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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) D1and D2 neuron
activity in the control sessions with no monster. Top, mean = SEM. (c) Average
neural responses in monster sessions. Both D1and D2 neurons were activated at
monster movement (p = 0.012,-1to O s before monster movement, p=13x1073,
0-1safter movement, D1, n =12 animals; p =2.9 x 107, before movement,

p =16 %107, after movement, D2, n = 11animals, 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 D1and

D2 neuron responses before (left) and after (right) monster movementin each
animal (average of 10 monster sessions, R = 0.53, p = 0.077, 0-1 s before monster;
R=0.89,p=1.2x10",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 = 11animals,

D2, Pearson’s correlation coefficient). (e) Reactive avoidance rate vs average
D1and D2 neuronresponses before (left) and after (right) monster movement

in each animal (average of 10 monster sessions, R=0.40, p = 0.11, 0-1s before
monster; R=0.78,p =2.8 x1072, 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 | See next page for caption.
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Extended DataFig. 6 | Predictive and reactive avoidance in D1and D2 neuron
ablation mice. (a) Extent of bilateral ablations of D1 (top) and D2 (bottom)
neuronsin 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). (¢) Time-course of predictive avoidance across
sessionsin 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, D1vs 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 trialsin 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 1073,

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, D1vs 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 DataFig. 7 | See next page for caption.
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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 x1073,0 pg vs. 5 pg, ¢ =12, chi-squared test, n = 6 animals
for each), and then gradually decreased (p =2.1x1073,5 pug, p=0.08, 0.5 ug,
p=0.77,0 pg, regression coefficient of the avoidance rate with trials, two-sided
t-test, n = 6 animals for each). Mean + SEM. Reactive avoidance increased from
thefirst trial after D2 receptor agonist injection (p =1.0 x1073,0 pg vs 2 ug,
¢?=12, chi-squared test, n = 6 animals for each), and gradually changed across
time depending on the agonist doses (p = 5.1 107, F(2,30) = 6.50, session x dose

interaction, 2-way repeated measures ANOVA, n = 6 animals each). Dopamine
ablation mice with intermediate level (0.2 pg) of D2 receptor agonist gradually
decreased reactive avoidance (p=0.43,2 pg, p=0.042,0.2 g, p= 0.44,

0 pg, 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 GCaMP7fin Tacl mice, are sensitive to a visual stimulus
onascreen (mean + SEM, n =3 animals each). (b) Dopamine axonsin TS were
optogenetically activated as dopamine sensor signalsin 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 Dayl in normal mice (n = 6 animals)
inthe monster paradigm as areference 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
D1neuronresponses (0-1s) in stimulated trials were significantly higher thanin
non-stimulated trialsin both ChrimsonR mice (p = 9.9 x 107, 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). Bottomright, 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) butin D2 neurons. Top
right, average D2 neuron response (0-1s) 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 = 6animals). 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.
Topright, 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
(0-1s) instimulated and non-stimulated trials were not significantly different
inboth 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 O, 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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Data collection Labview 2018 was used to collect data for fiber fluorometry data. Python 3.11.0 was used to collect behavioral data in the monster task.
Zen Blue 3.5 software and Zen Black 2.0 software were used to acquire fluorescent images.

Data analysis MATLAB R2022a was used to analyze fluorometry and behavioral data. Codes used in this study are available from public repository (https://
github.com/melissaOvO/TS_Dopamine_Optogenetics).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The fluorometry data and the behavioral data are shared at a public deposit source (https://doi.org/10.5061/dryad.w6m905qzv ).
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Life sciences study design
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Sample size The number of animals used for ablation studies (dopamine neurons and D1 neurons, n=6 animals) was determined by a power analysis using
a pilot experiment (t-test, 6 animals for control and 6 animals for dopamine neuron ablation, data not included because the apparatus was
slightly different) to be able to detect a significant difference in the failure rate for water acquisition compared to controls at 90% confidence
level. The number of animals used for ablation studies (D2 neurons, n=12 animals) was determined by a power analysis using a pilot
experiment (t-test, 6 animals for D2 neurons ablation and 18 animals for pooled controls) to be able to detect a significant difference in
improvement of the failure rate at 90% confidence level.

Data exclusions  Two mice were excluded from Figure 1 since they could not achieve 80% accuracy in the last day of training in the monster task.

Replication Animals were not formally divided into separate groups for "proof of principle" and "replication". Instead, we pooled all data, and displayed
data from each animal (along with the average and standard error or boxp-lot) as much as possible. Of note, major experimental data are
taken from more than 2 separate batch of experiments as indicated in the Methods and the observed tendency was conserved among the
batches. all attempts at replication were successful.

Randomization  Animals were randomly selected for all experiments.

Blinding The experimenters were blinded to the treatments of mice in ablation studies until completion of behavioral analyses.Photometry study did
not require blinding as we did not compare the difference between groups.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
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Antibodies
Antibodies used anti-TH, rabbit polyclonal, AB152, Millipore Sigma.
Validation The specificity of this antibody has been verified by the company

anti-TH: https://www.emdmillipore.com/US/en/product/Anti-Tyrosine-Hydroxylase-Antibody, MM_NF-AB152#overview

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals 206wild type mice, 12 tachykinin precursor 1 (Tacl)-cre (B6;129S-Tac1tm1.1(cre)Hze/J, Jackson Laboratory; RRID:IMSR JAX: 021877)
heterozygous mice, 24 Tacl-cre;Ail4 (Rosa-CAG-LSL-tdTomato, Jackson Laboratory; RRID:IMSR JAX:007914) double heterozygous
mice, 11 adenosine 2A receptor (Adora2A)-cre (B6.FVB(Cg)-Tg(Adora2a-cre) KG139Gsat/Mmucd, GENSAT; MGI:4361654)
heterozygous mice, 24 Adora2A-cre;Ail4 double heterozygous mice, 6 vesicular glutamate transporter 2 (vGlut2)lox/lox
(Slc17a6tm1Lowl/J, Jackson Laboratory; RRID:IMSR_JAX:012898) heterozygous mice, 10dopamine transporter (DAT)-cre (B6.SJL-
Slc6a3tm1.1(cre)Bkmn/J, Jackson Laboratory; RRID:IMSR JAX:006660); vGluT2lox/lox double heterozygous mice, and 3 vGluT2-cre
(B6J.129S6(FVB)-Slc17a6tm2(cre)Lowl/Mwarl, Jackson Laboratory; RRID:IMSR JAX:028863)heterozygous mice, 2 DAT-flp(B6N(Cg)-
Slc6a3tm1.1(flpo)Fuyu/J, Jackson Laboratory; RRID: IMSR_JAX:033673) heterozygous mice, 12 Tacl-cre heterozygous; DAT-
flpheterozygous double transgenic mice, 12 Adora2a-cre heterozygous; DAT-flpheterozygous double transgenic mice, male and
female, aged 8-20 weeks, were used. All mice were backcrossed with C57BL/6J (Jackson Laboratory). Animals were housed on a 12
hour dark/12 hour light cycle (dark from 07:00 to 19:00) and performed a task at the same time each day.

Wild animals No wild animals were used in the study.
Reporting on sex Both male and females were used in the study.
Field-collected samples  No field collected samples were used in the study.

Ethics oversight The Harvard Animal Care and Use Committee

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks n/a

Novel plant genotypes  n/a

Authentication n/a
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