP and AAV-EF1α:: DIO-RV-G) in VTA 340 

and EnvA-dG-RV-dsRed in CeA six weeks later (Figures 6D and 6E). Consistent 341 

with our TRIO results, histological analysis revealed frequent dsRed+ cell bodies in 342 

the IL and DL layers of SC and rare labeling in the LGN and V1 (Figures 6E-6H, 343 

mean RV+ / starter cell (%); SC, 234.1 %; LGN, 0 %; V1, 0 %).  344 
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Next, we attempted to confirm the existence of a functional VTA-CeA circuit using 345 

whole cell electrophysiological recordings in brain slices. Gad2::Cre mice were in-346 

fected with AAV-EF1α:: DIO-ChR2-mCherry in VTA and possible blue light-evoked 347 

IPSCs responses were recorded in CeA (Figures 7A and 7B). In medial CeA (CeM), 348 

the majority of cells (7/10 cells, 70%) showed evoked IPSCs, while no evoked IPSCs 349 

were detected in lateral CeA (CeL, 0/21 cells, 0%) (Figures 7C and 7E). Importantly, 350 

evoked IPSCs were eliminated by pre-treatment of the slice with the GABA-A recep-351 

tor antagonist bicuculline (Figure 7D) confirming that VTAGABA+ neuron inhibition 352 

of CeA is mediated by GABA.  353 

To test whether inhibition of CeA plays a function role in looming-evoked defense 354 

we delivered the GABA-A receptor antagonist bicuculline directly into the CeA via in 355 

dwelling cannulas 30 minutes before exposure to looming stimulus (Figures 7F and 356 

7G). Bicuculline treated animals showed a significant increase in latency to return to 357 

nest and no significant change the hiding time in nest when compared to vehicle 358 

treated control animals (Figure 7H) arguing for a critical role of inhibition in CeA in 359 

visual-evoked defensive responses. 360 

In summary, these data from tracing, slice recording and pharmacological experi-361 

ments indicate that VTAGABA+ inhibitory inputs to CeA are high likely functionally in-362 

volved in looming-evoked defense. 363 

 364 

DISCUSSION 365 

In the current study, we found that exposure to a predator-like looming stimulus 366 

was associated with a rapid activation of VTAGABA+ neurons and that this is both in-367 

dispensable and inducing for looming stimulus evoked defensive responses. Neural 368 

tracing experiments revealed that the circuit responsible for this behavior includes SC 369 

to VTA and then on to CeA, suggesting that VTAGABA+ neurons serve as a critical 370 

conduit in the processing of behavioral responses to aversive visual information.  371 

 The superior colliculus (SC) is sensitive to unexpected biologically stimuli, and 372 

has a functional role in detecting transient, rather than static, visual features 373 

(Redgrave and Gurney, 2006). A recent study has identified that the deep layers of the 374 

.CC-BY-NC-ND 4.0 International licenseIt is made available under a 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/493007doi: bioRxiv preprint first posted online Dec. 11, 2018; 

http://dx.doi.org/10.1101/493007
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

14 
 

medial superior colliculus (dmSC) encode visual threat stimuli (Evans et al., 2018), 375 

which were normally recognized as unexpected sensory events. The pathway from 376 

SC-VTA that processes unexpected biological saliency (Dommett et al., 2005) has 377 

been identified using electrophysiological recording and rabies tracing (Dommett et 378 

al., 2005; Watabe-Uchida et al., 2012). Our viral tracing data together with functional 379 

studies, including in vivo multichannel recording and acute brain slice recording, 380 

complements this previous work and adds clarity by directly demonstrating that VTA-381 

GABA+ neurons receive monosynaptic glutamatergic inputs from IDSC (Figure 3), 382 

which includes dmSC. 383 

We identified that the SC-VTA pathway mediates innate defensive behaviors 384 

evoked by visual threat. We found that photostimulation of DLSC glutamatergic ter-385 

minals of this population that project to VTA induces transient interspersed immobil-386 

ity following by flight-to-nest and hiding-in-nest behavior, which mimics the behav-387 

ioral responses associated with looming-evoked defense.  388 

Previous studies have shown that VTA GABA neurons receive inputs from subcor-389 

tical structures, such as SC, LHb and PAG (Beier et al., 2015; Morales and Margolis, 390 

2017). Aversive stimuli can induce activation of bed nucleus of the stria terminalis 391 

(BNST) projections to VTA, and these can drive activation of VTA GABA+ neurons 392 

(Jennings et al., 2013a). In our study, we found that VTAGABA+ neurons mediate 393 

looming-evoked innate defensive responses through the glutematergic pathway from 394 

IDSC to VTA. Fiber photometry recording revealed that VTAGABA+ neurons became 395 

active following looming stimulus before flight and also during flight. Inhibition of 396 

VTAGABA+ neurons significantly suppressed flight-to-nest behavior elicited by the 397 

looming stimulus, while activation of VTAGABA+ neurons also triggered transient in-398 

terspersed immobility followed by flight-to-nest behavior, similar to the behavior fol-399 

lowing activation of the glutematergic pathway from SC to VTA. According to the 400 

economics hypothesis of flight from predators proposed by Ydenberge et al, prey may 401 

be aware of the predator well before it decides to flight. Premature flight may actually 402 
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lead to vulnerability since it may increase salience and draw the attention of the pred-403 

ator (Ydenberg and Dill, 1986). The transient interspersed immobility seems like “risk 404 

assessment-like” behavior, which may have a suitable temporal window to allow for 405 

the detection, evaluation and preparation for making a decision to flight from the 406 

predator, all of which depended on the contextual factors, such as the existence of the 407 

escape routes (Blanchard et al., 2011; Evans et al., 2018; Tovote et al., 2016). Taken 408 

together, our data suggest that survival in a threatening environment activates the glu-409 

tamatergic pathway from SC to VTAGABA+ neurons, which is involved in processing 410 

visual threats. VTAGABA+ neurons could potentially process the incoming visual signal 411 

inputs from SC and generate the adaptive behavioral responses to threats based on sa-412 

liency and motivational value. One major contribution of this study is the finding that 413 

VTAGABA+ neurons are involved in processing potentially life-threatening innate fear 414 

signals. 415 

   Unexpected salient visual cues elicit an increase in the firing rate of DA+ neurons 416 

(Bromberg-Martin et al., 2010; Horvitz, 2000; Schultz, 1998) and visually evoked re-417 

sponses of VTADA+ neurons depend on inputs from the intermediate and deep layer of 418 

SC (Dommett et al., 2005). In our c-Fos experiment, we observed that VTAGABA+ neu-419 

rons were preferentially activated by looming stimulus, but a minority of VTADA+ 420 

neurons were activated (Figure 1C). However, we did not observe that activation of 421 

VTADA+ neurons induced interspersed immobility, flight-to-nest and hiding-in-nest 422 

behavior. Local GABA+ neurons are known to modulate DA+ neuron excitability and 423 

firing (Bocklisch et al., 2013; Jennings et al., 2013a; Nieh et al., 2016; Tan et al., 424 

2012). Notably, 2.5 s photoactivation of VTAGABA+ neurons can induce flight-to-nest 425 

behavior but does not affect hiding time in the nest compared with looming-evoked 426 

behaviors. On the contrary, 20 s photoactivation of VTAGABA+ neurons that induced 427 

fight-to-nest behavior also led to longer hiding time in nest compared to that with 2.5 428 

s photoactivation. This phenomenon may be due to increasing GABAergic excitation 429 

that results in stronger recruitment of inhibition of VTA DA, which may contribute to 430 
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the modulation of hiding-in nest behavior. In evidence of this possibility, our data re-431 

vealed that inhibition of VTA DA+ neurons during looming stimulation results in pro-432 

longed hiding time in nest. In line with this finding, recent work shows that inhibition 433 

of VTA DA neuronal activity during footshocks enhances fear (Luo et al., 2018). 434 

Furthermore, data following administration of GABA receptor antagonists in the 435 

CeA during looming stimulus show that interspersed immobility behavior is still pre-436 

sent, following by reduced latency of flight-to-nest, but no observable hiding time in 437 

nest. Our data suggest that the CeA, a downstream target of VTAGABA+ neurons, is in-438 

volved in the flight-to-nest behavior evoked by looming. Most importantly, this data 439 

implies the involvement of distributions of VTA long-range projecting GABA neurons 440 

in flight behavior, and local VTAGABA+ neurons in hiding behavior via inhibition of 441 

VTADA+ neurons. Indeed, our in vivo and in vitro electrophysiological recording data 442 

shows that minority of VTADA+ neurons were inhibited following stimulating CaMKIIα 443 

SC-VTA terminals. 444 

In our study, we posit that inhibition of local VTAGABA+ neurons on VTADA+ neurons 445 

might be involved in regulation of looming induced defense responses. An interesting 446 

experiment would be to characterize the electrophysiology of the interaction of VTA-447 

GABA+ neurons and VTADA+ neurons during looming evoked defensive responses in 448 

freely moving animals.  449 

   VTAGABA+ neurons are heterogeneous subpopulations that include local GABA 450 

neurons and long-range GABA projection neurons (Morales and Margolis, 2017). Ac-451 

cumulating reports reveal roles of long-projecting GABAergic neurons in shaping be-452 

havioral outputs, such as feeding (Jennings et al., 2013b), avoidance (Lee et al., 2014), 453 

conditioned defensive behavior (Tovote et al., 2016) and innate defensive behavior 454 

(Chou et al., 2018). In addition, the role of VTA long-projecting GABAergic neurons 455 

in enhancing stimulus-outcome learning has been reported (Brown et al., 2012).  456 

Next, we explored the downstream targets of VTAGABA+ neurons.  Several brain re-457 

gions, including the CeA, LH, LHb, and PAG had terminals that projected from VTA-458 

GABA+ neurons. Given that the CeA plays a critical role in mediating both learned and 459 
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innate defensive behaviors (Gross and Canteras, 2012; Isosaka et al., 2015; LeDoux 460 

and Daw, 2018; Zelikowsky et al., 2018), it was intriguing to test the possible function 461 

of VTA projecting GABA neurons to CeA.  462 

We examined these projections in further details using tracing the relationship be-463 

tween input and output (TRIO) (Beier et al., 2015; Schwarz et al., 2015) and output-464 

specific monosynaptic viral tracing(Gielow and Zaborszky, 2017). Our viral tracing 465 

data demonstrated that VTAGABA+ neurons sent long projections to CeA and these 466 

VTAGABA+ neurons received monosynaptic inputs from IDSC. 467 

Furthermore, acute patch clamp slice recording shows that the VTAGABA+ projections 468 

preferentially form functional connectivity with CeM, the major output of the CeA that 469 

mediates defensive behaviors output (Ciocchi et al., 2010; Haubensak et al., 2010; 470 

LeDoux et al., 1988; Tovote et al., 2016), but not CeL. Recent reports show that CeA 471 

is involved in conditioned flight behavior, and that a competitive inhibitory circuit in 472 

CeA facilitates the selection of freezing and flight behavior where inhibition of CeM 473 

leads to flight (Fadok et al., 2017; Yu et al., 2016,Tovote, 2016). This flight behavior 474 

likely originates downstream of CeA in regions such as PAG and hypothalamus (Fadok 475 

et al., 2017; Tovote, 2016; Gross, 2012). It is possible that looming-activated VTA-476 

GABA+ neurons send long inhibitory projections to the CeM subregion, which would in-477 

hibit CeM locally, thereby promoting flight behavior over freezing behavior. Our re-478 

sults are consistent with previous studies (Isosaka et al., 2015; Kalin et al., 2004; Salay 479 

et al., 2018), indicating the involvement of CeA in flight behavior evoked by innate 480 

threats, suggesting possible overlapping neural circuit bases for innate threats and 481 

learned threat processing in the amygdala (Gross and Canteras, 2012; LeDoux and Daw, 482 

2018). Given the accumulating reports on amygdala involvement in defensive behav-483 

iors, including this current study, it would be interesting to further investigate the mech-484 

anism underlying the relation of innate threats and learned threat processing. 485 

The selection and rapid execution of an appropriate defensive response, including 486 

the quick detection of the salient environmental cue, successfully flight to safety and 487 

hiding, require the integration of multiple sensory information inputs, spatial memory, 488 
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and also requires adaptation to the environment. IDSC plays an important role in inte-489 

grating multiple sensory inputs from environmental stimuli to rapidly escape from po-490 

tential danger (Stein et al., 2009). Pharmacological infusion and electric stimulation of 491 

IDSC generate broad spectrum of defensive responses, including orienting, flight and 492 

freezing (Redgrave et al., 1981; Sahibzada et al., 1986). Very recently, Evans et al. 493 

identified that dmSC neurons that send projections to dPAG encode threat stimuli and 494 

when their firing reaches a synaptic threshold at dPAG, escape behavior is initiated 495 

(Evans et al., 2018). In our study, activation of IDSC glutamatergic neurons, which 496 

includes this part of dmSC, and IDSC -VTA pathway contributed to transient inter-497 

spersed immobility, then flight-to-nest and hiding in nest behavior. The dmSC activity 498 

predicted the decision to flight 0.9 sec before onset of flight and dPAG neurons start to 499 

response only after onset of flight (Evans et al., 2018). Our results show that VTAGABA+ 500 

neurons were activated by looming stimulus before flight (latency of looming-evoked 501 

onset of Ca2+ signal of VTAGABA+ neurons: 0.73 sec; latency of looming-evoked onset 502 

of flight 1.83 sec) and sustained activity during flight.  503 

The responses of VTAGABA+ neurons before flight initiation likely indicated the re-504 

sponse to threat inputs through the pathway from IDSC to VTA before initiation of the 505 

appropriate behavior. This evidence fits with the time course of the transient inter-506 

spersed immobility response to looming stimulus. Bearing in mind the potential gating 507 

role of GABA in filtering incoming inputs (Ren et al., 2012), our data suggests that the 508 

IDSC to VTAGABA+ pathway carries visual threat inputs. Understanding how animal 509 

access the risk and generate the most optimized option for defense through intrastimuli 510 

competition based on saliency and motivational value would be a very interesting future 511 

direction.  512 

   Our previous study demonstrated that glutamatergic neurons in mILSC projected to 513 

an LP-LA circuit mediating looming-evoked freezing behavior in an open-field without 514 

nest (Wei et al., 2015). Our current neural tracing results confirmed that CeA projecting 515 

VTAGABA+ neurons receive the inputs from the IDSC. This study provides a potential 516 

anatomical basis for further research to disentangle the behavioral selection processes 517 
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that occur within the amygdala during unconditioned- and conditioned-defensive re-518 

sponses.  519 

A detailed mechanistic understanding of the neural basis of these circuits will provide 520 

new insights to the potential mechanisms of survival across species, as well as the mal-521 

adaptive behavior in fear- and anxiety-related mental disorders (Deisseroth, 2014; Lüthi 522 

and Lüscher, 2014; Pitman et al., 2012; Tovote et al., 2015). 523 

 524 

 525 

 526 

 527 

 528 

 529 

 530 

 531 

 532 

 533 

 534 

 535 

 536 

 537 

 538 

 539 

 540 
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 541 

Figure 1. VTA GABA+ neurons respond to looming stimulus, which evokes defensive behavior.  542 

(A) Schematic paradigm of upper field looming stimulus (LS) in a nest-containing open field apparatus.  543 

(B) Representative images of c-Fos expression in the VTA following upper field LS (Top) and lower field LS 544 

(Bottom) control stimulus (green, c-Fos; red, TH; scale bars, 100 μm,). 545 

(C) Upper field LS led to higher c-Fos expression in VTA TH negative neurons compared to lower field LS 546 

(n=28-36 slices from 3 mice per group, for TH negative cells, t62=6.57, ****P<0.0001; for TH positive cells, 547 

t62=4.909, ****P <0.0001, Unpaired student test).  548 

(D) Left, schematic showing recording sites within the VTA; each red cross represents the optical fiber tip loca-549 

tion from one mouse (n = 7 mice); Middle, representative image of AAV-EF1a::DIO-GCaMP6s expression in 550 

the VTA of GAD2- Cre mice (scale bars, 250 μm); Right, high-magnification image showing AAV-551 

EF1a::DIO-GCaMP6s expression (scale bars, 20 μm).  552 

(E) Representative trial-by-trial heatmap presentation of calcium transients evoked by upper field LS in 5 trials 553 

from one mouse (white dotted line: onset of looming; blue dotted line: average latency of onset of flight).  554 

(F) Representative peri-event plot of the 1 trial of calcium transients (black bar represents presentation of the 555 

looming stimulus; gray dotted line: onset of looming; blue dotted line: latency of onset of flight). 556 

(G) Left, average calcium transients for the entire test group (red line, upper field LS; black line, lower field LS). 557 

Shaded areas around means indicate error bars, gray dotted line indicates onset of looming; Right, plot show-558 

ing that there were more calcium transients during upper LS than lower field LS (n Upper field LS= 7 mice; n Lower 559 

field LS= 7 mice, t12 =4.329, P=0.001; Unpaired student test). Gray dotted line: onset of looming; blue dotted 560 

line: average of latency of onset of flight from all mice. 561 

(H) Correlation analysis revealed that the onset of GCaMP6 transients were correlated with the onset of flight be-562 

havior ((n Upper field LS= 35 trials from 7 mice, linear regression R=0.7094，F1,33 =33.44, ****P< 0.0001). 563 

All data are presented as mean ± SEM. 564 

 565 
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 566 

Figure 2. VTAGABA+ neurons mediate looming-evoked defensive behaviors. 567 

(A) Left, schematic diagram of bilateral optogenetic inhibition of VTA GAD2+ neurons during looming stimulus; 568 

Middle, open-field with nest looming apparatus; Right, looming test protocol. 569 

(B) Representative image showing NpHR virus expression in the VTA of a GAD2 -Cre mouse and the position of 570 

the fiber track (blue, DAPI; red, NpHR-mCherry; scale bar, 250 μm; solid border lines, fiber tracks). 571 

(C) Representative curves show that bilateral inhibition VTAGABA+ neurons significantly decrease the instant 572 

speed compared with the control (blue dotted line: onset of looming stimulation). 573 

(D) Photoinhibition of VTA GAD2+ neurons resulted in higher latency back into the nest, lower speed, and 574 

shorter total percentage of hiding time spent in the nest after looming stimulus than mCherry controls (n 575 

mCherry = 10 mice, n NpHR = 9-10 mice, for latency, t18= 2.284, *P=0.0347; for speed, t17=2.372, *P=0.0297; for 576 

time in nest, t18=4.593, ***P=0.0002; Unpaired student test). 577 

(E) Schematic diagram showing unilateral optogenetic activation of VTA GAD2+ neurons. 578 

(F) Representative image showing ChR2 virus expression in the VTA of a GAD2 -Cre mouse and the position of 579 

the fiber track (blue, DAPI; red, ChR2-mCherry; scale bars, 20 μm, 250 μm respectively; solid border line, 580 

fiber track). 581 

(G) Representative curves show significantly instant speed evoked by opto-activation VTAGABA+ neurons com-582 

pared with the control (blue dotted line: onset of blue light optical stimulation).  583 

(H)  2.5 s photoactivation of VTA GAD2+ neurons induced flight to nest behavior, shown by a decrease latency 584 

of flight-to-nest, an increase flight speed, and no change in total percentage of hiding time in the nest than 585 

mCherry controls (n mCherry 2.5s= 8 mice, n ChR2 2.5s=5 mice, for latency, t11= 3.085, *P=0.0104; for speed, 586 

t11=4.089, **P=0.0018; for time in nest, t11=1.78, P=0.1028; Unpaired student test). 587 

All data are presented as mean ± SEM.  588 
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 589 

Figure 3. VTAGABA+ neurons receive direct monosynaptic CaMKIIα-positive inputs from the SC. 590 

(A) Schematic of rabies virus-based cell-type-specific monosynaptic tracing protocol.  591 

(B) Representative images denoting the starter cells in the VTA of GAD2-Cre mice (Red, rabies-dsRed; 592 

green, TVA; blue, DAPI, scale bar, 250 μm and 25 μm respectively). 593 

(C) Representative images showing retrograde labeling in the SC with inputs to VTA GAD2+ neurons, co-594 

labeled with CaMKIIα (Red, rabies-dsRed; green, CaMKIIα; blue, DAPI, scale bar, 250 μm and 25 μm 595 

respectively).  596 

(D) Representative images showing little or no rabies-dsRed signal from VTA GAD2+ neurons in other vis-597 

ual-related brain regions, V1 and LGN. 598 

(E) Plot showing rabies-dsRed positive neurons in SC shows that the intermediate and deep SC layers sent 599 

direct inputs to VTA GABA+ neurons (SL, Superior layer, IL, Intermediate layer, DL, Deep layer; scale bars, 600 

100 μm and 25 μm respectively, n=16 slices from 4 mice, F2, 45= 28.51, ****P<0.0001, one-way 601 

ANOVA). 602 

(F) IL and DL of SC neurons sending inputs to VTA GABA+ neurons, 84.3% ±3.23 were CaMKIIα-positive 603 

(n=22 slices from 4 mice, t42 =2.254, *P=0.0294; Unpaired student test). 604 

(G) Plot showing rabies-dsRed positive neurons. SC sent many more direct inputs to VTA GABA+ neurons, rare 605 

signal was observed in other visual related brain regions, LGN and V1 (using starter cell number for nor-606 

malization, n=11-16 slices from 4 mice, F2, 38= 67.13, ****P<0.0001, one-way ANOVA). V1, primary 607 

visual cortex; LGN, lateral geniculate nucleus; PAG, periaqueductal grey; LHb, lateral habenula.  608 

All data are presented as mean ± SEM. 609 
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 610 

Figure 4. CaMKIIα:: SC-VTA pathway mediates looming-evoked defensive behavior. 611 

(A) Left, schematic showing unilateral blue light stimulation of CaMKIIαSC-VTA:: ChR2; Middle, stimulation pro-612 

tocol; Right, open-field with nest looming apparatus.  613 

(B) Representative image showing ChR2 virus expression in the fibers from SC CaMKIIα-positive neurons in the 614 

VTA (red, AAV-CaMKIIα-ChR2-mCherry; blue, TH; scale bar, 25 μm). 615 

(C) Example of instant speed highlights the evoked flight behavior by opto-activation of CaMKIIαSC-VTA:: ChR2 616 

compared with the mCherry control (blue dotted line: onset of blue light optical stimulation). 617 

(D) Photoactivation of CaMKIIαSC-VTA:: ChR2 resulted in flight to nest behavior, specifically, an increase in 618 

speed, shorter latency back into the nest, and higher total percentage of time spent in the nest after looming 619 

stimulus (n mCherry = 7 mice, n ChR2=13 mice, for latency, t18= 6.394, ****P<0.0001; for speed, t18 =0.4834, 620 

***P=0.0001; for time in nest, t18=5.326, ****P<0.0001; Unpaired student test). 621 

(E) Left, Schematic of bilateral optogenetic stimulation of CaMKIIαSC-VTA::NpHR , Middle, looming test proto-622 

col; Right, open-field with nest looming apparatus. 623 

(F) Representative motions tracks of two mice shows that optogentic activation of CaMKIIαSC-VTA:: NpHR re-624 

sulted in less looming-evoked flight to the nest behavior in the open field with nest apparatus than that of 625 

mCherry controls. 626 

(G) Representative curves show the instant speed significantly decreased by light inhibition CaMKIIαSC-VTA path-627 

way compared with the mCherry control (gray dotted line: onset of looming stimulation). 628 

(H) Optogenetic activation of CaMKIIαSC-VTA::NpHR led to higher latency back into the nest, lower speed, and 629 

lower total percentage of time spent in the nest after looming stimulus (n mCherry= 13-16 mice, n NpHR= 9-11 630 

mice, for latency, t25= 3.303, **P=0.0029; for speed, t25 =3.121, **P=0.0054; for time in nest, t25 =4.927, 631 

****P<0.0001; Unpaired student test). 632 

All data are presented as mean ± SEM. 633 
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 634 

Figure 5.  SC glutamatergic inputs activate VTAGABA+ neurons. 635 

(A) Schematic showing in vivo multichannel recording of single-unit VTA neuronal activity while optical stimu-636 

lating CaMKIIα SC-VTA terminals.  637 

(B) Left, representative image showing the optrode position in the VTA (arrow, scale bar, 250 μm). Right, repre-638 

sentative peristimulus time histogram (PSTH) and raster plot of a single neuron activated by CaMKIIα SC-639 

VTA terminals stimulation, time-locked to 5 ms photostimulation (blue bar, terminals stimulation period). 640 

(C) Example PSTH and raster plot of a putative VTA non-DA neuron excited by CaMKIIα SC-VTA terminal 641 

optogenetic stimulation for a total period of 2.5 s. 642 

(D) Left, following terminal stimulation, 25/35 putative non-DA neurons (71.4%) were excited, 2 (5.7%) were 643 

inhibited, while 8 (22.9%) were unresponsive. Right, quantification of normalized firing rate of putative non-644 

DA neurons (n= 35 units from 7 mice; t 24=3.374, **P=0.0025, Paired student test). 645 

(E) Recording of evoked excitatory postsynaptic currents (eEPSCs) in VTA GAD2-positive neurons using patch-646 

clamp slice recording during optogenetic stimulation of the CaMKIIα SC-VTA terminals. AAV-EF1a:: DIO-647 

EYFP injections in GAD2-cre mice used to visualize GAD2-positive neurons. 648 

(F) EPSCs in VTA GAD2-positive neurons induced by CaMKIIα SC-VTA terminals light stimulation were not 649 

observed following injections of glutamate receptor antagonist (AP5+NBQX) (n= 4 cells from 3 mice, 650 

*P=0.0128, t3= 5.351, Paired t test). 651 

(G) Schematic of the looming behavioral paradigm after glutamate receptor antagonist (AP5+NBQX) or saline 652 

injections into the VTA. 653 
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(H) Microinjection of glutamate receptor antagonist led to longer latency to return to nest and shorter percentage 654 

of time spent in the nest. There were no similar effects after drug washout. (n saline=8 mice, n AP5+NBQX=7 mice, 655 

Latency, day x drug effect interaction, **P=0.0091, F1, 13= 9.355, bonferroni post hoc analysis, ***P=0.0003, 656 

P>0.9999; Time in nest, day x drug effect interaction, ****P< 0.0001, F1, 26=40.24, bonferroni post hoc anal-657 

ysis, ****P<0.0001, P>0.9999, two-way ANOVA with bonferroni post-hoc analysis). 658 

All data are presented as mean ± SEM. 659 

 660 

 661 

 662 
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 665 

 666 

 667 

 668 
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 675 
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 678 

Figure 6. Output-specific monosynaptic viral tracing identifies the input-output relationship of 679 

VTA GABA+ neurons.  680 

(A) Schematic showing AAV-EF1a:: DIO-mCherry injection into the VTA of GAD2-Cre mice. 681 

(B-C) Representative coronal image showing targeted AAV-mCherry expression in the VTA and GAD2+ VTA-682 

CeA terminals in the CeA (scale bar is 100 μm and is 10 μm respectively). 683 

(D) Schematic showing tracing of the input-output relationships between VTA GABA+ neurons: rabies-EnVA-dG-684 

dsRed virus was injected into the CeA. AAV-EF1a:: DIO-RVG and AAV-EF1a:: DIO-TVA-GFP were co-in-685 

jected into the VTA of the GAD2-cre mice. 686 

(E) Representative images showing VTA GABA+ starter cells (blue, DAPI, red, RV-EnVA-dG-dsRed, green, AAV-687 

TVA-GFP, yellow, VTA GAD2+ starter cells, scale bars, 250 μm and 10 μm respectively).  688 

(F-G) Representative images showing substantial rabies-dsRed signal from CeA-projecting VTAGABA+ neurons in 689 

the SC (F: blue, DAPI; red, rabies-dsRed; IL and DL layers; scale bar, 250 μm and 10 μm respectively). No 690 

signal was observed in other visual related brain regions, LGN and V1 (G: blue, DAPI, red, RV-EnVA-dG-691 

dsRed; scale bar, 250 μm). 692 

(I) Left, quantification of the number of rabies-dsRed labeled neurons in subregions of SC：the intermedial layer 693 

(IL), the deeper layer of the SC (DL) and the superficial layer (SL)；(n =27 slices from 3 mice, data pre-694 

sented as mean ± SEM, ****P<0.0001, F2, 78 = 18.5; one-way ANOVA). 695 

Right, quantification of the number of rabies-dsRed labeled neurons of the SC, V1, and LGN (n =14-27 slices 696 

from 3 mice, ****P<0.0001, F2, 60 = 12.93; one-way ANOVA). 697 

All data are presented as mean ± SEM. 698 
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 699 
Figure 7. CeA as downstream target of SC-VTA GABA pathway is involved in looming-evoked flight-to-nest 700 

behavior. 701 

(A) Schematic showing timeline of recording of light-evoked inhibitory postsynaptic currents (eIPSCs) in CeA 702 

neurons using patch-clamp recording during optogenetic stimulation of GABAergic VTA-CeA terminals.  703 

(B) Representative coronal image showing the GAD2+ VTA-CeA terminals in the CeM subregion of CeA (scale 704 

bar is 100 μm). 705 

(C) Location of recordings in CeA. 21/31 cells recorded were located in the CeL and 10 cells located in the CeM. 706 

In CeM, eIPSCs were recorded in 70% cells (7 out of 10 cells) and 30% were non-responsive, while all the 21 707 

cells in CeL were non-responsive. 708 

(D) GABA-A receptor antagonists, bicuculline abolished the IPSCs recorded in CeA induced by GABAergic 709 

VTA-CeA terminals optical stimulation (n= 7 cells from 6 mice, data presented as mean ± SEM, 710 

***P=0.0006, t6= 6.625, Paired student test) 711 

(E) Left, representative imagine of terminals in CeA; (red, terminals expressing with mCherry; blue, DAPI); Mid-712 

dle, light-induced increase of eIPSCs frequency from CeA neurons in brain slice patch clamp recording; 713 

Right, quantification of eIPSCs frequency (n=5 from 5 mice, **P=0.0055, t4= 5.451, Paired student test). 714 

(F-G) Top, schematic experimental timeline; Bottom, looming apparatus used following GABA-A receptor antag-715 

onist bicuculline or saline bilateral injections into the VTA. 716 

(H) Microinjection of GABA receptor antagonist bicuculline resulted in higher latency to return to nest, and no 717 

change in the percentage of time spent in the nest); (n saline= 9 mice, n bicuculline= 11 mice; for latency, t18=2.305, 718 

*P=0.0333; for time in nest, t18 =1.101, P=0.2856; Unpaired student test). 719 

All data are presented as mean ± SEM. 720 
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 721 

 722 

Supplementary figure 1.  RMTg neurons did not respond to looming stimulus, which evokes defensive be-723 

havior.  724 

(A) Schematic paradigm of looming-evoked c-Fos expression. 725 

(B) Representative images of c-Fos expression in the VTA following upper field LS (left) and lower field LS 726 

(right) control stimulus (green, c-Fos; Blue, DAPI; scale bars, 100 μm,). 727 

(C) Upper field LS led to higher c-Fos expression in VTA TH negative neurons compared to lower field LS 728 

(n=19-25 slices from n Lower field LS =4 mice, n Upper field LS =6 mice, data presented as mean ± SEM, t42 =0.5719, 729 

P=0.5704, Unpaired student test).  730 

 731 
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  732 

Supplementary figure 2. Upper field LS evoked significant increase of Ca2+ transients in  733 

VTAGABA+ neurons, but not in GFP group.  734 

(A-B) Representative trial-by-trial heatmap presentation of calcium transients, peri-event plot of the average cal-735 

cium transient, and average calcium transients for the entire test group evoked by different visual stimuli, in-736 

cluding upper field LS. 737 

(C) No change in calcium signal response following upper field LS was observed in GFP negative control mice (n 738 

= 3 mice; data presented as mean ± SEM, t 2=0.6748, P= 0.5693, Paired student test).  739 

(D-E) Representative calcium transients signal from one mouse shows stable calcium signals across 5 trials of up-740 

per field LS and the signal’s relationship with upper field LS and the subsequent triggered flight to nest behav-741 

ior. Gray dotted line indicates onset of looming; Red dotted line indicates onset of flight; Black bar represents 742 

the looming stimulus. 743 

 744 
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 745 
Supplementary figure 3. Upper field LS, but not other visual stimuli, evoked significant  746 

VTAGABA+ neuronal activation and flight-to-nest behavior.  747 

(A-D) Representative trial-by-trial heatmap presentation of calcium transients, peri-event plot of the average cal-748 

cium transients, and average calcium transients for the entire test group evoked by different visual stimuli, in-749 

cluding upper field LS (a), front field LS (b), white LS (c), and lower field LS (d). Red segments indicate statis-750 

tically significant changes compared with the baseline (p<0.05; multivariate permutation tests. 751 

(E) Calcium transients were higher during upper LS than those during related visual stimuli, including front field 752 

LS, white LS and lower field LS (n Front field LS= 6 mice, n Lower field LS= 7 mice, n White LS= 5 mice, n Upper field LS= 7 753 

mice; ****P<0.0001, F3, 21 =13.17, one-way ANOVA).  754 

(F) Compared with the upper field LS, all the other visual stimuli including Collision, White LS and Lower field 755 

LS resulted in higher latency to return into nest after the stimulus and a shorter percentage of time spent in the 756 

nest after returning into the nest (n Front field LS =14 mice; n White LS =15 mice, n Lower field LS=14 mice; n Upper field 757 

LS=7 mice; *P latency= 0.0227, F3,46 latency=3.501, ****P time< 0.0001, F3,46 time= 13.01, one-way ANOVA). 758 

All data are presented as mean ± SEM. 759 

 760 

 761 

 762 
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 763 

Supplementary figure 4. Longer activation of VTAGABA+ neurons elicited strong hiding time in nest. 764 

(A) Schematic diagram showing unilateral optogenetic activation of VTA GAD2+ neurons. 765 

(B) 2.5 s photoactivation of VTA GAD2+ neurons induced flight to nest behavior, shown by a decrease latency of 766 

flight-to-nest, an increase flight speed, and no change total percentage of hiding time in the nest than mCherry 767 

controls (n mCherry 2.5s= 8 mice, n ChR2 2.5s=5 mice, for latency, t11= 3.085, *P=0.0104; for speed, t11=4.089, 768 

**P=0.0018; for time in nest, t11=1.78, P=0.1028; Unpaired student test). 20 s photoactivation of VTA 769 

GAD2+ neurons induced flight to nest behavior, shown by a decrease latency of flight-to-nest, an increase 770 

flight speed, and increase percentage of hiding time in the nest than mCherry controls (n mCherry 2.5s= 6 mice, n 771 

ChR2 2.5s=7 mice, for latency, t11= 4.75, ***P=0.0006; for speed, t11=2.899, *P=0.0145; for time in nest, 772 

t11=4.751, ***P=0.0006; Unpaired student test). For the hiding time, 20s photoactivation induced longer hid-773 

ing time in nest compared to 2.5 s (t10=2.457, *P=0.0338; Unpaired student test) 774 

All data are presented as mean ± SEM. 775 

 776 

 777 

 778 

 779 

 780 
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 782 

Supplementary figure 5. Activation of the SC–VTA pathway elicits defensive responses via glutamate recep-783 

tor and accompanying increases in heart rate and circulating corticosterone levels. 784 

(A) Intra-VTA infusion of a glutamate antagonist  AP5 and NBQX resulted in (left) higher latency to return to the 785 

nest  and (right) a lower percentage of time spent in the nest after photostimulation compared to control 786 

groups (n baseline=13 mice, n saline=7 mice, nAP5+NBQX=7 mice; ****P<0.0001, F2, 24 time=20.1, F2, 24 latency= 24.15, 787 

bonferroni post hoc test, ****P<0.0001, one-way ANOVA test). 788 

(B) Optical activation of CaMKIIαSC-VTA:: ChR2 led to higher mean plasma corticosterone levels than mCherry 789 

controls (n mCherry= 7 mice, n ChR2= 5 mice, t10=5.518, ***P=0.0003; Unpaired student test). 790 

(C) Optical activation of CaMKIIαSC-VTA:: ChR2 resulted in higher mean heart rate than mCherry controls (n 791 

mCherry= 6 mice, n ChR2= 6 mice； Group x time effect interaction, ****P< 0.0001, F4, 45= 6.009, two-way 792 

ANOVA with bonferroni post hoc analysis, *P=0.0486, ****P< 0.0001. Each block represents 5 min). Blue 793 

dotted line represents onset of optical stimulation.  794 

All data are presented as mean ± SEM. 795 

 796 

 797 

 798 

 799 
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 800 
Supplementary figure 6. Optogenetic activation of the SC CaMKIIα-positive neurons evokes flight-to-nest 801 

behavior. 802 

(A) Schematic showing unilateral optogenetic activation of SC CaMKIIα-positive neurons in an open field with a 803 

nest apparatus. 804 

(B) Representative image showed ChR2 virus expression in the IL and DL layers of SC (blue, DAPI; red, ChR2-805 

mCherry; scale bars, 250 μm, 50 μm respectively). 806 

(C) Example of light-induced action potentials from ChR2-mcherry+ neurons from SC using whole cellpatch-807 

clamp slice recording.  808 

(D) Example of instant speed from two representative mice shows evoked flight behavior following opto-activa-809 

tion of ChR2-mouse compared with mCherry control (blue dotted line: onset of blue light optical stimula-810 

tion). 811 

(E) Photoactivation of SC CaMKIIα-positive neurons induced flight to nest behavior of the animals, demon-812 

strated by lower latency back into the nest, higher speed, and higher total percentage of time spent in the nest 813 

after looming stimulus compared to mCherry controls (n mCherry=11 mice, n ChR2= 7-8 mice, data were pre-814 

sented as mean ± SEM, for latency, t16=4.893, ***P=0.0002; for speed, t17=4.668, ***P=0.0002; for time in 815 

nest, t16 = 4.452, ***P=0.0004; Unpaired student test).  816 
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 817 
Supplementary figure 7. Activation of excitatory SC-VTA projections elicits VTADA+ neuronal activation 818 

and inhibition. 819 

(A) In vivo multichannel recording of single-unit VTA neuron activity during optical stimulation of CaMKIIα SC-820 

VTA terminals.  821 

(B) 44/62 putative DA neurons (71%) were excited, 8/62 (16.1%) were inhibited and 10/62 (12.9%) were unre-822 

sponsive. 823 

(C) Representative PSTHs and raster plot of a single VTA putative DA neuron unit time-locked to 5 ms pho-824 

tostimulation. 825 

(D) Single-unit recording, PSTH and raster plot of a putative DA neuron excited by CaMKIIα SC-VTA terminals 826 

stimulation for 2.5 s. 827 

(E) Normalized firing rate of putative DA neurons shows the activation of VTADA+ neurons by CaMKIIα SC-VTA 828 

fibers stimulation for 2.5 s (n= 44 cells; t 43=5.86, ****P< 0.0001, Paired student test). 829 

(F) Single-unit recording, PSTH and raster plot of a putative DA neuron inhibited by CaMKIIα SC-VTA fibers 830 

stimulation for 2.5 s. 831 
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(G) Normalized firing rate of putative DA neurons shows the inhibition of VTADA+ neurons by CaMKIIα SC-VTA 832 

fibers stimulation for 2.5 s (n= 8 cells; t 7 =2.631, *P= 0.0338, Paired student test). 833 

(H) Whole cell recording of eEPSCs in VTA TH+ and TH- neurons in brain slices during optogenetic stimulation 834 

of the CaMKIIα SC-VTA terminals. AAV-EF1a:: DIO-EYFP injections in TH-Cre mice were used to visual-835 

ize TH+ neurons. 836 

(I) Left, example of eEPSCs in TH+ and TH- neurons in the VTA evoked by CaMKIIα SC-VTA terminals stimu-837 

lation; Right, no difference in latency of the eEPSCs between VTA TH+ and TH- neurons (n TH+= 20 cells 838 

from 17 mice; n TH-=14 cells from 12 mice, latency TH+= 3.86 ms± 0.07, latency TH-=4.00 ms± 0.12, P= 839 

0.2814, t 32=1.096, unpaired student test); 840 

(J) Left, of 41 TH+ neurons, 51.2% neurons were non-responsive while 48.8% evoked EPSCs following 841 

CaMKIIα SC-VTA terminals stimulation (n total=41 cells). Right, of 28 TH- neurons, 50% neurons were non-842 

responsive while 50 % evoked EPSCs following CaMKIIα SC-VTA terminals stimulation (n total=28 cells). 843 

(K) Left, example of increase of light evoked inhibitory postsynaptic currents (eIPSCs) frequency from TH+ neu-844 

rons from patch-clamp slice recording; Right, eIPSCs were frequency induced by CaMKIIα SC-VTA termi-845 

nals stimulation (n=4 cells from 4 mice, t 3= 4.213, *P= 0.0244, Paired student test). 846 

(L) Of 21 TH+ neurons, 81% were non-responsive while 19% evoked IPSCs following CaMKIIα SC-VTA termi-847 

nals stimulation (n total=21 cells). 848 

All data are presented as mean ± SEM. 849 
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  851 

Supplementary figure 8. VTA DA+ neurons do not mediate looming-evoked flight-to-nest behavior 852 

(A) Optogenetic activation of VTADA+ neurons using DAT-Cre mouse during upper field looming stimulus in an 853 

open field with a nest. 854 

(B) Example of instant speeds from a representative mouse from each group evoked by blue light (blue dotted 855 

line: onset of optical stimulation). 856 

(C) Photostimulation of VTA DAT+ neurons did not result in any change in the speed, latency back to the nest, or 857 

total percentage of time spent in the nest following looming-evoked flight to the nest behavior (n mCherry= 8 858 

mice, n ChR2= 9 mice, for latency, t15= 0.7364, P=0.4728; for speed, t15=0.6985, P=0.4955; for time in nest, 859 

t15=1,211, P=0.2447; Unpaired student test). 860 

(D) Optogenetic bilateral inhibition of VTADA+ neurons using DAT-Cre mouse during upper field looming stimu-861 

lus in an open field with a nest. 862 

(E) Example of instant speeds from a representative mouse from each group illustrates flight behavior evoked by 863 

looming (gray dotted line: onset of looming stimulation). 864 

(F) Photoinhibition of VTA DAT+ neurons result in no change in the speed or latency back to the nest but in-865 

creased total percentage of time spent in the nest following looming-evoked flight to the nest behavior (n 866 

mCherry= 8 mice, n NpHR= 8 mice, for latency, t14= 0.4154, P=0.6841; for speed, t14=0.7358, P=0.4740; for time 867 

in nest, t14=2.513, *P=0.0248; Unpaired student test). 868 

All data are presented as mean ± SEM. 869 
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 873 

Supplementary figure 9. Screening of VTA GABA+ neurons output regions.  874 

(A) AAV-EF1a:: DIO-mCherry injection into the VTA of GAD2-cre mice.  875 

(B) Anterograde tracing of VTA GABA+ neurons shows fibers in the CeA (b), LH (c), LHb (d), and PAG (e) with 876 

high-magnification images of the terminal fibers (scale bars, 100 μm and 20 μm respectively).  877 
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  884 
Supplementary figure 10. TRIO tracing identifying the input-output relationship of VTA neurons.  885 

(A) Trace the input-output relationships of VTA neurons: CAV-Cre virus was injected into the CeA. Rabies-886 

EnVA-dG-dsRed, AAV-EF1a:: DIO-Rabies-G and AAV-EF1a:: DIO-TVA-GFP was co-injected into the VTA. 887 

(B) Representative image showing the co-expression of rabies-EnVA-dG-dsRed (red), AAV-EF1a:: DIO-RVG, 888 

and AAV-EF1a:: DIO-TVA-GFP (green) in the VTA with high-magnification images of VTA starter cells (yel-889 

low) (scale bars, 250 μm and 10 μm respectively). White arrows indicate the starter cells in VTA. 890 

(C-D) Representative images showing substantial rabies-dsRed signal from CeA-projecting VTA neurons in the IL 891 

and DL layers of SC, whilst only rare signals were observed in other visual related brain regions, LGN and 892 

V1 (blue, DAPI, red, rabies-dsRed; scale bar, 250 μm and 20 μm respectively). 893 

(A) Quantification analysis showed that 78.36 ± 3.99% of the CeA-projecting VTA starter cells were TH negative 894 

(n=24 slices from 3 mice, data presented as mean ± SEM, t46 =10.05, ****P<0.0001; Unpaired student test). 895 

(B) Left, quantification of the number of rabies-dsRed labeled neurons in SC subregions：intermedial layer (IL), 896 

deep layer of the SC (DL) and superficial layer (SL)；(n =31 slices from 4 mice, data presented as mean ± 897 

SEM, ****P<0.0001, F2, 90= 57.29; one-way ANOVA). 898 

Right, quantification of the number of rabies-dsRed labeled neurons in the SC, V1, and LGN (n=23-31 slices 899 

from 3-4 mice, data presented as mean ± SEM, ****P<0.0001, F2, 79=59.45, one-way ANOVA) 900 
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 905 

Supplementary figure 11.  Optical fiber placements of optogenetic stimulation, fiber photometry and can-906 

nula placements of pharmacology.  907 

Location of optical fibers within SC and VTA (A-F). Location of cannula within CeA (G). All placements based on 908 

histological staining of brain slices after experiments. 909 
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STAR METHODS  1087 

KEY RESOURCES TABLE 1088 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Rabbit anti-c-Fos Cell Signaling Technology Cat#2250 

DAPI Thermofisher Cat#62248 

Rabbit anti-dsRED Clontech Cat#632496 

Rabbit anti-CamKIIa Abcam Cat#ab52476 

Rabbit anti-GFP Abcam Cat#ab290 

Mouse anti-TH Millipore Cat#MAB318 

Goat anti-rabbit IgG(H+L) alexa fluor@594-conju-

gated affinipure 

Jackson immuno research Cat#111-585-

003 

Goat anti-rabbit alexa fluor@488-conjugated affini-

pure fab fragment 

Jackson immuno research Cat#111-547-

003 

Goat anti-mouse IgG(H+L) alexa fluor@594-conju-

gated affinipure 

Jackson immuno research Cat#115-585-

003 

Goat anti-mouse alexa fluor@488-conjugated affini-

pure fab fragment 

Jackson immuno research Cat#115-547-

003 

Bacterial and Virus Strains 

AAV2/9-CaMKIIa-hChR2(H134R)-mCherry Liping Wang’s Lab at the 

CAS 

N/A 

AAV2/9-CaMKIIa-eNpHR3.0-mCherry Liping Wang’s Lab at the 

CAS 

N/A 

AAV2/9-CaMKIIa-mCherry Liping Wang’s Lab at the 

CAS 

N/A 

AAV2/9-Ef1α-DIO-hChR2(H134R)-mCherry Liping Wang’s Lab at the 

CAS  

N/A 

AAV2/9-Ef1α-DIO-eNpHR3.0-mCherry Liping Wang’s Lab at the 

CAS 

N/A 

AAV2/9-Ef1α-DIO-mCherry Liping Wang’s Lab at the 

CAS 

N/A 

AAV2/9-Ef1α-DIO–GFP BrainVTA Co., Ltd.,China N/A 

AAV2/9-Ef1α-DIO–GCaMP6s BrainVTA Co., Ltd.,China N/A 

CAV2-Cre EJ Kremer at the Institute 

of Molecular Genetics of 

Montpellier 

N/A 

AAV2/9-EF1α:: DIO-TVA-GFP BrainVTA Co., Ltd.,China N/A 

AAV2/9-EF1α:: DIO-histone-TVA-GFP BrainVTA Co., Ltd.,China N/A 

AAV2/9-EF1α:: DIO-TVA-GFP BrainVTA Co., Ltd.,China N/A 

AAV2/9-EF1α:: DIO-RV-G BrainVTA Co., Ltd.,China N/A 
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EnvA-RV-dG-dsRed BrainVTA Co., Ltd.,China N/A 

Chemicals, Peptides, and Recombinant Proteins 

D-AP5 Tocris Cat#79055-

68-8 

NBQX Tocris Cat#118876-

58-7 

Corticosterone ELISA kit Abcam Cat#Ab10882

1 

(+)-Bicuculline Tocris Cat# 0130 

Experimental Models: Organisms/Strains  

C57BL/6J mice Guangdong Medical Labor-

atory Animal Center, 

Guangzhou, China 

N/A 

TH-Cre mice; 7630403G23RikTg(Th-cre)1Tmd The Jackson Laboratory Stock No: 

008601 

DAT-ires-Cre mice; Slc6a3tm1.1(cre)Bkmn/J The Jackson Laboratory Stock No: 

006660 

GAD2-ires-Cre mice; Gad2tm2(cre)Zjh/J The Jackson Laboratory Stock No: 

010802 

Software and Algorithms 

ANY-maze video tracking software Stoelting Co., IL, USA N/A 

GraphPad Prism 7.0 GraphPad Software Inc 

http://www.gr

aphpad.com/sc

ientific-soft-

ware/prism/ 

MATLAB R2014a The MathWorks, Inc.  

http://ch.math-

works.com/pro

ducts/matlab 

pClamp 10 Axon instruments 

https://www.m

olecularde-

vices.com/ 

Anymaze® Anymaze® 

http://www.an

ymaze.co.uk/ 

Offline Sorter V4 Plexon Inc 

http://www.ple

xon.com/ 

neuroexplorer V5 Plexon Inc 

http://www.ple

xon.com/ 

ImageJ NIH 

https://im-

agej.nih.gov/ij

/ 
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Image Pro-plus Media Cybernetics, Inc 

http://en.free-

downloadman-

ager.org/Win-

dows-PC/Im-

age-Pro-

Plus.html 

Zen softwares Zeiss 

http://www.zei

ss.com/corpo-

rate/en_de/glo

bal/home.html 

Adobe Photoshop CC2015 Adobe Systems Inc 

https://www.a

dobe.com/ 

 1089 

CONTACT FOR REAGENT AND RESOURCE SHARING 1090 

Further information and requests for resources and reagents should be directed to and 1091 

will be fulfilled by the Lead Contact, Liping Wang (lp.wang@siat.ac.cn); Fuqiang Xu, 1092 

(fuqiang.xu@wipm.ac.cn) 1093 

 1094 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 1095 

 1096 

Animals: 1097 

All husbandry and experimental procedures in this study were approved by the Ani-1098 

mal Care and Use Committees at the Shenzhen Institute of Advanced Technology 1099 

(SIAT) or Wuhan Institute of Physics and Mathematics (WIPM), Chinese Academy of 1100 

Sciences (CAS). Adult (6 to 8 week-old) male C57BL/6 (Guangdong Medical Labora-1101 

tory Animal Center, Guangzhou, China), TH-Cre (Jax No. 008601) (Savitt, 2005), 1102 

GAD2-ires-Cre (Jax No. 010802) (Taniguchi et al., 2011) and DAT-ires-Cre (Jax No. 1103 

006660) (Ekstrand et al., 2007) mice were used in this study. Mice were housed at 22–1104 

25 °C on a circadian cycle of 12-hour light and 12-hour dark with ad-libitum access to 1105 

food and water.  1106 

 1107 

METHOD DETAILS 1108 

 1109 
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Viral vector preparation  1110 

  For optogenetic experiments, we used plasmids for AAV2/9 viruses encoding 1111 

CaMKIIa:: hChR2 (H134R)–mCherry, CaMKIIa:: eNpHR3.0–mCherry, CaMKIIa:: 1112 

mCherry, EF1α:: DIO–hChR2 (H134R)–mCherry, and EF1α:: DIO–eNpHR3.0–1113 

mCherry (all gifts from Dr. Karl Deisseroth, Stanford University) . Viral vector titers 1114 

were in the range of 3-6x1012 genome copies per ml (gc)/mL. For AAV2/9 viruses en-1115 

coding EF1α:: DIO–GCaMP6s and EF1α:: DIO–GFP were all packaged by 1116 

BrainVTA Co., Ltd., Wuhan. For rabies tracing, viral vectors AAV2/9-EF1α-:: DIO-1117 

TVA-GFP, AAV2/9-EF1α:: DIO-histone-TVA-GFP, AAV2/9-EF1α:: DIO-TVA-GFP, 1118 

AAV2/9-EF1α:: DIO-RV-G, and EnvA-RV-dG-dsRed were all packaged by 1119 

BrainVTA Co., Ltd., Wuhan. Adeno-associated and rabies viruses were purified and 1120 

concentrated to titers at approximately 3×1012 v.g/ml and 1×109 pfu/ml, respectively. 1121 

The canine adenovirus type-2 encoding Cre recombinase (Kremer et al., 2000) 1122 

(CAV2-Cre, 4×1012 v.g/ml) was provided by EJ Kremer at the Institute of Molecular 1123 

Genetics of Montpellier.  1124 

 1125 

Virus injection 1126 

Animals were anesthetized with pentobarbital (i.p., 80 mg/kg), and then placed in a 1127 

stereotaxic apparatus (RWD, China). During surgery and virus injections, animals 1128 

were kept anesthetized with isoflurane (1%). The skull above targeted areas was 1129 

thinned with a dental drill and carefully removed. Injections were conducted with a 10 1130 

μl syringe connected to a 33-Ga needle (Neuros; Hamilton, Reno, USA), using a mi-1131 

crosyringe pump (UMP3/Micro4, USA). Experiments were performed at least 5−8 1132 

weeks after virus injection. Fiber implantation coordinates for optical stimulation of 1133 

the SC were: anterior posterior (AP), –3.80 mm; medial lateral (ML), ±0.80 mm; dor-1134 

soventral (DV), –1.8 mm. VTA coordinates were: AP –3.20 mm, ML ±0.25 mm, and 1135 

DV –4.4 mm. Amygdala coordinates were: AP, –1.5mm; ML, ±2.95 mm; DV, –4.75 1136 

mm. Viruses were delivered unilaterally for ChR2 and bilaterally for eNpHR3.0, 1137 

GCaMP6s and GFP.   1138 

 1139 
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Trans-synaptic tracer labeling 1140 

All animal procedures were performed in Biosafety level 2 (BSL2) animal facili-1141 

ties. To determine whether the SC−VTA pathway was innervated by GABAergic neu-1142 

rons in the VTA, Gad2-Cre mice (20−25 g) were used for trans-mono-synaptic tracing 1143 

based on the modified rabies virus. A mixture of AAV2/9-EF1α:: DIO-TVA-GFP and 1144 

AAV2/9-EF1α::DIO-RV-G (1:1, total volume of 150 nl) was injected into the VTA re-1145 

gion using the following coordinates: AP, -3.20 mm; ML, -0.25 mm; DV, -4.40 mm. 1146 

Three weeks later, 200 nl of EnvA-pseudotyped rabies virus (EnvA-RV-dG-DsRed) 1147 

was injected into the VTA using the previously defined coordinates. 1148 

To identify the SC−VTA−CeA neural pathway, we performed a tracing the rela-1149 

tionship between input and output (TRIO) experiment. On the first day, we injected 1150 

150 nl of CAV2-Cre into the CeA (AP, -1.50 mm; ML, 2.95 mm; DV, -4.75 mm) of 1151 

adult male C57BL/6 mice. On the same day, we injected a mixture of 150 nl AAV2/9-1152 

EF1α:: DIO-histone-TVA-GFP and AAV2/9-EF1α:: DIO-RV-G (1:1) into the VTA 1153 

(AP, -3.20 mm; ML, -0.25 mm; DV, -4.40 mm) of these animals. Three weeks later, 1154 

we injected 200 nl of EnvA-RV-dG-DsRed into the VTA using the same coordinates 1155 

as before. Mice were sacrificed one week after RV injection. 1156 

To determine whether the SC−VTA−CeA pathway was innervated by GABAergic 1157 

neurons in the VTA, we modified the mono-synaptic rabies tracing strategy. On the 1158 

first day, we injected a mixture of 150 nl AAV2/9-EF1α:: DIO-histone-TVA-GFP and 1159 

AAV2/9-EF1α:: DIO-RV-G (1:1) into the VTA of GAD2-ires-Cre mice. Six weeks 1160 

later, when the accumulated TVA of GABAergic VTA neurons was transported to 1161 

axon terminals in the CeA, we injected 200 nl of EnvA-RV-dG-dsRed into the CeA 1162 

(AP, -1.5 mm; ML, 2.95 mm; DV, -4.75 mm) of these mice. Thus, we specifically in-1163 

fected CeA-projecting GABAergic VTA neurons and traced their inputs. Mice were 1164 

sacrificed one week after RV injection. 1165 

 1166 

Implantation of optical fiber(s) and cannulas 1167 

To optically stimulate terminals, a 200 µm optic fiber (NA: 0.37; NEWDOON, 1168 

Hangzhou) was unilaterally implanted into the SC (AP, –3.8 mm; ML, –0.6 mm; DV, 1169 

–1.4 mm) and VTA (AP, –3.20 mm; ML, –0.25 mm; DV, –3.8 mm). For the inhibition 1170 

of neuron soma or projections, optic fibers were bilaterally implanted into the VTA 1171 

(AP, –3.20 mm; ML, ±1.50 mm; DV, –4.0 mm) at a 15° angle from the vertical axis. 1172 
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For fiber photometry, the optic fiber was bilaterally implanted into the VTA of GAD2-1173 

Cre mice (AP, –3.20 mm; ML, -1.5 mm; DV, –4.5 mm) at a 15° angle. For pharmaco-1174 

logical experiments, drug cannulas were bilaterally implanted into the VTA (AP, –1175 

3.20 mm; ML, ±0.35 mm; DV, –3.8 mm) and CeA (AP, –1.3 mm; ML, ±2.95 mm; 1176 

DV, –4.2 mm). Mice had at least 2 weeks to recover after surgery. 1177 

 1178 

Patch-clamp electrophysiology 1179 

We use standard procedures to prepare coronal slices (300 μm) from 14-16 weeks 1180 

old GAD2-ires-Cre and TH-Cre mice, which had received virus injections six weeks 1181 

earlier. Recordings in VTA were made on visually identified neurons expressing 1182 

EYFP. Coronal sections were cut with a vibratome (Leica) into a chilled slicing solu-1183 

tion containing the following (in mM): 110 Choline Chloride, 2.5 KCl, 1.3 1.3 1184 

NaH2PO4, 25 NaHCO3, 1.3 Na-Ascorbate, 0.6 Na-Pyruvate, 0.5 CaCl2, 7 MgCl2). 1185 

Then, slices were incubated at 32 °C for 30 min in artificial cerebrospinal fluid 1186 

(ACSF) which contained (in mM): 125 NaCl, 2.5 KCl, 1.3 NaH2PO4, 25 NaHCO3, 1.3 1187 

Na-Ascorbate, 0.6 Na-Pyruvate, 10 Glucose, 2 CaCl2, 1.3 MgCl2 (pH 7.35 when satu-1188 

rated with 95% O2/ 5% CO2), and allowed to equilibrate to room temperature 1189 

for >30 min. The osmolarity of all solutions was maintained at 280–300 mOsm. 1190 

Evoked EPSCs were induced using 5 ms blue light stimulation of VTA terminals of 1191 

CaMKIIα positive neurons expressing ChR2 from SC soma projecting to VTA. Re-1192 

cordings were performed on GAD2+ neurons (EYFP positive), TH+ (EYFP positive) 1193 

or TH- (EYFP negative) with pipettes filled with the following (in mM): (105 Potas-1194 

sium gluconate, 30 KCl, 10 HEPES, 10 phosphocreatine, 0.3 EGTA, 5 QX314, 4 Mg-1195 

GTP, 0.3 Na-ATP, pH 7.35. To identify the eEPSCs glutamatergic nature, ionotropic 1196 

glutamate receptor antagonists, d-2-amino-5-phosphonovalerate (AP-5; 25 μM) and 2, 1197 

3-dihydroxy-6-nitro-7-sulfamoyl-benzoquinoxaline-2, 3-dione (NBQX; 20 μM) were 1198 

added at the end of recordings.  1199 

Evoked IPSCs were elicited using blue light (5 ms pulse, 60Hz) stimulation of CeA 1200 

axon terminals of GABAergic neurons expressing ChR2 VTA axons projecting to 1201 
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CeA. Recordings were performed on CeA neurons with pipettes filled with the fol-1202 

lowing (in mM): 130 mM cesium gluconate, 7 mM CsCl, 10 mM HEPES, 2 mM 1203 

MgCl2, 4 mM Mg-ATP, 0.3 mM Tris-GTP, and 8 mM QX314, pH 7.25. To rule out 1204 

glutamatergic inputs, ionotropic glutamate receptor antagonists, AP-5 (25 μM) and 1205 

NBQX (20μM) were add to the artificial cerebrospinal fluid. To identify the eIPSCs 1206 

GABAergic nature, GABA-A receptors with bicuculline (25 μM) was added at the 1207 

end of recordings.  1208 

Several criteria had to be met for successful inclusion of recording data: 1) The am-1209 

plitude of eIPSCs or eEPSCs was higher than 10 pA; 2) latency was less than 10 ms 1210 

for at least 60% of the trials. 3) Whole-cell patch-clamp recordings were discarded if 1211 

the access resistance exceeded 10 MΩ and changed more than 25% during the record-1212 

ings. 1213 

Pipettes were formed by a micropipette puller (Sutter P-2000) with a resistance of 1214 

3−5 MΩ. During whole-cell patch recording, we viewed individual cells with an up-1215 

right fixed-stage microscope (FN-S2N; Nikon., Japan) equipped with a water immer-1216 

sion objective (40×, 0.8 numerical aperture), IR-filtered light, differential interference 1217 

contrast optics, and a Coolsnap HQ CCD camera (Photomatrics, Britannia). All re-1218 

cordings were conducted with a MultiClamp700B amplifier (Molecular Devices). An-1219 

alog signals were low-pass filtered at 2 kHz, digitized at 20 kHz using Digidata 1220 

1440A, and recorded using pClamp 10 software (Molecular Devices).   1221 

Data are presented as means ± standard error of the mean (SEM). Statistical signifi-1222 

cance was determined using a two-tailed Student's t-test or a two-way analysis of vari-1223 

ance (ANOVA), with a significance level of P<0.05. 1224 

Histology, immunohistochemistry, and microscopy 1225 

Mice received an overdose of chloral hydrate (10% W/V, 300 mg/kg body weight, 1226 

i.p.) and were then transcardially perfused with cold phosphate-buffered saline (PBS), 1227 

followed by ice-cold 4% paraformaldehyde (PFA; Sigma) in PBS. Brains were re-1228 

moved and submerged in 4% PFA at 4 °C overnight to post-fix, and then transferred 1229 

to 30% sucrose to equilibrate. Coronal brains sections (40 µm) were obtained on a 1230 
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cryostat microtome (Lecia CM1950, Germany). Freely floating sections were washed 1231 

with PBS, blocking solution (0.3% TritonX-100 and 10% normal goat serum, NGS in 1232 

PBS, 1 h at room temperature). Sections were then incubated in primary antiserum 1233 

(rabbit anti-c-Fos, 1:300, Cell Signaling; Rabbit anti-CaMKIIα, 1:250, Abcam; 1234 

1:1000, Abcam; rabbit anti-TH, 1:500, Abcam; mouse anti-TH, 1:500, Millipore; rab-1235 

bit anti-dsRed,1:1000, Clontech；rabbit anti-GFP, 1:500, Abcam) diluted in PBS with 1236 

3% NGS and 0.1% TritonX-100 overnight. The secondary antibodies used were Alexa 1237 

fluor 488, 594, or 405 goat anti-mouse IgG and Alexa fluor 488, 594, or 405 goat anti-1238 

rabbit (all 1:200, Jackson) at room temperature for 1 h. Sections were mounted and 1239 

cover slipped with anti-fade reagent with DAPI (ProLong Gold Antifade Reagent with 1240 

DAPI, life technologies) or signal enhancer (Image-iT FX Signal Enhancer, Invitro-1241 

gen). Sections were then photographed and analyzed with a Leica TCS SP5 laser 1242 

scanning confocal microscope and ImageJ, Image Pro-plus, and Photoshop software.  1243 

For the looming-evoked c-Fos staining experiment, mice were sacrificed 1.5 hr post 1244 

looming stimulus and brains then subjected to c-Fos staining. The imagines were 1245 

taken and then overlaid with The Mouse Brain in Stereotaxic Coordinates to locate 1246 

the VTA (with coordinates from bregma: -2.9~3.8 mm). Then the c-Fos staining was 1247 

manually counted by an individual experimenter blind to the experiment groups. 1248 

 1249 

Plasma corticosterone measurement 1250 

Animals were euthanized by rapid decapitation and trunk blood was collected into 1251 

heparinized tubes 10 min after optic stimulation (50 pulses, 20 Hz blue light, 5 ms 1252 

pulse duration). After centrifugation of the blood at 3000 rpm for 20 min at 4 °C, the 1253 

serum was stored at -80 °C until assay. Plasma corticosterone level was measured us-1254 

ing a commercially available ELISA kit (Abcam). 1255 

 1256 

Electrocardiogram recording  1257 

Heart rate (HR) recordings were measured using the MouseOX® Plus non-invasive 1258 

pulse oximeter (STARR Life Sciences, Oakmont, PA). The neck collar and system 1259 
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was set up according to manufacturer instructions. After a baseline recording of 5 1260 

min, 5 photostimulation trials were applied (50 pulses, 20 Hz, 3 min inter-spike inter-1261 

val [ISI]). Data were extracted using WINDAQ software (© DATAQ). HR data was 1262 

then analyzed with custom-written Matlab scripts. HR time courses were obtained by 1263 

averaging data from each trial around the time of stimulation. Error bars represent 1264 

mean ± SEM. 1265 

 1266 

Looming test  1267 

The looming test was performed in a 40 x 40 x 30 cm closed Plexiglas box with a 1268 

shelter nest in the corner. For upper field LS, an LCD monitor was placed on the ceil-1269 

ing to present multiple looming stimulus. For upper visual field LS, an LCD monitor 1270 

was placed on the ceiling to present multiple looming stimuli, which was a black disc 1271 

expanding from a visual angle of 2° to 20° in 0.3 s, i.e., expanding speed of 60°/s. The 1272 

expanding disc stimulus was repeated for 15 times in quick succession (totally 4.5 s). 1273 

This together with a 0.066 s pause between each repeat, the total upper visual field LS 1274 

last 5.5 s.  1275 

Lower field LS (same stimulus as above but presented to the lower field), upper 1276 

field white LS (a disc of reversed contrast (white on gray) presented to the upper 1277 

field) and front field LS (the same black stimulus except presented to the front field) 1278 

were used as control visual stimulus. 1279 

Behavior was recorded using an HD digital camera (Sony, Shanghai, China). Ani-1280 

mals were handled and habituated for 10-15 min to the looming box one day before 1281 

testing. During the looming test session, mice were first allowed to freely explore the 1282 

looming box for 3-5 min. For optogenetic or pharmacological experiment plus loom-1283 

ing experiment, we performed 2 trials of looming stimuli while only the first defen-1284 

sive behavior output was analyzed; for c-Fos and calcium signal experiment, total 5 1285 

trials of looming stimuli were presented and analyzed. No observable adaptation was 1286 

observed in all our experiments. 1287 

The optogenetic inhibition/stimulation and the looming stimulus were coupled by 1288 
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ARBITRARY/FUNCTION GENERATOR (AFG3022B, Tektronix, USA). We manu-1289 

ally the triggered stimulation when the mice were at the far-end of the open-field as to 1290 

the nest position, within in a body-length distance from the wall. 1291 

 1292 

Optogenetic manipulation 1293 

Animals were handled and habituated for 10-15 min to the looming box one day be-1294 

fore testing. During the Looming test session, mice were first allowed to freely ex-1295 

plore the looming box for 3-5 min, then received the optogenetic manipulation or 1296 

looming stimulus. 1297 

For optogenetic NpHR inhibition plus looming experiments, mice received bilateral 1298 

593 nm yellow light laser (Aurora-220-589, NEWDOON, Hangzhou) with 5-8 mW 1299 

(for soma stimulation) or 15-20 mW (for terminals stimulation) light power at the fi-1300 

ber tips. For optogenetic ChR2 excitation plus looming experiments, mice received 1301 

bilateral 10 Hz, 473 nm blue light laser (Aurora-220-473, NEWDOON, Hangzhou) 1302 

with 8 mW light power at the fiber tips. Light stimulation was delivered 1 s before on-1303 

set of the looming stimulus and continued until the looming was turned off. Mice re-1304 

ceived two trials of looming stimulus plus photoinhibition or photoactivation. 1305 

For optogenetic activation experiments, mice were placed into the same looming 1306 

box and received a 2.5 s 473-nm blue laser (50 pulses, 20 Hz, 5 ms pulse duration) 1307 

with 15−20 mW (terminal) or 5-8 mW (soma) light power at the fiber tips. No loom-1308 

ing was presented for these experiments. Light stimulation was delivered to the SC 1309 

and VTA somas, as well as the SC−VTA terminals. For the activation of VTAGABA+ 1310 

neurons experiments, the GAD2-Cre mice received 2.5 s or 20 s blue light (60 Hz, 5 1311 

ms pulse duration, 5-8 mW) stimulation in the VTA; For the activation of VTADA+ 1312 

neurons experiments, the DAT-Cre mice received 2.5 s blue light (10 Hz, 5 ms pulse 1313 

duration, 5-8 mW) stimulation in the VTA; no other experimental details were 1314 

changed. Light was presented two times at about 3 min intervals via a manual trigger.  1315 

All light stimulation was manually presented by the experimenter when the mice 1316 

were at the far-end of the open-field as to the nest position, within in a body-length 1317 
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distance from the wall. 1318 

For all our lost-of function experiments (optical inhibition by NpHR), the inhibition 1319 

was all bilateral. For all our gain-of function experiments (optical activation of 1320 

ChR2), the activation was all unilateral.  1321 

 1322 

Pharmacological antagonism 1323 

C57BL/6J mice were used for pharmacological experiments. For VTA experiment, 1324 

120 nl glutamate antagonists (0.1μg AP5, 0.001μg NBQX (2, 3-dihydroxy-6-nitro-7-1325 

sulfamoyl-benzoquinoxaline-2, 3-dione) in saline) were bilaterally injected into VTA 1326 

(AP, –3.20 mm; ML, ±0.35; mm, DV: –4.5 mm). For the CeA experiment, 150nl 1327 

GABAA antagonist (0.005μg Bicuculline) was bilaterally injected into the CeA (AP, –1328 

1.5 mm; ML, ±2.95 mm; DV, –4.6 mm). Mice were given 2 weeks to recover after 1329 

surgery. Saline (control) and antagonists were infused into the targets 30 min before a 1330 

looming test to assess the antagonistic effect of the antagonism receptors. 1331 

 1332 

Behavioral analysis  1333 

Behavioral data were analyzed with Anymaze software (Stoelting Co.). Speed data 1334 

was first extracted using Anymaze software and then analyzed using Matlab. Individ-1335 

ual time courses were represented setting T-0ms as the time of stimulation. The fol-1336 

lowing measures were obtained as indices of looming-evoked or light-evoked defen-1337 

sive behaviors: (1) latency to return nest: the time from looming stimulus or pho-1338 

tostimulation presentation to time when the mouse escaped/entered the nest; (2) time 1339 

spent in nest (% of 1 min bin): time spent in the nest following looming stimulus or 1340 

photostimulation; (3) speed. The mice were allowed to move freely in the open field 1341 

with a nest paradigm before looming stimulus or light stimulation. The mice were 1342 

moving freely when looming stimulus or light stimulation began. Here, “baseline” 1343 

was defined as the period 50 s before onset of the looming or light stimulation. The 1344 

average speed during the baseline period was set as 100%. We have presented all 1345 

speeds in relative percentage form compared with baseline average speed. For the 1346 
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speed bar graphs: post-stimulation speed was averaged over a 0.5 s-long time window 1347 

centered around the time of maximum speed, detected from the time of stimulation to 1348 

10 s after. 1349 

For blinding purposes, all mice used for behavioral experiments were given a 1350 

unique ear tag numerical identifier. Data obtained from mice with imprecise cannula 1351 

or fiber placements were not used for analyses. 1352 

 1353 

In vivo electrophysiology 1354 

The optrode was an optic fiber (0.37 NA, 200 μm) attached around eight stere-1355 

otrodes, which consisted of insulated nichrome wires (OD = 17 µm; CFW, California, 1356 

USA). The tips of the stereotrode were electro-plated with platinum with platinum 1357 

(chloroplatinic acid solution) until the impedance reached approximately 0.5 MΩ, and 1358 

was 0.3 mm longer than the tips of fiber. Data were collected by OmniPlex D Neural 1359 

Data Acquisition System (Plexon, Dallas, USA). Mice were anesthetized with ure-1360 

thane (10% W/V, 1.9 g/kg body weight, i.p.) and positioned in the stereotaxic appa-1361 

ratus. The optrode was placed into the VTA (AP, –3.20 mm; ML, –0.3 mm; DV, –1362 

4.1~4.7 mm). If the detected signal in the VTA was stable, a 473 nm laser (20 Hz with 1363 

5 ms width pulses) was delivered to excite CaMKIIα-positive projections from the 1364 

SC. Baseline was recorded in the VTA for 2-3 min, and a 2.5 s optic stimulation was 1365 

delivered at 1 min intervals. At the end of the experiment, electrolytic lesions were 1366 

performed (0.1 mA DC, 20 s) to label the recording side.  1367 

Data analysis 1368 

Recorded spikes were detected and sorted by using Plexon Offline Sorter software 1369 

(Plexon, Inc., Dallas, TX, USA), then analyzed in Neuroexplorer (Nex Technologies, 1370 

Madison, AL, USA) and Matlab (MathWorks, Natick, MA, USA). Putative dopamine 1371 

neurons were classified by agglomerative clusters from linkages based on the follow-1372 

ing electrophysiological criteria (Wang and Tsien, 2011a): 1) low baseline firing rate 1373 

(<10 Hz); 2) inter-spike interval (ISI)>4 ms within a baseline firing rate (<10 Hz); 2) 1374 

inter-spike inter(AP) widths broader≥ 1) ms. In contrast, if neurons did not meet 1375 
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these criteria, they were classified as non-putative DA neurons,  1376 

VTA neurons were recorded for around 3 min to establish the discharge properties 1377 

and basal firing rate of VTA neurons before optical stimulation. The baseline firing 1378 

rate was calculated using the mean and standard deviation (SD) of firing rate values 1379 

for every 0.5 s bin 2.5 s preceding optical stimulation. To determine the excitatory and 1380 

inhibitory response related to photostimulation, we used peristimulus time histograms 1381 

(PSTHs) to analyze firing pattern (Wang and Tsien, 2011a). 1) Excitation: the PSTH 1382 

20 ms (0.5 ms per bin) following the light pulses was calculated. The neuronal re-1383 

sponses were defined as the 3 consecutive bins after the onset of light stimulation trig-1384 

gered the PSTH that exceeded the 2 SDs of baseline value. 2) Inhibition: the PSTH in 1385 

10 s (0.2 s per bin) following the light pulses was calculated. Neuronal inhibition was 1386 

defined as the 5 consecutive bins after onset of light stimulation triggered the PSTH 1387 

that dropped to at least 35% below baseline value. The magnitude of the normalized 1388 

firing rate was calculated according to the following equation: Magnitude = (counts in 1389 

response period)-(mean counts per bin in baseline) x (number of bins during the re-1390 

sponse period). 1391 

 1392 

Fiber Photometry  1393 

The fiber photometry system (ThinkerTech, Nanjing) consisted of a 480 nm excita-1394 

tion light from a LEDs (CREE XPE), reflected off a dichroic mirror with a 435–488 1395 

nm reflection band and a 502–730 nm transmission band (Edmund, Inc.), and coupled 1396 

into a 200 μm 0.37 NA optical fiber (Thorlabs, Inc.) by an objective lense. The laser 1397 

intensity at the fiber tip was about 20 µW. GCaMP6s fluorescence was collected using 1398 

the same objective, transmitted by the dichroic mirror filtered through a green fluores-1399 

cence protein (GFP) bandpass emission filter (Thorlabs, Inc. Filter 525/39), and de-1400 

tected by the sensor of an CMOS camera (Thorlabs, Inc. DCC3240M).  1401 

A Labview program was developed to control the CMOS camera which recorded cal-1402 

cium signals at 50 Hz. The behavioral event signal was recorded by a DAQ card (NI, 1403 

usb-6001) at 1000 Hz using the same program.  1404 
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Data analysis 1405 

All the raw data were smoothed with a moving average filter (5 point span) and 1406 

then segmented and aligned according to the onset of looming stimulus within indi-1407 

vidual trials or bouts. The fluorescence change (ΔF/F) values were calculated as (F-1408 

F0)/F0, where F0 is the baseline fluorescence signals averaged over a 2 s-long control 1409 

time window (typically set 1 s) prior to a trigger event. 1410 

To compare activity between different conditions, bar graphs were computed by av-1411 

eraging data along a 0.5 s time window centered around the time of the activity pic. 1412 

Time courses were made by averaging individual trials aligned to the time of stimula-1413 

tion. A multivariate permutation (1000 permutations, ⍺ level of 0.05) test was used to 1414 

account for data significance level on time courses, and a threshold indicating statisti-1415 

cally-significant increase from the baseline was applied (p<0.005). Areas surrounding 1416 

the time courses and error bars represents mean ± SEM. 1417 

 1418 

QUANTIFICATION AND STATISTICAL ANALYSIS  1419 

The number of biological replicates in each group was 3-6 mice per group for anat-1420 

omy, 4-8 mice for in vitro and in vivo physiology, 5–7 mice per group for fiber pho-1421 

tometry, and 5-16 mice per group for behavior. These numbers were based on previ-1422 

ously published study (Wei et al., 2015; Tovote et al., 2016). Data distribution was as-1423 

sumed to be normal, but this was not formally tested. All statistics were performed in 1424 

Graph Pad Prism (GraphPad Software, Inc.), unless otherwise indicated. Paired stu-1425 

dent test, unpaired student test, one-way ANOVA and two-way ANOVA were used 1426 

where appropriate. Bonferroni post hoc comparisons was conducted to detect signifi-1427 

cant main effects or interactions. In all statistical measures a P value <0.05 was con-1428 

sidered statistically significant. Post hoc significance values were set as *P< 0.05, 1429 

**P< 0.01, ***P< 0.001 and ****P< 0.0001; all statistical tests used are indicated in 1430 

the figure legends.  1431 

 1432 
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