':',..‘ eLife RESEARCH ARTICLE a @

0,‘0

Figures and figure supplements

Control of adaptive action selection by secondary motor cortex during flexible
visual categorization

Tian-Yi Wang et al

Wang et al. eLife 2020;9:€54474. DOI: https://doi.org/10.7554/eLife.54474 10of 34


https://doi.org/10.7554/eLife.54474
https://creativecommons.org/
https://creativecommons.org/
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
http://en.wikipedia.org/wiki/Open_access
http://en.wikipedia.org/wiki/Open_access

L]
ELlfe Research article Neuroscience

A Precue delay  Visual Stimulus “Go” signal Choice B Low boundary High boundary
) (SF1 & SF4: 90% of trials) (SF4 & SF7: 90% of trials)
1 ( 1 ( A
! = low SF1 ’III —s | atleft SF1 II' — ) atleft
\ [}
High SF ;

Nosein [~ 200ms — SF4 — | atright SF4 ‘ — | atleft
center |
500 ms

_| boundary

Visual stimulus
“Go” signal [ I high SF7 |||||||| — | atright SF7 ||||||| — | atright

boundary

e | AN J J
Nose in side 0 or 4 s timeout
C D E 70
~
%}
. . . . . . . _0 65 |
00— 1= 1 —p 1= 00— rIrnap T N g
_— 1 1 1 1 || 1 1 1 s ' ) ) ' | ) s [ I i ]
& 1 ' 1 1 1 1 1 ﬂ B r | [ u | i -U.L ' i ' 2 o) ¥ ts N
Z 80 [ L N N zesor o |, Yo ) 2
= 1 ] 1 1 1 1 1 ] = 1 | 1 ' 1 1 U =
3 I B o TR PR 2 0 N Fte koa | B s 45 s 7800
Baol ¢ b fy oy o]l —s7 | Beot [T U AMAR ]
g F=---t--{---1-F-4----rq4--f---1-fF------ SF4 g‘ MNP JRPRY | N By [ L (IRR1 S 1Y . F §1°'
2 1 | 1 ] 1 ] 1 | © I | 1 | 1 | | 245 L
S 40 . | . | . | . | — SF1 o 40 ' | ] | | i | 3
< < | | ) I ' | ' | @ 3 3
1 | 1 | ] | 1 | I + ' | ! I | ' ! 58
£ 50 1 | 1 | L { 1 | :uEn - | | i | | I i | a_|s 3
= 1 | [ | I | 1 | o - ' | " | i | 5Tk
< L L | 1 1 | - L A k ; ] | | i % 6 L i [ s
h || 1 | 1 ' II 1 ln! ] \ ' | = L] [
0 : . i LA LA | L S 5 P | 2
0 100 200 300 400 500 0 100 200 300 400 500 123456780910
Trial number Trial number Mouse
Stable  Switching
100 1 0.14 100 period period
= L g + 41 S
= ¥ 013 |
280 I a 80
E % L L —] Q
2 g 012 21 £l
g 60 [ Jg 011 | ED 60 qé
5 [ e 321
S | 3 010 | [4 | 2
240 < 0,095 | - $ %0 =
= r —— Low boundary 9 0.09 | g r Original data = 1
220 — High boundary [ g 0.08 = 20 —— Fitted curve | | |
L (S i L
. . . \ 0.07 L . 0 i g fEY ¢ % opo5 9omo§o5 05 pog 0 | | | I I
0.03 0.044 0.065 0.095 0.139 0.204 0.3 Low bound High bound -15-10-5 0 5 101520 2530 354045 50 55 60 65 3 4 5 6 7 8 9 10 11
Spatial frequency (cyc/deg, log scale) Number of trials after switch Number of trials to reverse choice

Figure 1. Flexible visual categorization task. (A) Schematic of the task and timing of behavioral events. (B) Visual stimuli and categorical boundaries.
Each session consisted of alternating low-boundary and high-boundary blocks, the order of which was counterbalanced across sessions. For low-
boundary blocks, SF1 and SF4 were presented for 90% of trials; for high-boundary blocks, SF4 and SF7 were presented for 90% of trials. (C and D)
Performance of one example mouse for SF1 (0.03 cycles/?), SF4 (0.095 cycles/?) and SF7 (0.3 cycles/®) in two different sessions. For each trial, the
probability of right choice was computed over the previous 15 trials. H, high-boundary block; L, low-boundary block. (E) Number of trials per block for
each mouse. (F) Number of switches per session for each mouse. (G) Psychometric curves from low-boundary and high-boundary blocks for an example
mouse (data from 11 sessions). (H) Comparison of internal decision boundary between blocks for a population of mice. p=2 x 1073, n = 10 mice,
Wilcoxon signed rank test. (l) Performance for the reversing stimulus before and after the boundary switch for an example mouse. The curve is an
exponential fit of the data after the boundary switch. (J) Distribution of the number of trials to reverse choice, which was the number of trials for the
correct rate of reversing stimulus to reach 50% after the boundary switch. n = 10 mice. Error bar,+ SEM. See Figure 1—source data 1-2 for complete
statistics.
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Figure 2. Behavioral strategies revealed by computational modelling. (A) Schematic of the dynamic DC model, in which the DC was updated on a trial-
by-trial basis according to choice outcome history (o1 and 02) or sensory history (y2). (B) Model parameters for the stable period. (C) Model parameters
for the switching period. (D) Comparison of parameters important for the update of DC between the stable and the switching periods. *p<0.05,

**p<0.01, n = 10 mice, Wilcoxon signed rank test. See Figure 2—source data 1 for complete statistics.
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Figure 3. Comparison of cross-validated likelihood among different models. (A) CV likelihood of different variants of the dynamic-DC model for the
stable period. For each of the reduced model variants (model 2 — model 7), we compared the CV likelihood with that of the full model. Dashed line, the
CV likelihood averaged across 10 mice for the full model. (B) CV likelihood of different variants of the dynamic-DC model for the switching period.
Similar to that described in (A). (C) Parameters of the RL model for the stable period. (D) Parameters of the RL model for the switching period. (E)
Comparison of CV likelihood between the RL model and model 4 of the dynamic-DC model for the stable period. p=0.32, Wilcoxon signed rank test.
Figure 3 continued on next page
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(F) Comparison of CV likelihood between the RL model and model 4 of the dynamic-DC model for the switching period. p=2 x 1073, Wilcoxon signed
rank test. (G) Best model frequency (number of mice a model being the best model) for each model in the stable period. (H) Best model frequency for
each model in the switching period. (I) Parameters of model four in the stable period. (J) Parameters of model four in the switching period. (K)
Correlation between sensory history parameter y2 (model 4) in the switching period and the number of trials to reverse choice. *p<0.05, **p<0.01,

n = 10 mice, Wilcoxon signed rank test. Error bar,+ SEM. For more details, see Figure 3—figure supplements 1-7. See Figure 3—source data 1-
3 for complete statistics.
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Figure 3—figure supplement 1. Comparison of cross-validated likelihood among different models that were fitted to data in all trials. (A) Parameters
of model 1. (B) Parameters of model 4. (C) Parameters of the RL model. (D) CV likelihood of different variants of the dynamic-DC model. For each of the
reduced model variants (model 2 - model 7), we compared the CV likelihood with that of the full model. Dashed line, the CV likelihood averaged
across 10 mice for the full model. (E) Comparison of CV likelihood between the RL model and model 1 of the dynamic-DC model. p=0.004, Wilcoxon
signed rank test. (F) Comparison of CV likelihood between the RL model and model 4 of the dynamic-DC model. p=0.002, Wilcoxon signed rank test.
(G) Best model frequency (number of mice a model being the best model) for each model. *p<0.05, **p<0.01, n = 10 mice, Wilcoxon signed rank test.
Error bar,= SEM. See Figure 3—source data 4 for complete statistics.
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Figure 3—figure supplement 2. Model simulation for model 1 and model four using the parameters of the model fitted to data in all trials. (A)

Neuroscience

Simulated performance for the reversing stimulus in trials before and after the boundary switch for model 1 (left) and model 4 (right), using the model

Figure 3—figure supplement 2 continued on next page
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Figure 3—figure supplement 2 continued
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parameters of an example mouse. (B) Comparison of the number of trials to reverse choice between the simulated data and the actual data (n = 10
mice). Left, model one was simulated. Right, model four was simulated. (C) Simulated psychometric curves for model 1 (left) and model 4 (right), using
the model parameters of an example mouse. The orange and green curves are curve fits for the original data. (D) Comparison of the decision boundary
between the simulated data and the actual data (n = 10 mice). Left, model one was simulated. Right, model four was simulated. **p<0.01, Wilcoxon
signed rank test. See Figure 3—source data 5 for complete statistics.
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Figure 3—figure supplement 3. Simulated and actual performance for stimuli at SFs lower or higher than the SF of reversing stimulus. (A) Performance
of simulated data produced by model 1, using model parameters of the 10 mice in Figure 1. Left, low-boundary block. Right, high-boundary block. SF4
indicates the reversing stimulus. SF1 and SF7 indicate the lowest and the highest SF, respectively. (B) Performance of simulated data produced by
model 4, using model parameters of the 10 mice in Figure 1. Left, low-boundary block. Right, high-boundary block. (C) Actual performance for the 10

mice in Figure 1. Left, low-boundary block. Right, high-boundary block. See Figure 3—source data 5 for complete statistics.
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Figure 3—figure supplement 4. Parameter recovery for model 1 and model 4, using parameters of the model fitted to data in all trials. (A-E)
Parameter recovery for a1, a2, B, y1 and y2 in model 1. (F-H) Parameter recovery for B, y1 and y2 in model 4. The original parameters were from model
1 (or model 4) fitted to data in all trials for the 10 mice in Figure 1. Values along the identity line indicate good agreement between simulated and
original parameters. See Figure 3—source data 6 for complete statistics.
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Figure 3—figure supplement 5. Parameter recovery for model 1 and model 4, using parameters of the model fitted separately to choices in switching
and stable periods. (A-E) Parameter recovery for a1, a2, B, y1 and y2 in model 1. Blue, stable period. Green switching period. (F-H) Parameter recovery
for B, y1 and y2 in model 4. The original parameters were from model 1 (or model 4) fitted separately to choices in switching and stable periods for the
10 mice in Figure 1. Values along the identity line indicate good agreement between recovered and original parameters. See Figure 3—source data 6

for complete statistics.
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Figure 3—figure supplement 6. Parameter recovery for model 1 and model 4, using a wide range of model parameters for the switching and stable
periods. (A-E) Parameter recovery for a1, a2, B, y1 and y2 in model 1. Blue, stable period. Green switching period. (F-H) Parameter recovery for 8, y1
and y2 in model 4. Values along the identity line indicate good agreement between recovered and original parameters. See Figure 3—source data 6
for complete statistics.
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Figure 3—figure supplement 7. Comparison of right choice bias between two types of sensory history. (A) Right
choice bias in the stable period. (B) Right choice bias in the switching period. Prev low, low-frequency stimulus in
the previous trial (i.e., previous-trial SF was lower than the reversing stimulus SF). Prev high, high-frequency
stimulus in the previous trial (i.e., previous-trial SF was higher than the reversing stimulus SF). **p<0.01, n = 10
mice, Wilcoxon signed rank test. See Figure 3—source data 7 for complete statistics.
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Figure 4. Bilateral inactivation of M2 impairs adaptive action selection in the switching period. (A) Representative fluorescence images showing the
expression of AAV2/9-hSyn-hM4D-mCitrine in M2. (B) Firing rates of M2 neurons before and after CNO injection. Upper row, firing rates for 24 neurons
Figure 4 continued on next page
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Figure 4 continued

recorded from one mouse (bar plot, mean firing rates 0-20 min before and 40-120 min after CNO injection). Lower row, firing rates for 14 neurons
recorded from another mouse (bar plot, mean firing rates 0-20 min before and 40-100 min after CNO injection). The two vertical dashed lines indicate
the time points corresponding to the start and end of a behavioral session, respectively. (C) Comparison of performance in the stable period between
saline and CNO sessions. Left, correct rate for the reversing stimulus; right, response latency for the reversing stimulus. (D) Comparison of performance
in the switching period between saline and CNO sessions, similar to that described in (C). (E) Parameters of the dynamic-DC model in the stable
period. Left, model 1; right, model 4 (a1 = 0 and 0.2 = 0). (F) Parameters of the dynamic-DC model in the switching period. Left, model 1; right, model
4. (G) Comparison of DC curves in the stable period between saline and CNO sessions. Left, model 1; right, model 4. (H) Comparison of DC curves in
the switching period between saline and CNO sessions. Left, model 1; right, model 4. *p<0.05, ***p<0.001. Wilcoxon signed rank test for (B). Two-way
repeated measures ANOVA followed by Sidak’s multiple comparisons test for (C and D). Two-way repeated measures ANOVA for (G and H). Data in
(C—H) were from n = 10 mice. Shading and error bar,= SEM. For more details of the effect of chemogenetic manipulation, see Figure 4—figure
supplements 1-7. See Figure 4—source data 1-5 for complete statistics.
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Figure 4—figure supplement 1. Effect of M2 inactivation on behavioral performance. (A and B) Performance for the reversing stimulus before and
after boundary switch for two example mice. The curves are exponential fit of the data after the boundary switch. Blue, saline sessions. Red, CNO
sessions. (C) Psychometric curves averaged over all mice (n = 10) for low- and high-boundary blocks, respectively. Solid curves, saline sessions. Dashed

curves, CNO sessions.
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Figure 4—figure supplement 2. Effect of CNO injection on the performance of EGFP-expressing control mice. (A) Representative fluorescence image
showing the expression of AAV2/8-CamKlla-EGFP-3Flag-WPRE-SV40pA in M2. (B) Correct rate for the reversing stimulus in saline vs CNO sessions. Left,
stable period; right, switching period. (C) The difference of decision boundary in saline vs CNO sessions. (D) Upper, number of trials per block in saline
vs CNO sessions. Lower, number of switches per session in saline vs CNO sessions. (E) Comparison of model parameters in the stable period between
saline and CNO sessions. Left, full model; right, model 4 (a1 = 0 and a2 = 0). (F) Comparison of model parameters in the switching period between
saline and CNO sessions. Left, full model; right, model 4. n = 13 mice, Wilcoxon signed rank test. See Figure 4—source data 2 for complete statistics.
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Figure 4—figure supplement 3. M2 inactivation did not affect the performance for non-reversing stimuli (A), number of trials per block (B), number of
switches per session (C) or the distance between internal decision boundaries (D). n = 10 mice, Wilcoxon signed rank test. See Figure 4—source data
1 for complete statistics.
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Figure 4—figure supplement 4. Effect of M2 inactivation on sensory history-dependent right choice bias. To
compute the difference in right choice bias, the right choice bias for a previous low-frequency stimulus was
subtracted by the right choice bias for a previous high-frequency stimulus. n = 10 mice, Wilcoxon signed rank test.
See Figure 4—source data 1 for complete statistics.
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Figure 4—figure supplement 5. Parameter recovery for model 1 and model 4, using parameters of the model fitted separately to data in saline
sessions and in CNO sessions. (A-E) Original and recovered parameters of model one for the stable period. Blue, saline sessions. Red, CNO sessions.
(F-J) Original and recovered parameters of model one for the switching period. (K-M) Original and recovered parameters of model four for the stable
period. (N-P) Original and recovered parameters of model four for the switching period. *p<0.05, n = 10 mice, Wilcoxon signed rank test. See

Figure 4—source data 3 for complete statistics.
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Figure 4—figure supplement 6. Effect of mPFC inactivation on behavioral performance. (A) Representative fluorescence image showing the
expression of AAV2/9-hSyn-hM4D-mCitrine in mPFC. (B) Comparison of correct rate for the reversing stimulus between saline and CNO sessions. Left,
stable period; right, switching period. (C) The difference of decision boundary in saline vs CNO sessions. (D) Upper, number of trials per block in saline
vs CNO sessions. Lower, number of switches per session in saline vs CNO sessions. (E) Comparison of model parameters in the stable period between
saline and CNO sessions. Left, model 1; right, model 4. (F) Comparison of model parameters in the switching period between saline and CNO sessions.
Left, model 1; right, model 4. n = 13 mice. Wilcoxon signed rank test. See Figure 4—source data 4 for complete statistics.
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Figure 4—figure supplement 7. Effect of OFC inactivation on behavioral performance. (A) Representative fluorescence image showing the expression
of AAV2/9-hSyn-hM4D-mCitrine in OFC. (B) Comparison of correct rate for the reversing stimulus between saline and CNO sessions. Left, stable period;
right, switching period. (C) The difference of decision boundary in saline vs CNO sessions. (D) Upper, number of trials per block in saline vs CNO
sessions. Lower, number of switches per session in saline vs CNO sessions. (E) Comparison of model parameters in the stable period between saline
and CNO sessions. Left, model 1; right, model 4. (F) Comparison of model parameters in the switching period between saline and CNO sessions. Left,
model 1; right, model 4. n = 9 mice. Wilcoxon signed rank test. See Figure 4—source data 5 for complete statistics.
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Figure 5. Correlation between choice preference and previous-stimulus preference for M2 neurons. (A) Spike raters of an example M2 neuron in 20
reversing-stimulus trials, grouped by left or right choice. The two vertical dashed lines indicate the time of stimulus onset and ‘Go’ signal onset,
respectively. (B) Spike raters of another example M2 neuron in 20 reversing-stimulus trials, grouped by previous stimulus (previous low or previous high
SF). (C) PSTHs of the M2 neuron in (A) in correct reversing-stimulus trials, grouped by left or right choice. (D) PSTHs of the M2 neuron in (B) in correct
reversing-stimulus trials, grouped by previous stimulus (previous low or previous high SF). (E) Frequency histogram of left-choice and right-choice
responses from the M2 neuron in (A) in correct trials. (F) Frequency histogram of previous-low-frequency and previous-high-frequency responses from
the M2 neuron in (B) in correct trials. (G) Frequency histogram of left-choice and right-choice responses from the M2 neuron in (A) in wrong trials. (H)
Frequency histogram of previous-low-frequency and previous-high-frequency responses from the M2 neuron in (B) in wrong trials. (I) ROC curves for the
two pairs of response distributions illustrated in (E) and (G), respectively. (J) ROC curves for the two pairs of response distributions illustrated in (F) and
Figure 5 continued on next page
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(H), respectively. (K) Left-right choice preference in correct and wrong trials was significantly correlated. n = 113 neurons. Upper, stable period; lower,
switching period. (L) Left-right choice preference and previous-stimulus preference were significantly correlated in correct trials. n = 72 neurons. Upper,
stable period; lower, switching period. (M) Left-right choice preference and previous-stimulus preference were not significantly correlated in wrong
trials. n = 72 neurons. Upper, stable period; lower, switching period. r, Pearson’s correlation coefficient. Shading in (C and D), + SEM. See Figure 5—
figure supplements 1-7 for more details of the recording and data analysis. See Figure 5—source data 1 for complete statistics.
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Figure 5—figure supplement 1. Electrophysiological recordings from M2. (A) Verification of M2 recording site. Arrow shows electrolytic lesion made
after the final recording session. (B) Left, example of spike waveforms. Right, single units were identified using cluster analysis of principle component
amplitudes. (C) Responses of two example M2 neurons to different SFs. See Figure 5—source data 1 for complete statistics.
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Figure 5—figure supplement 2. Model fitting for the behavioral
variants of the dynamic-DC model for the stable period. For each

Figure 5—figure supplement 2 continued on next page

data of mice used for electrophysiological recordings. (A) CV likelihood of different
of the reduced model variants (model 2 — model 7), we compared the CV likelihood
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with that of the full model. Dashed line, the CV likelihood averaged across 11 mice for the full model. (B) CV likelihood of different variants of the
dynamic-DC model for the switching period. Similar to that described in (A). (C) Parameters of the RL model for the stable period. (D) Parameters of the
RL model for the switching period. (E) Comparison of the CV likelihood between the RL model and model 4 of the dynamic-DC model for the stable
period. (F) Comparison of the CV likelihood between the RL model and model 4 of the dynamic-DC model for the switching period. (G) Best model
frequency (number of mice a model being the best model) for each model in the stable period. (H) Best model frequency for each model in the
switching period. () Left and middle, parameters of the dynamic-DC model (model 1 and model 4) in the stable period. Right, curve of DC value
(model 4) in the stable period. (J) Left and middle, parameters of the dynamic-DC model (model 1 and model 4) in the switching period. Right, curve of

DC value (model 4) in the switching period. *p<0.05, **p<0.01, n = 11 mice, Wilcoxon signed rank test. Error bar,+ SEM. See Figure 5—source data 2
for complete statistics.
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Figure 5—figure supplement 3. Comparison of right choice bias between two types of sensory history for mice
used for electrophysiological recordings. (A) Right choice bias in the stable period. (B) Right choice bias in the
switching period. Prev low, low-frequency stimulus in the previous trial (i.e., previous-trial SF was lower than the
reversing stimulus SF). Prev high, high-frequency stimulus in the previous trial (i.e., previous-trial SF was higher
than the reversing stimulus SF). **p<0.01, n = 11 mice, Wilcoxon signed rank test. See Figure 5—source data 2
for complete statistics.
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Figure 5—figure supplement 4. Choice preference and previous-stimulus preference for M2 neurons recorded from the left and right hemispheres. (A)
Left-right choice preference in correct trials. Upper, stable period; lower, switching period. (B) Previous-stimulus preference in correct trials. Upper,
stable period; lower, switching period. (C) Left-right choice preference in wrong trials. Upper, stable period; lower, switching period. (D) Previous-
stimulus preference in wrong trials. Upper, stable period; lower, switching period. Left hemisphere, n = 44 neurons; right hemisphere, n = 28 neurons.

Wilcoxon rank sum test. See Figure 5—source data 3 for complete statistics.
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Figure 5—figure supplement 5. The correlation between choice preference and previous-stimulus preference in
correct trials for M2 neurons in left and right hemispheres, respectively. (A) Left-right choice preference and
previous-stimulus preference were significantly correlated in correct trials for n = 44 neurons from left hemisphere.
Left, stable period; right, switching period. (B) Left-right choice preference and previous-stimulus preference were
significantly correlated in correct trials for n = 28 neurons from right hemisphere. Left, stable period; right,
switching period. r, Pearson’s correlation coefficient. See Figure 5—source data 3 for complete statistics.
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Figure 5—figure supplement 6. Sliding window analysis of the correlation between choice preference and previous-stimulus preference for correct
trials. (A and B) Correlation coefficient between the preference for choice in current trial and the preference for stimulus in last trial. (A) Stable period.
(B) Switching period. n = 72 neurons. (C and D) Correlation coefficient between the preference for choice in current trial and the preference for stimulus
in the trial before last. (C) Stable period. (D) Switching period. Time O is the time of “Go" signal onset, and -700 ms is the time of central port entry. *
marks the time bins with significant correlation coefficient (p < 0.05). See Figure 5—source data 4 for complete statistics.
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Figure 5—figure supplement 7. Choice preference (ipsilateral vs contralateral) was not significantly correlated
with preference for previous stimulus (low-frequency vs high-frequency) for M2 neurons. (A) Correct trials in the
stable period (left) and the switching period (right). (B) Wrong trials in the stable period (left) and the switching
period (right). The ipsilateral-contralateral choice preference was computed using the responses of ipsilateral and
contralateral choices. n = 72 neurons. r, Pearson’s correlation coefficient. See Figure 5—source data 1 for

complete statistics.
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Figure 6. M2 neurons encode upcoming choice and previous stimulus more accurately in the switching than in the stable period. (A) Prediction
accuracy for upcoming choice in response to the reversing stimulus. n = 1500 resampled datasets, 113 neurons. (B) Prediction accuracy for stimulus in

Figure 6 continued on next page
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Figure 6 continued
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previous trial. n = 1500 resampled datasets, 72 neurons. (C-H) Temporal dynamics of decoding accuracy. Time O is the time of ‘Go’ signal onset, and
—700 ms is the time of central port entry. (C—E) Prediction accuracy for upcoming choice in response to the reversing stimulus. (F—H) Prediction
accuracy for stimulus in previous trial. For (A and B), ****, p<1.0 x 107, Wilcoxon rank sum test. For (C=H), * marks the time bins with p<0.05, two-way
ANOVA followed by Sidak’s multiple comparisons test. See Figure 6—source data 1 for complete statistics.
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