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Supplementary Figure 1: Stimulation of Aivvraterminals 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 Aivvralaser 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 Aivvra stimulation (n = 3 syllables, n = 3 birds, p = 0.3873, paired

t test).
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Supplementary Figure 2: Stimulation of VPvra 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 VPvra 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 VPvra 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 VPvra stimulation (n = 4 syllables, n = 4 birds, p = 0.5996, paired

t test).
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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).
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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.



VP-VTA

Aiv-VTA

Laser

Laser

Laser

Laser

Laser

)

r u

T

L
| AL Bt I et

okl dddohalodd,

-

LoLLLll L Ly Ll ]

T

T

) L

dnrlrliael

|

Ll

|

L M

i

i ke i

bl

WL (O I I |

]
1
]
1
]
! 1
200 ms

Laser
4
gt
|
)

Laser

- N 9 %N T 0 % N o
—

=} = o

8 &
(zH) @y Buulg

- -

suonipusy a|qe|iAg pazilewioN

.
'
200 ms

Laser Laser

Laser

S 0 =]
- i L

o o o o

[0 (zH) a1ey Bulig R A_..
c o o
SUONIPUSY BIGBIIAS POZIfEULION

_.
N @ © N
hai

- =

1]

02}

L4

L3

L2

L1

B2

B1

L4

L3

L2

L1

B2

Day

o o O
& ¥ § °

Stimulation Days

Baseline Days

Stimulation Days

Baseline Days

a

=4

o o 0 o o o o

N O 0O © T N O m % m m ©
N N - - - -

(Aeq 1od sbuog jo Jaquinn uespy) ajey builbuig



Supplementary Figure 5: Functional expression of ChR2 in Aiv and VP terminals
in VTA and Stimulation of Aivvra, 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 VPvra Stimulation. (G) Bar graph of
singing rate the average number of syllable renditions on two baseline days (gray) and
four Aivvra laser stimulation days (blue) (n = 6 syllables, p = 0.786 paired t test) (H)
Same as in E except for VPvra laser stimulation (n = 7 syllables, p = 0.2145 paired t

test).
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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 VPvra 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 Aivvtatargeted syllables.
All values shown as mean + standard error of the mean (S.E.M.). (D) Absolute change
in auROC of non-targeted syllables for VPvra 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 VPvra 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 um. Top right,
same section with only Aivvta (red) channel. Bottom right, same section with only Aivve

(green) channel.
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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

VGLUT2 getgggatte tggtgcaata tactgggtgg tettetgtgt tetatgtata tgggagettt
gotatagtet ggtacatgtt ttggettitg gtttcatatg agagteetge aaageatect
acaattacag atgaagaaag gagatacata gaagaaagca ttggagagag tgccaaccte
ctaggtgcaa tggaaaaata caaaacacca tggagaaaat tttttacatc tatgccagte
tatgcaataa tagttgcaaa cttctgtaga agetggactt tttacttget getaattagt
cagcctgett actttgagga agtgtttgga tttgaaataa gecaaggtggg tattttatct
getgtgecac atttagtgat gacaattatt gttectattg ggggacaaat tgecgacttt
ttaagaagca ggcagattgt ttcaacgact aatgtgagaa agataatgaa ctgtggaggt
tttggtatgg aagcaactct tettetggtg gtggoatatt cacacagcaa aggagtggct
atttcattct tagtgettge tgtaggcttt agtggatttg ccatatctgg attcaatgtc
aaccatttag acattgcccce aaggtatget ageattttaa tggggatttc taatggagte
ggoaccttgt ctggaatggt ttgeectata attgttggag caatgacaaa gaacaagaca
cgtgaagaat ggcagtatgt cttcctcatt getgetttag tecattatgg aggtgtgate
ttctatggca tatttgcttc accctatagt gagicgtatt acgcgeg

VGAT ccaacgcecal ccaggggatg ttigtictgg geetgeecta tgecatectt cacggtggat
acctaggact ctttttaata attttcgetg cagtggtttg ctgctacact gggaaaatcc
ttattgecetg tetttacgaa gagaatgagg atggggagat agtcagggtg agagactect
acgtggacat tgegaacgeg tgetgegege ceegettece cacecteggg ggcagaattg
tcaacgtggc tcagatcatt gaactggtca tgacctgeat cetetatgtg gtggtcagtg
ggaacctgat gtacaacagc ttccccaacc tgeecgtcte ccagaagteg tggtecatca
ttgccacgge agtgcetectg cettgtgegt tettgaagaa cctcaaggea gtetccaagt
tcagettgcet ctgeacatta geccactttg tcatcaacat cetggtgate gectactgece
tctccagggce gegegactgg gectgggaca aagtcaagtt ttacattgat gtcaagaagt
ttcccatcte cattggeate attgtcttca getacaccte ccagatcttt ctgecttect
tggagggoaa catgcagaac cccaaggagt ttcactgeat gatgaactgg actcacatag
cagcttgeat ccttaaggga ctetttgeet tggtcgecta cetgaccetgg getgatgaga
ccaaggaggt cattacagac aacttgccat ccaccattag ggcagtagtc aatattttct
tggtggccaa agecttgete tegtaccect tgeegttett tgcagetgta gaagtectgg
agcgatccct tttccaagat ggaaacaggg ctttcttcce caactgetat gggggtgacg
ggcggctcaa atcctgggea ctcaccctea gatgtgecct ggtagttttc accctgetca
cectatagtg agicgtatta cgcgeg

Bold and italic sequence: T7 binding site



