






































Supplementary Tables
Table. S1. Summary of statistical tests

Fig Method
Statistics 

value
df p

bonferroni-
corrected p

detail description notes

Fig.1f Signed-rank test 2.00E+01 8.44E-01 NA
N of session to reach criterion 

between initial and reversal learning

Fig.1l, left Chi-square test 2.95E+01 1.74E-06 3.48E-06
Initial learning, 
cell type ratio

2x bonferroni 
correction

Fig.1l, Right Chi-square test 2.66E+01 7.22E-06 1.44E-05
Reversal learning, 

cell type ratio
2x bonferroni 

correction

Fig.1m, Left Signed-rank test 0.00E+00 7.80E-03 1.56E-02
Initial learning, 

Go cell ratio
2x bonferroni 

correction

Fig.1m, Right Signed-rank test 0.00E+00 7.80E-03 1.56E-02
Reversal learning, 

Go cell ratio
2x bonferroni 

correction

Fig3. a-d
Linear Mix Model

(fix:Nai-Exp, random: Mouse 
ID)

1.62E-02 45 3.18E-01 1.27E+00 Main-effect slope, Go,Stim
4x bonferroni 

correction

8.03E-02 45 9.89E-06 3.96E-05 Main-effect slope, Go,Delay
4x bonferroni 

correction
Linear Mix Model 

(fix:RevNai-RevExp, random: 
Mouse ID)

2.55E-02 44 2.53E-02 1.01E-01 Main-effect slope, Go,Stim
4x bonferroni 

correction

6.88E-02 44 8.79E-06 3.52E-05 Main-effect slope, Go,Delay
4x bonferroni 

correction

Fig3. e,f
Linear Mix Model 

(fix:Nai-Exp, random: Mouse 
ID)

7.51E-02 45 3.49E-05 1.40E-04 Main-effect slope, Hit,Delay
4x bonferroni 

correction

1.27E-02 40 9.72E-02 3.89E-01 Main-effect slope, FA, Delay
4x bonferroni 

correction
Linear Mix Model

 (fix:RevNai-RevExp, random: 
Mouse ID)

6.36E-02 43 5.43E-05 2.17E-04 Main-effect slope, Hit,Delay
4x bonferroni 

correction

1.47E-02 44 2.47E-01 9.88E-01 Main-effect slope, FA, Delay
4x bonferroni 

correction

Fig3. g Wilcoxon Rank Sum Test 9.10E+01 3.08E-01 6.15E-01 Expert-Hit, Lick/Nolick
2x bonferroni 

correction

9.50E+01 4.73E-01 9.45E-01 Naive-Hit, Lick/Nolick
PVC-Hit-

Lick/Nolick

Fig3. h
Linear Mix Model 

(fix:Nai-Exp, random: Mouse 
ID)

5.81E-02 34 1.07E-03 2.14E-03 Main-effect slope, Go,Delay (Nai Exp)

2x bonferroni 
correction 

(removing ramp 
cells)

6.60E-02 32 2.47E-04 4.95E-04
Main-effect slope, Go,Delay (RevNai 

RevExp)

Fig Method Statistics 
value df p bonferroni-

corrected p detail description notes

fig. S1c Signed-rank test 3.50E+01 1.56E-02 3.13E-02 Hit RT between naive and expert 
phase 

2x bonferroni 
correction

fig. S1f Signed-rank test 3.50E+01 1.56E-02 3.13E-02 Hit RT between naive and expert 
phase 

2x bonferroni 
correction

F (DFn, 
DFd)

DF P value

F (9, 81) = 
6.283

9 P<0.0001 NA Time x Group

F (3.559, 
32.03) = 

29.37
9 P<0.0001 NA Time

fig.S2f 2-way ANOVA



F (1, 9) = 
20.23

1 P=0.0015 NA Group

fig. S3c Chi-square 1.84E+01 3.57E-04 7.14E-04

Proportion of stimulus-responsive 
cell

in Aud-reward 1st in Initial 
learning

2x bonferroni 
correction

fig. S3c Chi-square 2.85E+01 2.80E-06 5.60E-06

Proportion of stimulus-responsive 
cell

in Aud-reward 1st in Reversal 
learning

2x bonferroni 
correction

fig. S3d Chi-square 1.75E+01 5.57E-04 1.11E-03
Proportion of stimulus-responsive 

cell
in Vis-reward 1st in Initial learning

2x bonferroni 
correction

fig. S3d Chi-square 1.20E+01 7.50E-03 1.50E-02

Proportion of stimulus-responsive 
cell

in Vis-reward 1st in Reversal 
learning

2x bonferroni 
correction

fig. S6c, left ks-test (2 sample) 1.24E-01 7.36E-02 2.21E-01

r value distributions between 
naive and expert phase

during the stimulus period in Hit 
trials, locmotion

3x bonferroni 
correction

fig. S6c, left ks-test (2 sample) 1.81E-01 1.73E-03 5.19E-03

r value distributions between 
naïve and expert phase

during the delay period in Hit 
trials, locomotion

3x bonferroni 
correction

fig. S6c, left ks-test (2 sample) 6.19E-02 8.04E-01 2.41E+00

r value distributions between 
naïve and expert phase

during the ITI period in Hit trials, 
locomotion

3x bonferroni 
correction

fig. S6c, right ks-test (2 sample) 1.33E-01 4.35E-02 1.30E-01

r value distributions between 
naïve and expert phase

during the stimulus period in Hit 
trials, locmotion

3x bonferroni 
correction

fig. S6c, right ks-test (2 sample) 1.33E-01 4.35E-02 1.30E-01

r value distributions between 
naïve and expert phase

during the delay period in Hit 
trials, locomotion

3x bonferroni 
correction

fig. S6c, right ks-test (2 sample) 7.14E-02 6.42E-01 1.93E+00

r value distributions between 
naïve and expert phase

during the ITI period in Hit trials, 
locomotion

3x bonferroni 
correction

fig. S6d, left ks-test (2 sample) 1.05E-01 1.88E-01 5.64E-01

r value distributions between 
naïve and expert phase

during the stimulus period in Hit 
trials

3x bonferroni 
correction

fig. S6d, left ks-test (2 sample) 1.57E-01 9.80E-03 2.94E-02

r value distributions between 
naïve and expert phase

during the delay period in Hit 
trials

3x bonferroni 
correction

fig. S6d, left ks-test (2 sample) 1.00E-01 2.32E-01 6.95E-01
r value distributions between 

naïve and expert phase
during the ITI period in Hit trials

3x bonferroni 
correction

fig. S6d, right ks-test (2 sample) 1.81E-01 1.73E-03 5.19E-03

r value distributions between 
naïve and expert phase

during the stimulus period in Hit 
trials

3x bonferroni 
correction

fig. S6d, right ks-test (2 sample) 8.10E-02 4.80E-01 1.44E+00

r value distributions between 
naïve and expert phase

during the delay period in Hit 
trials

3x bonferroni 
correction

fig. S6d, right ks-test (2 sample) 1.00E-01 2.32E-01 6.95E-01
r value distributions between 

naïve and expert phase
during the ITI period in Hit trials

3x bonferroni 
correction

fig.S2f 2-way ANOVA



fig. S6e, left signed-rank 8.49E+03 3.32E-03 9.96E-03 Delta of absolute r value during 
the stimulus period

3x bonferroni 
correction

fig. S6e, left signed-rank 5.96E+03 1.00E-08 3.00E-08 Delta of absolute r value during 
the delay period

3x bonferroni 
correction

fig. S6e, left signed-rank 1.08E+04 7.46E-01 2.24E+00 Delta of absolute r value during 
the ITI period

3x bonferroni 
correction

fig. S6e, right signed-rank 8.50E+03 3.47E-03 1.04E-02 Delta of absolute r value during 
the stimulus period

3x bonferroni 
correction

fig. S6e, right signed-rank 7.69E+03 1.24E-04 3.72E-04 Delta of absolute r value during 
the delay period

3x bonferroni 
correction

fig. S6e, right signed-rank 9.31E+03 4.44E-02 1.33E-01 Delta of absolute r value during 
the ITI period

3x bonferroni 
correction

fig. S6f, left signed-rank 1.12E+04 9.18E-01 2.75E+00 Delta of absolute r value during 
the stimulus period

3x bonferroni 
correction

fig. S6f, left signed-rank 9.74E+03 1.29E-01 3.86E-01 Delta of absolute r value during 
the delay period

3x bonferroni 
correction

fig. S6f, left signed-rank 9.78E+03 1.42E-01 4.25E-01 Delta of absolute r value during 
the ITI period

3x bonferroni 
correction

fig. S6f, right signed-rank 1.30E+04 3.22E-02 9.66E-02 Delta of absolute r value during 
the stimulus period

3x bonferroni 
correction

fig. S6f, right signed-rank 1.08E+04 7.71E-01 2.31E+00 Delta of absolute r value during 
the delay period

3x bonferroni 
correction

fig. S6f, right signed-rank 8.16E+03 9.40E-04 2.82E-03 Delta of absolute r value during 
the ITI period

3x bonferroni 
correction

fig. S6g, left Chi-square 5.56E+01 9.09E-14 1.82E-13

Frequency of lick and non-lick 
trial 

between naive and expert in initial 
learning

2x bonferroni 
correction

fig. S6g, right Chi-square 4.34E+01 4.36E-11 8.72E-11

Frequency of lick and non-lick 
trial 

between naive and expert in 
reversal learning

2x bonferroni 
correction

fig. S7
Linear Mix Model

 (fix:Nai-Exp, random: 
Mouse ID)

1.62E-02 45 3.18E-01 1.27E+00 Main-effect slope, Go,Stim 4x bonferroni 
correction

-1.96E-02 45 4.98E-02 1.99E-01 Main-effect slope, NoGo, Stim
Linear Mix Model

 (fix:RevNai-RevExp, 
random: Mouse ID)

2.55E-02 44 2.53E-02 1.01E-01 Main-effect slope, Go,Stim

-4.29E-03 44 6.87E-01 2.75E+00 Main-effect slope, NoGo, Stim

fig. S8
Linear Mix Model

 (fix:Nai-Exp, random: 
Mouse ID)

8.03E-02 45 9.89E-06 3.96E-05 Main-effect slope, Go,Delay 4x bonferroni 
correction

-1.10E-02 45 1.07E-01 4.28E-01 Main-effect slope, NoGo, Delay

Linear Mix Model
 (fix:RevNai-RevExp, 
random: Mouse ID)

6.88E-02 44 8.79E-06 3.52E-05 Main-effect slope, Go,Delay

-1.85E-02 44 2.21E-02 8.85E-02 Main-effect slope, NoGo, Delay

fig. S10d
Linear Mix Model

 (fix:Nai-Exp, random: 
Mouse ID)

1.52E-02 45 3.50E-01 1.40E+00 Main-effect slope, Hit,Stim 4x bonferroni 
correction

7.73E-04 40 9.35E-01 3.74E+00 Main-effect slope, FA, Stim
Linear Mix Model

 (fix:RevNai-RevExp, 
random: Mouse ID)

2.86E-02 43 9.31E-03 3.73E-02 Main-effect slope, Hit,Stim

9.81E-03 44 3.61E-01 1.45E+00 Main-effect slope, FA, Stim

fig. S11a
Linear Mix Model

 (fix:Nai-Exp, random: 
Mouse ID)

5.81E-02 34 1.07E-03 2.14E-03 Main-effect slope, Go,Delay (Nai 
Exp)

2x bonferroni 
correction 

(removing ramp 
cells)

6.60E-02 32 2.47E-04 4.95E-04 Main-effect slope, Go,Delay 
(RevNai RevExp)



fig. S11b
Linear Mix Model

 (fix:Nai-Exp, random: 
Mouse ID)

6.70E-02 34 1.69E-04 3.37E-04 Main-effect slope, Go,Delay (Nai 
Exp), random removal

2x bonferroni 
correction 
(randomly 

removing ramp 
cells)

7.24E-02 32 2.27E-05 4.55E-05
Main-effect slope, Go,Delay 

(RevNai RevExp), 
random removal

fig. S15c Chi-square Test 6.24E+00 4.41E-02 NA Uni-Aud, Pre:Post learning
Response cell 

fraction
4.61E+00 9.98E-02 NA Uni-Vis, Pre:Post learning

3.20E+00 2.02E-01 NA Multi-AudVis, Pre:Post learning

fig. S15d Rank sum test 1.38E+04 7.62E-10 1.52E-09 Uni-Aud-Exc, Pre:Post learning
2x bonferroni 

correction

1.50E+04 4.95E-20 9.90E-20 Uni-Aud-Inh, Pre:Post learning
2x bonferroni 

correction

1.13E+03 7.32E-08 1.46E-07 Uni-Vis-Exc, Pre:Post learning
2x bonferroni 

correction

6.51E+03 9.20E-04 1.84E-03 Uni-Vis-Inh, Pre:Post learning
2x bonferroni 

correction

1.87E+04 2.55E-06 5.10E-06 Multi-AudVis-Exc, Pre:Post learning
2x bonferroni 

correction

3.03E+04 1.44E-19 2.88E-19 Multi-AudVis-Inh, Pre:Post learning
2x bonferroni 

correction

fig. S15h  Rank sum test 9.31E+02 9.88E-06 1.98E-05
Uni-12kHz-Exc, 

Pre:Post learning
2x bonferroni 

correction

7.15E+02 5.69E-07 1.14E-06
Uni-12kHz-Inh, 

Pre:Post learning
2x bonferroni 

correction

NA NA NA
Uni-180deg-Exc, 
Pre:Post learning

n=4, 
sample too small 
for ranksum test

4.66E+02 1.04E-01 2.08E-01
Uni-180deg-Inh, 
Pre:Post learning

2x bonferroni 
correction

1.15E+03 4.98E-04 9.96E-04
Multi-12kHz180deg-Exc, 

Pre:Post learning
2x bonferroni 

correction

1.65E+03 8.01E-07 1.60E-06
Multi-12kHz180deg-Inh, 

Pre:Post learning
2x bonferroni 

correction
fig. S16 ks test (2-sample) 5.58E-02 8.51E-01 4.26E+00 D value, Uni-Aud: 4 kHz

4.29E-02 9.80E-01 4.90E+00 D value, Uni-Aud: 8 kHz
1.42E-01 1.67E-02 8.34E-02 D value, Uni-Aud: 12 kHz
1.63E-01 3.50E-03 1.75E-02 D value, Uni-Aud: 16 kHz
1.55E-01 6.71E-03 3.36E-02 D value, Uni-Aud: 20 kHz
2.10E-01 5.21E-05 2.09E-04 D value, Uni-Vis: 0 deg
1.63E-01 3.50E-03 1.40E-02 D value, Uni-Vis: 90 deg
1.37E-01 2.22E-02 8.87E-02 D value, Uni-Vis: 180 deg
1.63E-01 3.50E-03 1.40E-02 D value, Uni-Vis: 270 deg
6.01E-02 7.82E-01 3.91E+00 D value, Multi-Aud: 4 kHz
8.15E-02 4.06E-01 2.03E+00 D value, Multi-Aud: 8 kHz
8.58E-02 3.43E-01 1.71E+00 D value, Multi-Aud: 12 kHz
1.46E-01 1.24E-02 6.21E-02 D value, Multi-Aud: 16 kHz
1.16E-01 8.11E-02 4.06E-01 D value, Multi-Aud: 20 kHz

fig. S17c ks test (2-sample) 7.73E-02 4.75E-01 R-Multi-sensory vs R-Uni-sensory
all cells were 

included

5.62E-02 1.04E-01

Multi-sensory response 
distribution

(2d, x: Aud+Vis, y: index), 
pre vs post

all frequencies 
were mixed

fig. S17d
2-dimension K-S test (2-

sample)
9.57E-02 1.85E-01

Multi-sensory index distribution 
(2d, x:Aud, y: index), pre vs post

all frequencies 
were mixed

fig. S18 2-dimension K-S test (2-
sample) 5.62E-02 1.04E-01

Multi-sensory response 
distribution 

(2d, x: Aud+Vis, y: index),
 pre vs post

all frequencies 
were mixed

R-Pre-learning 
activity (idx: Pre) 

vs
R-Post-learning 
activity (idx: Pre)
R-Pre-learning 

activity (idx: Pre) 
vs

R-Post-learning 
activity (idx: Pre)
R-Pre-learning 

activity (idx: Pre) 
vs

R-Post-learning 
activity (idx: Pre)



fig. S19b Wilcoxon Rank Sum Test 1.18E+03 3.66E-10 1.10E-09
Intra-day, data:shuffle, modality 

decoding
3x bonferroni 

correction

1.54E+03 2.18E-11 6.54E-11
Pre-cross day, data:shuffle, modality 

decoding
3x bonferroni 

correction

5.00E+03 2.15E-08 6.45E-08
PrePostCrossDay, data:shuffle, 

modality decoding
3x bonferroni 

correction

fig. S19c Wilcoxon Rank Sum Test 1.18E+03 3.29E-10 9.88E-10
Intra-day, data:shuffle, frequency 

decoding
3x bonferroni 

correction

1.55E+03 6.51E-12 1.95E-11
Pre-cross day, data:shuffle, 

frequency decoding
3x bonferroni 

correction

5.27E+03 3.19E-12 9.58E-12
PrePostCrossDay, data:shuffle, 

frequency decoding
3x bonferroni 

correction

All signed-rank and rank-sum tests are 2-side test
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