
 



Supplementary Figure 1: Stimulation of AivVTA terminals does not have acute 

effects on song motor production., Related to Figure 2 (A) Spectrogram showing 

two syllables of song, Syllable B is targeted to receive premotor AivVTA laser stimulation 

on a random 50% of renditions throughout the day. (B) Same as in A but for feedback 

stimulation delivered 50 ms later. (C) Contour plot demonstrating the mean and 

standard deviation of pitch of syllable B on 50% of trials that receive laser stimulation 

(blue) and 50% of trials that do not receive laser stimulation (catch trials, gray). (D) 

Same as in C except for feedback stimulation. (E) Bar graph of mean CV pitch showing 

no significant changes with premotor AivVTA stimulation (n = 3 syllables, n = 3 birds, p = 

0.5268, paired t test). (F) Bar graph of mean CV pitch showing no significant changes 

with auditory feedback AivVTA stimulation (n = 3 syllables, n = 3 birds, p = 0.3873, paired 

t test).   



 



Supplementary Figure 2: Stimulation of VPVTA terminals does not have acute 

effects on song motor production., Related to Figure 2 (A) Spectrogram showing 

two syllables of song, Syllable B is targeted to receive premotor VPVTA laser stimulation 

on a random 50% of renditions throughout the day. (B) Same as in A but for feedback 

stimulation delivered 50 ms later. (C) Contour plot demonstrating the mean and 

standard deviation of pitch of syllable B on 50% of trials that receive laser stimulation 

(blue) and 50% of trials that do not receive laser stimulation (catch trials, gray). (D) 

Same as in C except for feedback stimulation. (E) Bar graph of mean CV pitch showing 

no significant changes with premotor VPVTA stimulation (n = 4 syllables, n = 4 birds, p = 

0.8247, paired t test). (F) Bar graph of mean CV pitch showing no significant changes 

with auditory feedback VPVTA stimulation (n = 4 syllables, n = 4 birds, p = 0.5996, paired 

t test).   

 

 

 





Supplementary Figure 3: Stimulation of LMAN can acutely effect song motor 

production., Related to Figure 3 (A) Spectrogram showing two syllables of song, 

Syllable B is targeted to receive premotor LMAN laser stimulation randomly on a subset 

of renditions throughout the day. (B) Contour plot demonstrating raw contours of 

syllable B on 50% of trials that receive laser (blue) and 50% of trials that do not receive 

laser (catch trials, gray) (orange histogram shows jitter in onset of laser with mean 

shown with triangle.) (C) Mean pitch and one standard deviation above and below on 

non-stimulation “catch” trials. Mean pitch on laser trials (blue) (D) Plot of standard 

deviation of pitch for no laser (black) and laser stimulation (blue) trials. (E) Z score 

change in mean frequency with laser stimulation (blue). (F) Bar graph of mean CV pitch 

showing small but significant decreases with laser stimulation (n = 5 syllables, n = 5 

birds, p = 0.0234, paired t test).  



  



Supplementary Figure 4: Sensitivity and specificity of online dual syllable 

detection for independent optical and auditory stimulus delivery., Related to 

Figure 3 (A) Schematic of dual syllable targeting optogenetic interference experiment, 

auditory feedback white noise is delivered in a pitch contingent fashion to syllable D 

while syllable C is used to trigger a laser on every trial to disrupt neural activity during a 

premotor production period relative to the production syllable D. (B) Schematic of dual 

syllable targeting optogenetic interference experiment: auditory feedback white noise is 

delivered in a pitch contingent fashion to syllable D while syllable C is used to trigger a 

laser on every trial to disrupt neural activity during a auditory feedback evaluation period 

relative to the production syllable D. (C) Spectrogram of song of bird used in LMAN (D) 

Contours of early trials (black) and late trials (red) on premotor jamming day, green box 

shows where pitch is measured.  Histogram of premotor laser stimulation timing mean 

onset is 49.3 ms prior to pitch measurement (green box), standard deviation is 9.3 ms. 

(E) Contours of first early trials (black) and late trials (red) on auditory feedback 

jamming day, green box shows where pitch is measured. Histogram of premotor laser 

stimulation timing mean onset is 5.6 ms after pitch measurement (green box), standard 

deviation is 10.5 ms.  

 

 



 



Supplementary Figure 5: Functional expression of ChR2 in Aiv and VP terminals 

in VTA and Stimulation of AivVTA, VPVTA does not significantly alter singing rate. 

Related to Figure 4,5 (A) Top, Laser Pulse delivery (blue). Bottom, 5 trials of recording 

showing raw activity of recorded VTA unit. (B) Top, Laser Pulse delivery (blue). Bottom, 

5 trials of recording showing raw activity of recorded VTA unit. (C) Top, raster plot of 

sorted spikes on each trial represented with a tick mark. Bottom, Peristimulus Time 

Histogram (PSTH) showing smoothed firing rate averaged across all trials 

demonstrating modulations in the firing rate of this VTA unit linked to Aiv terminal 

stimulation. (D) Top, raster plot of sorted spikes on each trial represented with a tick 

mark. Bottom, PSTH showing smoothed firing rate averaged across all trials 

demonstrating modulations in firing rate of this unit linked to VP terminal stimulation. (E) 

Plot of normalized number of “catch” syllable renditions (set at 5% of total trials) during 

each of 6 days of the experiment, 2 baseline days (B1, B2, black) and 4 stimulation 

days (L1, L2, L3, L4, blue), shaded regions indicates days where laser is delivered 

normalized by the average number of renditions sang by that bird over the six 

experimental days. (F) Same as in E, except for VPVTA Stimulation. (G) Bar graph of 

singing rate the average number of syllable renditions on two baseline days (gray) and 

four AivVTA laser stimulation days (blue) (n = 6 syllables, p = 0.786 paired t test) (H) 

Same as in E except for VPVTA laser stimulation (n = 7 syllables, p = 0.2145 paired t 

test). 

 

 



 



Supplementary Figure 6: Pitch-contingent optogenetic stimulation of Aiv and VP 

terminals in VTA drives syllable-specific changes in pitch., Related to Figure 4,5 

(A) Mean change in auROC of target syllable pitch, relative to B2, on B1 (baseline) 

and L4 (laser) (n = 6 syllables, n =4 birds, p= 0.000032, paired t test). Right, same 

but in control birds (Laser(control)) (green, GFP; gray, no injection, n = 4 syllables, 4 

birds; p = 0.1476, paired t test). (B) Mean change in auROC of target syllable pitch 

between B1 and B2 (Baseline), and B2 and L4 of VPVTA terminal stimulation in 

experimental birds (Laser) (n = 7 syllables, n = 6 birds, p= 0.000044, paired t test). 

Right, same but in control birds (Laser(control)) (green, GFP; gray, no injection, n = 4 

syllables, 4 birds; p = 0.4993, paired t test). (C) Absolute change in auROC of non-

targeted syllables for AivVTA stimulation as a function of milliseconds in song in distance 

from the target syllable (n = 17 non-targeted syllables from n = 4 birds). Negative 

numbers indicate that the syllable preceded the target syllable. Purple circle indicates 

the mean and S.E.M. of the absolute change in auROC of all AivVTA targeted syllables. 

All values shown as mean ± standard error of the mean (S.E.M.). (D) Absolute change 

in auROC of non-targeted syllables for VPVTA stimulation as a function of milliseconds in 

song from the targeted syllable (n = 18 non-targeted syllables from n = 4 birds). 

Negative numbers indicate that the syllable preceded the target syllable. Purple circle 

indicates the mean and S.E.M. of the absolute change in auROC of all VPVTA targeted 

syllables. All values shown as mean ± standard error of the mean (S.E.M.). (E) Boxplot 

of change in auROC of non-targeted syllables before the targeted syllable (Pre Non-

Targeted), targeted syllables (Targeted, magenta), and non-targeted syllables after the 



targeted syllable (Post Non-Targeted) with AivVTA stimulation. (F) Same as E except for 

VPVTA stimulation. 



  



Supplementary Figure 7: Anatomy and diagram of actor-critic circuit in the 

songbird., Related to Figure 7 (A) Left, Overlay section of zebra finch brain with 

fluorescence in situ probe against VGLUT2 (red) and VGAT (green), scale bar 1 mm. 

Top right, same section with only VGLUT2 (red) channel. Bottom right, same section 

with only VGAT (green) channel. (B) Left, overlay of arcopallial section of zebra finch 

brain with CTB injection into VTA (red) and VP (green), scale bar 200 µm. Top right, 

same section with only AivVTA (red) channel. Bottom right, same section with only AivVP 

(green) channel.  



 



Supplementary Figure 8: Circuit Models of Pitch Learning., Related to Figure 8 (A) 

Schematic of activity in songbird vocal learning circuit on “error” renditions that received 

noise. (E) Schematic of activity in songbird vocal learning circuit on successful 

renditions that escape noise. (C) TD error model wherein Aiv is a “fixed” critic conveying 

negative reward (vocal error) and VP is an “adaptive” critic conveying an expectation. 

These two signals are combined within the local VTA network to compute a TD error. 

(D) A hypothetical “actor-critic” circuit architecture that may support vocal learning (with 

inspiration from (Takahashi et al., 2008, Chen et al., 2019). 



Supplementary Table 1: VGLUT2 and VGAT Probe Sequence., Related to Figure 7 

 

 


