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Extended Data Fig. 5 | Activity patterns of D1 and D2 neurons and individual 
variability. (a) Location of optic fiber tips used to collect D1 neuron activities 
(left) and D2 neuron activities (right) in TS. Fiber tip positions are plotted on 
the nearest reference slice (Paxinos and Franklin, 2019). (b) D1 and D2 neuron 
activity in the control sessions with no monster. Top, mean ± SEM. (c) Average 
neural responses in monster sessions. Both D1 and D2 neurons were activated at 
monster movement (p = 0.012, −1 to 0 s before monster movement, p = 1.3 × 10−3, 
0-1 s after movement, D1, n = 12 animals; p = 2.9 × 10−3, before movement, 
p = 1.6 × 10−3, after movement, D2, n = 11 animals, two-sided t-test). Center of 
box plot shows median; edges are 25th and 75th percentiles; and whiskers are 
the most extreme data points. (d) Predictive avoidance rate vs average D1 and 

D2 neuron responses before (left) and after (right) monster movement in each 
animal (average of 10 monster sessions, R = 0.53, p = 0.077, 0-1 s before monster; 
R = 0.89, p = 1.2 × 10−4, 0.1-1.1 s after monster, n = 12 animals, D1; R = −0.61, 
p = 0.047, before monster; R = −0.28, p = 0.41, after monster, n = 11 animals,  
D2, Pearson’s correlation coefficient). (e) Reactive avoidance rate vs average 
D1 and D2 neuron responses before (left) and after (right) monster movement 
in each animal (average of 10 monster sessions, R = 0.40, p = 0.11, 0-1 s before 
monster; R = 0.78, p = 2.8 × 10−3, 0.1-1.1 s after monster, n = 12 animals,  
D1; R = −0.59, p = 0.058, before monster; R = −0.24, p = 0.47, after monster, n = 11 
animals, D2, Pearson’s correlation coefficient). *P < 0.05.
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Extended Data Fig. 6 | Predictive and reactive avoidance in D1 and D2 neuron 
ablation mice. (a) Extent of bilateral ablations of D1 (top) and D2 (bottom) 
neurons in TS. Ablation areas are marked with orange (D1, n = 6) or green  
(D2, n = 12) shading, with overlapping shading from ablation mice. More densely 
overlapping areas have darker shading. Ablation areas are marked on the nearest 
reference slice (Paxinos and Franklin, 2019). (b) Time-course of predictive 
avoidance across trials in D1 (top) and D2 (bottom) neuron ablation and control 
mice. Error bars, SEM (binomial). (c) Time-course of predictive avoidance across 
sessions in D1 (top) and D2 (bottom) neuron ablation and control mice. Error 
bars, SEM. (d) Predictive avoidance of D1 neurons ablation mice was significantly 
lower than that of control, while D2 ablation mice show opposite tendency 
(p = 0.045, D1, two-sided t-test, n = 6 animals for each; p = 0.16, D2, two-sided 

t-test, n = 12 animals for each; p = 0.028, D1 vs D2 ablation, two-sided t-test). 
Center of box plot shows median; edges are 25th and 75th percentiles; and 
whiskers are the most extreme data points. (e) Time-course of reactive avoidance 
across trials in D1 (top) and D2 (bottom) neuron ablation and control mice. Error 
bars, SEM (binomial). (f) Time-course of reactive avoidance across sessions in D1 
(top) and D2 (bottom) neuron ablation and their control mice. Error bars, SEM. 
(g) Reactive avoidance of D1 neuron ablation mice was significantly lower than 
that of control, while D2 ablation mice show opposite tendency (p = 3.7 × 10−3, 
D1, two-sided t-test, n = 6 animals for each; p = 0.12, D2, two-sided t-test, n = 12 
animals for each; p = 0.016, D1 vs D2 ablation, two-sided t-test). Center of box plot 
shows median; edges are 25th and 75th percentiles; and whiskers are the most 
extreme data points. *P < 0.05.
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Extended Data Fig. 7 | Dopamine receptor manipulation changes threat 
avoidance. (a-c) Mice with ablation of TS-projecting dopamine neurons were 
injected with D1 (b) or D2 (c) receptor agonists in TS for rescue experiments. 
Control mice received vehicle injection during surgery and test days. Cannula 
tip positions are plotted on the nearest reference slice (a) (Paxinos and Franklin, 
2019). Reactive avoidance increased from the first trial after D1 agonist injection 
(mean ± SEM) (p = 1.0 × 10−3, 0 µg vs. 5 µg, c2 = 12, chi-squared test, n = 6 animals 
for each), and then gradually decreased (p = 2.1 × 10−3, 5 µg, p = 0.08, 0.5 µg, 
p = 0.77, 0 µg, regression coefficient of the avoidance rate with trials, two-sided 
t-test, n = 6 animals for each). Mean ± SEM. Reactive avoidance increased from 
the first trial after D2 receptor agonist injection (p = 1.0 × 10−3, 0 µg vs 2 µg, 
c2 = 12, chi-squared test, n = 6 animals for each), and gradually changed across 
time depending on the agonist doses (p = 5.1 × 10−3, F(2,30) = 6.50, session × dose 

interaction, 2-way repeated measures ANOVA, n = 6 animals each). Dopamine 
ablation mice with intermediate level (0.2 µg) of D2 receptor agonist gradually 
decreased reactive avoidance (p = 0.43, 2 µg, p = 0.042, 0.2 µg, p = 0.44, 
0 µg, regression coefficient of the avoidance rate with trials, two-sided t-test, 
n = 6 animals each). Mean ± SEM. (d) Avoidance decreased with D2 receptor 
antagonist injection in monster Day 1 (avoidance rate, p = 0.014; predictive 
avoidance, p = 0.21; reactive avoidance, p = 0.017, two-sided t-test compared 
to control animals with vehicle injection, n = 6 animals for each). (e) Avoidance 
increased when D2 receptor agonists were injected before Day 2-3 after animals 
experienced monster session Day 1 (avoidance rate, p = 0.022; predictive 
avoidance, p = 0.16; reactive avoidance, p = 0.043, two-sided t-test compared to 
control animals with vehicle injection, n = 6 animals for each). *P < 0.05.
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Extended Data Fig. 8 | Verification of simultaneous optogenetic activation 
and neural recording. (a) Both dopamine and D1 neurons in TS, measured 
with GRABDA2m and GCaMP7f in Tac1 mice, are sensitive to a visual stimulus 
on a screen (mean ± SEM, n = 3 animals each). (b) Dopamine axons in TS were 
optogenetically activated as dopamine sensor signals in the TS were recorded 
with fiber-fluorometry with or without a strong red LED light (‘masking light’) to 
mask light illumination for optogenetics. Without masking light, optogenetic 
stimulation evoked dopamine response artifacts even in control mice with no 
opsin expression (0-1 s average response, control mice without masking, t-test, 
p = 0.036, t = 5.10; control mice with masking, t-test, p = 0.69, t = −0.44).  
Grey bar covers time of optogenetic stimulation (0-0.5 s). mean ± SEM.  

N = 3 animals for each. (c) Histogram of duration from trigger of monster 
movement to reward acquisition on monster Day1 in normal mice (n = 6 animals) 
in the monster paradigm as a reference for choice of optogenetic duration. (d) 
Left, dopamine responses to a strong novel sensory stimulus that consists of 
100 dB complex tone and blue LED light. Arrows indicate onset of the sensory 
stimulus, each lasts for 0.5 s. Right, dopamine responses to 10, 20 and 40 Hz 
optogenetic stimulation that last for 0.5 s or 4 s. n = 3 animals for each. (e) 
Schematic of recording setup using 473 nm and 635 nm lasers to deliver light to 
record neural signals and to activate neurons, respectively. (f) Distribution of 
recording fibers to collect dopamine sensor signals.
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Extended Data Fig. 9 | Effects of optogenetic activation of dopamine axons on 
sensory responses of D1 or D2 neurons. (a) Left, D1 neuron response patterns 
(mean ± SEM) on the first day of sensory experiences for control mice and mice 
with ChrimsonR. Black indicates non-stimulated trials, blue or red indicates 
stimulated trials in control or ChrimsonR mice respectively. Top right, average 
D1 neuron responses (0-1 s) in stimulated trials were significantly higher than in 
non-stimulated trials in both ChrimsonR mice (p = 9.9 × 10−3, t = 4.050, two-sided 
paired t-test, n = 6 animals) and control mice (p = 0.016, t = 3.31, two-sided paired 
t-test, n = 6 animals). Bottom right, average D1 neuron responses in stimulated 
trials minus the response in non-stimulated trials. The difference in ChrimsonR 
mice was significantly higher than in control mice (p = 0.025, t = 2.62, two-sided 
t-test, n = 6 animals each). (b) Left, same format as (e) but in D2 neurons. Top 
right, average D2 neuron response (0-1 s) in stimulated and non-stimulated 
trials were not significantly different in both control and ChrimsonR mice 
(control, p = 0.12, t = 1.78; ChrimsonR, p = 0.86, t = 0.18; two-sided paired t-test, 
n = 6 animals). Bottom right, average D2 neuron response in stimulated trials 
minus the response in non-stimulated trials were similar between control and 
ChrimsonR mice (p = 0.55, t = −0.61, two-sided t-test, n = 6 animals each).  

(c) Left, same format as (a) but for the second day of sensory experiences.  
Top right, average D1 neuron responses (0-4 s) in stimulated and non-stimulated 
trials were not significantly different in both control and ChrimsonR mice 
(control, p = 0.62, t = −0.51; ChrimsonR, p = 0.29, t = 1.17; two-sided paired t-test, 
n = 6 animals). Bottom right, average D1 neuron responses in stimulated trials 
minus the responses in non-stimulated trials were similar between control and 
ChrimsonR mice (p = 0.24, t = 1.23, two-sided t-test, n = 6 animals each). (d) Left, 
same format as (b) but for D2 neurons. Top right, average D2 neuron responses 
(0-1 s) in stimulated and non-stimulated trials were not significantly different 
in both control and ChrimsonR mice (control, p = 0.78, t = −0.28; ChrimsonR, 
p = 0.48, t = −0.74; two-sided paired t-test, n = 6 animals). Bottom right, average 
D2 neuron responses in stimulated trials minus the responses in non-stimulated 
trials was not significantly different between control and ChrimsonR mice 
(p = 0.45, t = −0.78, two-sided t-test, n = 6 animals each). (e) D1 neuron responses 
to optogenetic activation of dopamine axons without a concurrent stimulus 
(mean ± SEM). D1 neuron activity was not significantly different from the  
baseline (0-4 s average response vs 0, t-test, p = 0.61, t = −0.59, n = 3 animals).  
(f) Distribution of recording fibers to collect D1 or D2 neuron GCaMP signals.
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