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Dopaminergic error signals retune to social 
feedback during courtship

Andrea Roeser1,3, Vikram Gadagkar1,2,3 ✉, Anindita Das1, Pavel A. Puzerey1, Brian Kardon1 & 
Jesse H. Goldberg1 ✉

Hunger, thirst, loneliness and ambition determine the reward value of food, water, 
social interaction and performance outcome1. Dopamine neurons respond to rewards 
meeting these diverse needs2–8, but it remains unclear how behaviour and dopamine 
signals change as priorities change with new opportunities in the environment. One 
possibility is that dopamine signals for distinct drives are routed to distinct dopamine 
pathways9,10. Another possibility is that dopamine signals in a given pathway are 
dynamically tuned to rewards set by the current priority. Here we used electrophysiology  
and !bre photometry to test how dopamine signals associated with quenching thirst, 
singing a good song and courting a mate change as male zebra !nches (Taeniopygia 
guttata) were provided with opportunities to retrieve water, evaluate song performance  
or court a female. When alone, water reward signals were observed in two mesostriatal 
pathways but singing-related performance error signals were routed to Area X, a striatal 
nucleus specialized for singing. When courting a female, water seeking was reduced 
and dopamine responses to both water and song performance outcomes diminished. 
Instead, dopamine signals in Area X were driven by female calls timed with the 
courtship song. Thus the dopamine system handled coexisting drives by routing vocal 
performance and social feedback signals to a striatal area for communication and by 
"exibly re-tuning to rewards set by the prioritized drive.

Motivated behaviours are organized around objectives defined by 
an animal’s need1. For example, thirsty or hungry animals approach 
and learn from water- or food-predicting cues, in part due to reward 
prediction error (RPE) signalling by mesostriatal dopamine neurons2,3. 
Dopamine prediction error signals have also been observed in response 
to social and motor performance outcomes, supporting the general-
ity of dopamine reinforcement mechanisms across a wide range of 
behaviours4–8; yet it remains unclear how phasic dopamine signals can 
evaluate outcomes in complex and natural conditions where an animal 
may weigh multiple objectives at once9,11. For instance, it is unknown 
how an animal that is thirsty, sexually motivated and actively practicing 
motor performance weighs its responses. One possible solution is that 
brainwide signals, including mesostriatal dopamine responses, are 
dynamically modulated according to current priorities12. For example, 
dopamine responses to water cues would retune to social outcomes if 
an animal prioritizes courtship over thirst. A mutually inclusive possibil-
ity is that different mesostriatal dopamine pathways are anatomically 
segregated to signal outcomes according to distinct objectives9,10,13. 
This idea would predict that dopamine responses to social outcomes 
would not be globally broadcast14–16, but instead specifically routed to 
striatal areas dedicated to social communication.

To test whether dopamine signals are dynamically modulated by 
changing priorities, we examined dopamine responses to water rewards, 
song errors and social interactions. Concurrently, to test whether 
dopamine signals associated with different objectives are globally 

broadcast14–16 or anatomically routed to unique striatal regions9,10,13, we 
measured dopamine release in two distinct striatal areas: Area X, the 
striatal region of a nucleated circuit called the song system17,18, and a 
medial striatal area (MST) that lacks connectivity with the nucleated 
song system and that arises from a separate group of dopamine neurons 
in the ventral tegmental area (VTA)17–20 (Extended Data Fig. 1).

Courtship reduces dopamine responses to water cues
We first examined behavioural and dopaminergic responses to water 
rewards. Water-deprived zebra finches were trained to peck, within 
8 s of a ‘reward’ light cue, a touch-sensing spout that dispensed water 
with a probability of 70% (Methods). Birds also learned to ignore a dif-
ferent colour ‘no-reward’ light cue unassociated with water (retrieval 
rate following reward and no-reward light cues in lone, not-singing 
birds: 78.1 ± 11.4% and 3.8 ± 2.1%, respectively, n = 13 birds; Fig. 1a–c). 
We used genetically encoded dopamine sensors and fibre photometry 
to measure dopamine release in Area X (n = 9 hemispheres, 7 birds) or 
MST (n = 9 hemispheres, 6 birds) (Fig. 1d and Methods). Both Area X 
and MST exhibited significantly larger activations of dopamine release 
following rewarded versus unrewarded spout contacts, consistent with 
classic RPE signalling2,3 (Extended Data Fig. 2).

To test whether the water retrieval depended on singing or female 
interaction, we presented light cues to thirsty birds under four condi-
tions: when they were alone and not singing, alone and singing, with 
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the female and not singing, and with the female and actively singing 
courtship song (Fig. 1b and Methods). Birds were most likely to retrieve 
water when alone and not singing, significantly less likely when singing 
alone, and least likely when singing to a female (Fig. 1c). Birds were most 

likely to ignore the water cues while singing to a female, suggesting 
that courtship reduced the expression of thirst.

We next measured dopamine responses to light cues in Area X and 
MST across these four behavioural conditions. Cue-evoked dopamine 
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Fig. 1 | Courtship reduces behavioural and dopaminergic responses to 
water cues in water-deprived zebra finches. a, Example trial in which a 
‘reward’ light cues water availability from a touch-sensing spout. b, Water 
availability under four behavioural conditions. c, Water retrieval probability 
for reward (black) and no-reward (grey) light cues across behavioural 
conditions (Area X-implanted bird, triangles, n = 7 birds; MST-implanted bird, 
circles, n = 6 birds; not singing, alone versus singing, alone: P = 0.0033; not 
singing, alone versus not singing, with female: P = 1.9 × 10−16; singing, alone 
versus singing with female: P = 1.9 × 10−17; not singing, with female versus 
singing, with female: P = 1.0 × 10−10; generalized linear mixed effects model  
with post hoc contrast tests; Methods). d, Brain diagrams indicating recording 
sites (top, Area X; bottom, MST). e,f, Dopamine responses in Area X when the 
bird was alone. e, Single-trial dopamine responses to the reward light cue from 
a single Area X hemisphere during not singing (top) or singing (bottom) 
conditions. f, Average z-scored ∆F/F responses to reward light cue across 9 Area 
X hemispheres (top). Data are mean ± s.e.m. z-scored ∆F/F across hemispheres 
(bottom). Black arrow denotes response from the example hemisphere in  
e. g,h, Data plotted as in e,f, with female present. i, Average values across all 
Area X hemispheres (mean ± s.d., black bars) and mean z-scored values for each 
hemisphere (n = 9 hemispheres; grey dots joined with lines) for the four 

behavioural conditions in e–h (not singing, alone versus singing, alone: 
P = 0.00025; not singing, alone versus not singing, with female: P = 0.067; 
singing, alone versus singing, with female: P = 0.32; not singing, with female 
versus singing, with female: P = 0.0022; 2-way ANOVA and post hoc Tukey test; 
Methods). j, Retrieval rate in each behavioural condition plotted against the 
Area X dopamine response from that condition (black, singing; grey, not 
singing; square, alone; diamond, with female; R2 = 0.28 and P = 9.3 × 10−4).  
k–p, Data plotted as in e–j for dopamine recordings in MST (n = 9 hemispheres). 
o, Average values across all hemispheres (mean ± s.d., black bars) and mean 
z-scored values for each hemisphere (n = 9 hemispheres; grey dots joined with 
lines) for the 4 behavioural conditions in k–n (not singing, alone versus singing, 
alone: P = 0.0013; not singing, alone versus not singing, with female: P = 8.3 × 10−5; 
singing, alone versus singing, with female: P = 0.0044; not singing, with female 
versus singing, with female: P = 0.056; 2-way ANOVA and post hoc Tukey test; 
Methods). p, R2 = 0.54 and P = 2.9 × 10−7. All P values equal or smaller than 0.06 
are indicated on the figure; n = 9 Area X and n = 9 MST hemispheres. Note that 
data in c and j,p do not align because data in c are plotted by bird whereas those 
in j,p are plotted by hemisphere (Methods). *P < 0.05, **P < 0.01, ***P < 0.001. 
NS, not significant.
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release was similarly robust and reliable in both Area X and MST when 
birds were alone and not singing (Fig. 1e,f,k,l, black), consistent 
with widespread responses to water-predicting cues in mammals3. 
Cue-evoked dopamine signals in both regions were significantly 
reduced when the male was singing alone (Fig. 1e,f,k,l, green), and 
reduced even further when singing to a female (Fig. 1g,h,l,m,n,o). Thus, 
courtship also reduced dopamine responses to water cues, consistent 
with the decreased water-seeking behaviour in the presence of the 
female.

To test how phasic dopamine signals correlated with water seeking, 
we plotted cue-evoked dopamine responses against the water retrieval 
probability within each behavioural condition (n = 9 MST hemispheres; 
n = 9 Area X hemispheres). In both Area X and MST, the magnitude 
of dopamine response was strongly correlated with retrieval prob-
ability (Fig. 1j,p), revealing a strong relationship between dopamine 
responses to water cues and water-seeking behaviour. Yet notably, 
dopamine responses to no-reward light cues also strongly diminished 
during both lone and courtship singing even though retrieval rates were 
always low, demonstrating that the modulation of dopamine signals by 
behavioural condition can be decoupled from behavioural response 
(Extended Data Fig. 3). Although MST-implanted birds were less likely 
to retrieve water across some conditions (Fig. 1c), water cue signals and 
their relationship with retrieval were similar in both MST and Area X 
(Fig. 1j,p). Together, these data show that the act of singing, especially 
to a female, reduces water seeking as well as dopamine responses to 
reward-predicting cues.

Singing-related error signals are routed to Area X
We next explored first whether singing-related dopamine signals were 
routed to distinct striatal areas and second, whether they depended on 
courtship state. When alone, zebra finches spontaneously engage in 
bouts of singing, and their objective is to learn or maintain a song that 
matches the memory of a tutor song heard early in life21–23. Introduc-
tion of a female induces an immediate transition to a courtship state 
characterized by pursuit behaviour and female-directed song21,24. Past 
electrophysiological recordings from Area X-projecting VTA neurons 
(VTAx neurons) in males singing alone discovered dopaminergic per-
formance error signals: phasic activations in dopamine spiking fol-
lowed better-than-predicted song outcomes, and phasic suppressions 
followed unexpected errors8,25. To test whether these singing-related 
error signals are specifically routed to the song system, we measured 
dopamine release in Area X or MST in birds singing alone (Area X: n = 19 
hemispheres, 14 birds; MST: n = 9 hemispheres, 6 birds). Perceived 
song errors were controlled with distorted auditory feedback (DAF), 
a 50-ms-duration song-like sound played probabilistically on top of 
a specific target syllable in the bird’s song8,24,26–28 (Methods and Sup-
plementary Information). In Area X, phasic suppressions of dopamine 
release followed DAF and phasic activations followed undistorted 
target syllable renditions at the precise moment that DAF would have 
occurred but did not (Fig. 2a,b), consistent with past electrophysi-
ological recordings from VTAx neurons in lone males8. To quantify 
error responses, we compared the average dopamine fluorescence 
between distorted and undistorted songs in the 0.15–0.3 s interval 
following target onset (target onset is defined as the median DAF onset 
time relative to distorted syllable onset; Methods). We defined the error 
score as the z-scored difference between target onset-aligned distorted 
and undistorted fluorescence8,29, and found significant error signalling 
in all Area X hemispheres (error score >2 in 19 out of 19 hemispheres, 
mean error score 7.4 ± 2.9; Fig. 2g). By contrast, singing-related error 
signals were rarely observed in MST (error score >2 in 2 out of 9 hemi-
spheres; mean error score: 0.8 ± 1.8; Fig. 2g). To our knowledge, this is 
the first demonstration that dopamine performance error signals are 
routed to the specific part of the motor system producing the evalu-
ated behaviour.

Courtship reduces singing-related error signals
We next investigated whether performance error signals in the 
VTAx pathway depended on courtship state in the same way as the 
water-reward signals. If self-evaluation remains the goal during 
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Fig. 2 | Singing-related error signals are routed to Area X and not MST in 
birds singing alone. a, Spectrograms and single-trial dopamine responses  
for undistorted (top) and distorted (bottom) renditions recorded in a single 
Area X hemisphere of a bird singing alone, plotted above average ∆F/F signals 
(all plots aligned to target onset; blue: undistorted; red: distorted). b, z-Scored 
average from 19 Area X hemispheres aligned to undistorted (top) and distorted 
(bottom) renditions, black arrow indicates example hemisphere shown in  
a. Bottom, average z-scored response (mean ± s.e.m.). c,d, Data plotted as in 
a,b for signals recorded in 9 MST hemispheres. e,f, Mean z-scored ∆F/F value for 
each hemisphere (grey dots) in the 150–300 ms window following undistorted 
(e; P = 3.6 × 10−5; unpaired, two-sided Wilcoxon rank sum test) and distorted  
(f; P = 0.012; unpaired, two-sided Wilcoxon rank sum test) renditions in Area X 
(n = 19 hemispheres; triangles) versus MST (n = 9 hemispheres; circles).  
Black bars, mean ± s.d. across all hemispheres. g, z-Scored error responses in  
Area X and MST for each hemisphere (Area X: n = 19 hemispheres; MST: n = 9 
hemispheres; grey dots) and across hemispheres (mean ± s.d., black bars; 
P = 5.5 × 10−5; unpaired, two-sided Wilcoxon rank sum test). Spectrograms in  
a and c (and all further instances) range from 0.5–7.5 kHz.
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courtship singing, then error signals in the VTAx pathway might 
be similar whether the female is present or absent. Alternatively, 
if the bird’s objective changes, for example away from song evalua-
tion and towards eliciting responses in the female, then dopamine 
signals may retune to respond to affiliative female behaviours. 
To test these possibilities, we measured dopamine responses to 
DAF-induced performance errors when birds sang alone and to 
females (Methods). Error signals that were robust in Area X when 
the male sang alone were reduced or eliminated during courtship 
singing24 (per cent reduction in phasic activations: 64.4 ± 21.1%, 
n = 19 hemispheres; per cent reduction in phasic suppressions: 
27.0 ± 74.7%, n = 19 hemispheres; mean error score, alone = 7.4 ± 2.9 
versus with female = 3.4 ± 2.5, Fig. 3). To test whether this modulation 
of dopamine release in Area X also occurred in the spiking of VTAx 
dopamine neurons30, we carried out electrophysiological record-
ings from antidromically identified Area X-projecting VTA neurons 
in singing birds hearing syllable-targeted DAF. We observed a simi-
lar courtship-associated reduction of performance error signals at 
the level of dopamine spikes (Extended Data Fig. 4 and Methods). 
Again consistent with the anatomical routing of singing-related error 
signals, dopamine release in MST remained unresponsive to DAF  
during courtship singing (Extended Data Fig. 5).

We also noted that baseline levels of dopamine in Area X increased 
during both alone and female-directed singing (Extended Data 
Fig. 6a–f), but this increase was not observed in the spiking of VTAx 
neurons (Extended Data Fig. 6m–r). Further, although the cued 
moment of female arrival drove phasic dopamine release, especially 
in MST (Extended Data Fig. 7e and Methods), baseline striatal dopa-
mine levels did not increase with courtship state (Extended Data 
Fig. 7a–d,f), consistent with the idea that noradrenergic inputs to 
Area X and other parts of the song system may influence courtship 
singing and behaviour31. Baseline discharge of VTAx neurons dur-
ing not-singing periods was subtly affected by courtship context 
(Extended Data Fig. 8i,j). Note that although our study focuses on 
mesostriatal dopamine projections, a different dopamine projec-
tion to the premotor nucleus HVC of the song system is also associ-
ated with courtship singing and may exhibit different functions and 
signals32,33.

Dopamine signals retune to social feedback
We hypothesized that modulation of dopaminergic reward and per-
formance evaluation signals during courtship allows the mesostri-
atal systems to retune to outcomes associated with a new objective, 
such as eliciting positive social feedback from the female. In zebra 
finches, calls provide affiliative feedback that supports bonding 
and reinforcement21,34, suggesting that they may influence dopa-
mine signals35. We aligned dopamine responses to natural female 
calls produced in two distinct phases of the courtship interaction: 
during periods when the male was not singing, and those produced 
during the male’s song (Fig. 4). Female calls produced when the male 
was not singing evoked small and unreliable dopamine release in 
MST (mean z-scored response: 1.7 ± 1.7) and Area X (mean z-scored 
response: 1.9 ± 2.3). By contrast, female calls produced during the 
male’s song drove marked and reliable dopamine release, but pri-
marily in Area X (Area X mean z-scored response: 4.5 ± 2.4; MST 
mean z-scored response: 1.9 ± 1.4; Fig. 4). To control for the possi-
bility that any unexpected external sound during courtship song 
could drive dopamine signals, we played the sounds of knocks, DAF 
or pre-recorded female calls throughout the courtship interaction 
(Methods). None of these stimuli drove reliable dopamine transients 
during singing (Fig. 4g and Extended Data Fig. 9). Thus only natural 
female calls in sync with the male song evoked dopamine release and 
specifically in Area X. To our knowledge, this is the first demonstra-
tion that a temporally coordinated social interaction drives a phasic 
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Fig. 3 | Singing-related error signals in Area X are reduced during courtship 
singing. a, Spectrograms and single-trial dopamine responses for undistorted 
(top) and distorted (bottom) renditions recorded in a single Area X hemisphere 
of a bird singing alone, plotted above average ∆F/F signals (different example 
hemisphere from Fig. 2a; plots aligned to target onset; blue: undistorted;  
red: distorted). b, z-Scored average from 19 Area X hemispheres aligned to 
undistorted (top) and distorted (bottom) renditions, black arrow indicates 
example hemisphere shown in a; bottom: average z-scored response 
(mean ± s.e.m.). c, Data plotted as in a for the same hemisphere measured 
during courtship singing. d, Data plotted as in b for the same hemispheres 
recorded during courtship singing. e,f, Scatter plots of average across all 
hemispheres (mean ± s.d., black bars) and mean z-scored ∆F/F value for  
each hemisphere (grey dots joined with lines; n = 19 hemispheres) in the  
150–300 ms following undistorted (e; P = 5.5 × 10−6; 2-way ANOVA and post  
hoc Tukey test; Methods) and distorted (f; P = 0.037; 2-way ANOVA and  
post hoc Tukey test; Methods) renditions in Area X during alone versus 
female-directed singing. g, Scatter plots of mean z-scored error for each 
hemisphere (grey dots joined with lines; n = 19 hemispheres) and average 
z-scored error responses across hemispheres (mean ± s.d., black; P = 8.4 × 10−4; 
paired, two-sided Wilcoxon signed rank test) when birds sang alone versus  
to females.
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dopamine response specifically in a mesostriatal pathway dedicated to  
social communication.

Diverse ascending dopamine pathways are implicated in many 
functions, including movement vigour, mood, incentive salience and 
reward36,37. Here we focused specifically on how phasic mesostriatal 
dopamine signals, previously associated with reinforcement learning, 
depend on an animal’s objective. A foundational premise of reinforce-
ment learning is that animals learn to maximize future rewards16, but 
what an animal finds rewarding will depend on its current priorities. 
Indeed, recent studies showing dopamine responses to food and water 
rewards as well as social and motor performance outcomes support 
the generality of mechanisms of reinforcement learning2–8, but also 
raise the question of how dopamine responses can evaluate diverse 
outcomes as objectives change in natural, complex conditions where 
multiple drives may co-exist11. We discovered the dopamine system 
handles this problem in two ways. First, anatomically distinct mes-
ostriatal dopamine pathways carried different signals: water reward 
signals were broadcast to both striatal regions, but dopamine responses 
to song performance and social outcomes were routed specifically 
to a pathway dedicated to social communication. Second, dopamine 

signals retuned according to the current objective: both reward- and 
song performance-related dopamine signals were reduced during 
courtship and were instead driven by female calls timed with male 
song. These results suggest that the bird’s evaluation system prior-
itizes social feedback during courtship above other objectives. The 
neural mechanisms by which dopamine neurons change their tuning 
remain unclear. One possibility is that the hypothalamus and other 
ascending modulatory systems establish an animal’s priorities that 
tune brainwide responses to relevant stimuli12,31,38, including cortical 
responses to auditory feedback during singing24. It will be interesting 
to determine in future studies how social dopamine signals during 
courtship are prioritized and how they influence future interactions, 
pair formation and mating success.
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Fig. 4 | Female calls timed with male courtship singing drive phasic dopamine  
activations in Area X. a, Spectrograms and single-trial Area X dopamine 
responses to natural female calls during not singing (top) or singing (bottom) 
periods of the courtship interaction, plotted above average ∆F/F signals  
(plots aligned to onset of female call). b, z-Scored average from 19 Area X 
hemispheres, black arrow indicates example hemisphere shown in a; bottom: 
average z-scored response (mean ± s.e.m.). c,d, Data plotted as in a,b for 
dopamine signals recorded in MST. e, Scatter plots of mean z-scored ∆F/F 
across all hemispheres (mean ± s.d., black bars) and for each hemisphere  
(grey dots joined with lines; n = 19 Area X hemispheres and n = 9 hemispheres  
in MST) in the 150–300 ms window following female call onset produced 
during singing or not singing periods (triangles: Area X; circles: MST; Area X, 
not singing versus Area X singing: P = 0.0015; MST, not singing versus MST, 
singing: P = 0.73; paired, two-sided Wilcoxon signed rank test; Area X, not 
singing versus MST, not singing: P = 0.96; Area X, singing versus MST, singing: 
P = 0.0023; unpaired, two-sided Wilcoxon rank sum test). f, Latency to peak 
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singing or not singing in Area X and MST as an average across all hemispheres 
(mean ± s.d., black bars) and single hemispheres (grey dots; only responses  
that were greater than a z-score value of 2 within the window were included; 
Area X, not singing: n = 17; Area X, singing: n = 19; MST, not singing: n = 6; MST, 
singing: n = 8; Area X, not singing versus Area X singing: P = 4.3 × 10−6; MST, not 
singing versus MST, singing: P = 0.043; Area X, not singing versus MST, not 
singing: P = 0.016; Area X, singing versus MST, singing: P = 0.0078; unpaired, 
two-sided Wilcoxon rank sum test). g, z-Scored magnitudes of dopamine 
responses in Area X to real female calls (n = 19 hemispheres) compared to 
playbacks of a female call (n = 14 hemispheres), knock sounds (n = 15 hemispheres) 
and random DAF sounds (n = 10 hemispheres) played through speakers next to 
the bird during courtship singing (mean ± s.d., black bars; single hemispheres, 
grey dots; real call versus playback call: P = 0.0038; real call versus knock: 
P = 1.7 × 10−6; real call versus random DAF: P = 0.0010; playback call versus knock: 
P = 0.017; playback call versus random DAF: P = 0.21; unpaired, two-sided 
Wilcoxon rank sum test).

https://doi.org/10.1038/s41586-023-06580-w


380 | Nature | Vol 623 | 9 November 2023

Article
8. Gadagkar, V. et al. Dopamine neurons encode performance error in singing birds. Science 

354, 1278–1282 (2016).
9. Lee, R. S., Engelhard, B., Witten, I. B. & Daw, N. D. A vector reward prediction error model 

explains dopaminergic heterogeneity. Preprint at bioRxiv https://doi.org/10.1101/ 
2022.02.28.482379 (2022).

10. Menegas, W., Akiti, K., Amo, R., Uchida, N. & Watabe-Uchida, M. Dopamine neurons 
projecting to the posterior striatum reinforce avoidance of threatening stimuli.  
Nat. Neurosci. 21, 1421–1430 (2018).

11. Skals, N., Anderson, P., Kanneworff, M., Löfstedt, C. & Surlykke, A. Her odours make him 
deaf: crossmodal modulation of olfaction and hearing in a male moth. J. Exp. Biol. 208, 
595–601 (2005).

12. Allen, W. E. et al. Thirst regulates motivated behavior through modulation of brainwide 
neural population dynamics. Science 364, 253 (2019).

13. Lammel, S., Lim, B. K. & Malenka, R. C. Reward and aversion in a heterogeneous midbrain 
dopamine system. Neuropharmacology 76, 351–359 (2014).

14. Schultz, W., Dayan, P. & Montague, P. R. A neural substrate of prediction and reward. 
Science 275, 1593–1599 (1997).

15. Houk, J., Adams, J. & Barto, A. in Models of Information Processing in the Basal Ganglia 
(eds Houk, J. C., Davis, J. L. & Beiser, D. G.) 249–270 (MIT Press, 1995).

16. Sutton, R. S. & Barto, A. G. Reinforcement Learning: An Introduction (MIT Press, 1998).
17. Iyengar, S., Viswanathan, S. S. & Bottjer, S. W. Development of topography within song 

control circuitry of zebra finches during the sensitive period for song learning.  
J. Neurosci. 19, 6037–6057 (1999).

18. Person, A. L., Gale, S. D., Farries, M. A. & Perkel, D. J. Organization of the songbird basal 
ganglia, including Area X. J. Comp. Neurol. 508, 840–866 (2008).

19. Bottjer, S. W., Brady, J. D. & Cribbs, B. Connections of a motor cortical region in zebra 
finches: relation to pathways for vocal learning. J. Comp. Neurol. 420, 244–260  
(2000).

20. Karten, H. J. et al. Digital atlas of the zebra finch (Taeniopygia guttata) brain: a high‐
resolution photo atlas. J. Comp. Neurol. 521, 3702–3715 (2013).

21. Zann, R. A. The Zebra Finch: A Synthesis of Field and Laboratory Studies, Vol. 5 (Oxford 
Univ. Press, 1996).

22. Theunissen, F. E. & Shaevitz, S. S. Auditory processing of vocal sounds in birds. Curr. Opin. 
Neurobiol. 16, 400–407 (2006).

23. Woolley, S. C. & Woolley, S. M. in The Neuroethology of Birdsong, Vol. 71 (eds Sakata, J. et al.) 
127–155 (2020).

24. Sakata, J. T. & Brainard, M. S. Social context rapidly modulates the influence of auditory 
feedback on avian vocal motor control. J. Neurophysiol. 102, 2485–2497 (2009).

25. Duffy, A., Latimer, K. W., Goldberg, J. H., Fairhall, A. L. & Gadagkar, V. Dopamine neurons 
evaluate natural fluctuations in performance quality. Cell Rep. 38, 110574 (2022).

26. Tumer, E. C. & Brainard, M. S. Performance variability enables adaptive plasticity of 
‘crystallized’ adult birdsong. Nature 450, 1240–1244 (2007).

27. Ali, F. et al. The basal ganglia is necessary for learning spectral, but not temporal, features 
of birdsong. Neuron 80, 494–506 (2013).

28. Hoffmann, L. A., Saravanan, V., Wood, A. N., He, L. & Sober, S. J. Dopaminergic 
contributions to vocal learning. J. Neurosci. 36, 2176–2189 (2016).

29. Chen, R. et al. Songbird ventral pallidum sends diverse performance error signals to 
dopaminergic midbrain. Neuron 103, 266–276.e264 (2019).

30. Mohebi, A. et al. Dissociable dopamine dynamics for learning and motivation. Nature 
570, 65–70 (2019).

31. Singh Alvarado, J. et al. Neural dynamics underlying birdsong practice and performance. 
Nature 599, 635–639 (2021).

32. Appeltants, D., Absil, P., Balthazart, J. & Ball, G. F. Identification of the origin of 
catecholaminergic inputs to HVc in canaries by retrograde tract tracing combined with 
tyrosine hydroxylase immunocytochemistry. J. Chem. Neuroanat. 18, 117–133 (2000).

33. Ben-Tov, M., Duarte, F. & Mooney, R. A neural hub for holistic courtship displays. Curr. Biol. 
33, 1640–1653.e1645 (2023).

34. Hernandez, A. M., Perez, E. C., Mulard, H., Mathevon, N. & Vignal, C. Mate call as reward: 
acoustic communication signals can acquire positive reinforcing values during 
adulthood in female zebra finches (Taeniopygia guttata). J. Comp. Psychol. 130, 36 (2016).

35. Tokarev, K. et al. Sexual dimorphism in striatal dopaminergic responses promotes 
monogamy in social songbirds. eLife 6, e25819 (2017).

36. Schultz, W. Multiple dopamine functions at different time courses. Annu Rev Neurosci 30, 
259–288 (2007).

37. Smith, K. S., Berridge, K. C. & Aldridge, J. W. Disentangling pleasure from incentive 
salience and learning signals in brain reward circuitry. Proc. Natl Acad. Sci. USA 108, 
E255–E264 (2011).

38. Riters, L. V. The role of motivation and reward neural systems in vocal communication in 
songbirds. Front. Neuroendocrinol. 33, 194–209 (2012).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this 
article under a publishing agreement with the author(s) or other rightsholder(s); author 
self-archiving of the accepted manuscript version of this article is solely governed by the 
terms of such publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited 2023

https://doi.org/10.1101/2022.02.28.482379
https://doi.org/10.1101/2022.02.28.482379


Methods
Animals
Subjects were 32 adult male zebra finches (Taeniopygia guttata, greater 
than 90 days old). All experiments were carried out in accordance with 
NIH guidelines and were approved by the Cornell Institutional Animal 
Care and Use Committee.

Surgery for photometry
Birds were anaesthetized with isoflurane and 1.25–1.75 µl of virus 
was injected either unilaterally or bilaterally into Area X (n = 12 right 
hemispheres; n = 7 left hemispheres; n = 14 birds) or MST (n = 3 right 
hemispheres; n = 6 left hemispheres; n = 6 birds) using a Nanoject II 
(Drummond Scientific) injector (one bird had a right hemisphere Area 
X implant and left hemisphere MST implant). Three different viral con-
structs were used: AAV9-CAG-GrabDA2m (n = 13 Area X hemispheres; 
n = 7 MST hemispheres; WZ Biosciences), AAV9-hSyn-GrabDA1h 
(n = 5 Area X hemispheres; n = 2 MST hemispheres; Addgene), 
AAV5-CAG-Dlight1.1 (n = 1 Area X hemisphere; Addgene). During the 
same surgery, optical fibre or fibres attached to a metal ferrule (Doric, 
400 µm core) were inserted above injection sites (Area X: +5.6 A, +1.5 L 
(relative to lambda), 2.5 V (relative to pial surface); MST: +4.7 A, +0.7 L, 
2.9 V; head angle 20°). Data were collected at least eight weeks after 
surgery to allow for viral expression. Though the auditory processing 
stream lies in posterior brain regions several millimetres away from 
implanted fibres (Extended Data Fig. 1c), we acknowledge that implants 
necessarily cause brain damage and we cannot rule out the possibility 
that fibres damaged brain regions that may project to VTA, such as the 
dorsal strip of the striatum18.

Surgery for electrophysiology
During implant surgeries, birds were anaesthetized with isoflurane and 
a bipolar stimulation electrode was implanted into Area X at established 
coordinates (+5.6 A, +1.5 L [relative to lambda], 2.65 V [relative to pial 
surface]; head angle 20°)8. All VTAx neurons in this dataset are from 
different birds than those reported in8. For recording VTAx neurons, 
custom microdrives carrying an accelerometer, linear actuator, and 
home-made electrode arrays (5 electrodes, 3-5 MOhms, micropro-
bes.com) were implanted into a region where antidromically identi-
fied VTAx neurons were intraoperatively identified (n = 4 birds). For 
recording VTAother neurons, either custom microdrives as described 
above (n = 4 birds) or 16-channel movable electrode bundles (Innovative  
Neurophysiology) were used (n = 3 birds).

Surgery for tracing
For tracing experiments, two adult male birds were used to determine 
the connectivity between MST and the core, nucleated song system 
(Extended Data Fig. 1f,g), as well as replicate past results showing MST 
and Area X-projecting neurons co-localize in VTA but are not co-labelled 
(Extended Data Fig. 1e)18. In three hemispheres, 40 nl of retrograde, 
fluorescently labelled cholera toxin subunit B (CTB, Molecular Probes) 
was injected into Area X (+5.6 A, +1.5 L, 2.85 V; head angle 20°) and a 
different colour CTB was injected into MST (+4.7 A, +0.7 L, 2.9 V; head 
angle 20°) (Extended Data Fig. 1d). Injections into MST and Area X were 
made with a Nanoject II (Drummond Scientific).

Water reward task
Birds acclimatized to the homecage for two to three days with ad lib 
food and water, a mirror, a perch, an inactive water spout and distinct 
red and white LED lights. During the first phase of training, ad lib water 
was removed and the reward light cue (0.5 s illumination of red or white 
LED light; reward light colour varied by bird) was presented with an 
exponentially distributed, average inter-trial interval of 180 s. At the 
offset of illumination, 5.0 ± 1.5 µl of water was dispensed from the spout 
below the reward light with a 100% water reward probability. After 

birds learned to reliably peck the spout following the reward light cue 
(greater than 70% retrieval rate), we made water dispensation contin-
gent on spout contact within 8 s of the reward light cue offset. Next 
we introduced a distinct 0.5 s no-reward light cue of different colour 
on the opposite side of the homecage from the reward light cue; it did 
not have a spout underneath, and never resulted in a water reward. 
Reward and no-reward light cue trials were randomly interleaved and 
presented at exponentially distributed inter-trial intervals averaging 
150 s. Once birds learned to ignore the no-reward cue (less than 10% 
retrieval rate), while still maintaining a greater than 70% reward cue 
retrieval rate, head-mounted optical ferrules were attached to a fibre 
optic cable. Two to three days before optical imaging, the reward light 
cue water reward probability was changed from 100% to 70%. To test 
if water retrieval rate was influenced by singing, female presence, and 
their interactions, we fitted generalized linear mixed models with bino-
mial distribution using the glmmTMB package in R. We then conducted 
post hoc contrast tests between conditions using the emmeans pack-
age in R. P values were corrected for multiple testing using the Tukey  
method (Fig. 1c and Extended Data Fig. 3c). Note that Figs. 1c and 3c were  
plotted by bird since retrieval by condition was a measure of the 
bird’s interest in water. Figure 1j,p were plotted by each hemisphere 
because the relationship between the dopamine signal and retrieval 
rate is related to the dopamine measurement within sessions and within 
hemisphere. Also note that data in birds with bilateral implants were 
not recorded at the same time because birds were connected to a single 
fibre. Thus data in Fig. 1j,p were plotted as independent measurements.

Syllable-targeted DAF
Postoperative birds were placed in a sound isolation chamber equipped 
with a microphone and two speakers which provided DAF. To imple-
ment targeted DAF, the microphone signal was analysed every 2.5 ms 
using custom LabVIEW software. Specific syllables were targeted by 
detecting a unique inter-onset interval (onset time of previous syllable 
to onset time of target syllable) using the sound amplitude as previously 
described8. The targeted syllable was programmed to be distorted 
with DAF 50% of the time. DAF was a broadband sound bandpassed at 
1.5–8 kHz—the same spectral range of zebra finch song. DAF amplitude 
was measured with a decibel meter (CEM DT-2 85A) and maintained at 
less than 90 dB.

Photometry data acquisition and analysis
The 470 nm and 405 nm LEDs (Doric LED Driver and Doric Connector-
ized LEDs) were modulated sinusoidally at 208.6 and 530.5 Hz respec-
tively using custom LabVIEW code. Excitation signals were passed 
through minicube filters (Doric Fluorescence MiniCube) to the bird 
through a commutator (Doric Pigtailed Fiber-optic Rotary Joint). Emis-
sion signals were measured using a femtowatt photodetector (New-
port, Model 2151) or an integrated 4 port minicube and photodetector 
(Doric) at 40 kHz (to match microphone sampling rate). Demodulation 
with custom LabVIEW code produced a 470 nm (dopamine) and a 405 
(control) signal which were used to calculate the percentage change 
of the fractional fluorescence signal (∆F/F (%) = 100 × (470–405_fit)/
mean[470]). Phasic signals were high-pass filtered (4 Hz butterworth); 
baseline signals at transitions to singing (Extended Data Fig. 6a–l) and 
courtship state (Extended Data Fig. 7a–d,f) were low-pass filtered 
(0.25 Hz butterworth). Hemispheres were excluded if peak fluores-
cence response across all experiments was less than a z-score of 2 or if 
fibre placement missed Area X or MST. z-Scored ∆F/F values were calcu-
lated as (∆F/F (%) − mean[baseline ∆F/F (%)])/std[baseline ∆F/F (%)];  
std = standard deviation. Baselines were defined as the one second 
preceding song target, light cue, or spout contact (Figs. 1–4 and 
Extended Data Figs. 2, 3, 5, 7 and 9). Here and elsewhere in this Article, 
for analysis of transitions to singing from not-singing periods, singing 
onset was defined as the first of a sequence of at least 5 syllables with 
a maximum intersyllable interval of 0.5 s; singing offset was defined 
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as the offset of the last syllable of a song sequence followed by at least 
0.5 s of silence. Accordingly, a 0.5 s baseline was used to ensure that 
the baseline not-singing window excluded song syllables (Extended 
Data Fig. 6). To quantify phasic responses to DAF, female calls, reward 
cues and knocks, we calculated the mean z-scored ∆F/F in a 0.15–0.3 s 
window after event onset (Figs. 1–4 and Extended Data Figs. 3, 5, and 9).  
Due to a wider range of latencies to responses to spout contacts 
(Extended Data Fig. 2), a 0.17–0.5 s window was used to quantify RPE 
signals. Latencies for significant phasic signals were analysed and 
quantified as the interval between event onset and peak (or dip) in 
the windows specified above (Fig. 4 and Extended Data Figs. 2 and 9).  
To test for change in baseline dopamine levels at transitions from 
not-singing to singing (Extended Data Fig. 6), we compared the mean 
z-scored ∆F/F in the 0–0.5 s window before and after song onsets (or 
offsets). To test for baseline changes in dopamine release before versus 
after female appearance (Extended Data Fig. 7), we compared the mean 
z-scored ∆F/F in the 1 s before her cued arrival to the 1–2 s interval after 
(to allow for the phasic signal to subside). To test the effects of syllable 
distortion or rewards, female presence, and their interactions on dopa-
mine release, we used a within-subject two-way ANOVA model with the 
aov function in R. We then conducted post hoc contrast tests between 
conditions using the emmeans package in R. P values were corrected 
for multiple testing using the Tukey method (Figs. 1i,o and  3e,f and 
Extended Data Figs. 3i,n and 5e,f). Unpaired two-sided Wilcoxon rank 
sum tests were used to test for significance across different groups 
of hemispheres (Figs. 2e–g and 4e–g and Extended Data Figs. 2e,f,  7e 
and  9e,j,k,p,q). Paired two-sided Wilcoxon signed rank tests were 
used to test for significance across the same hemispheres (Figs. 3g 
and  4e and Extended Data Figs. 2e,  5g,  6e,f,k,l,q,r and  9e,j,p). We used 
a one-sample t-test to compare baseline dopamine levels before and 
after female appearance (Extended Data Fig. 7f).

Electrophysiology data acquisition and analysis
For the custom microdrives, neural signals were band-pass filtered 
(0.25–15 kHz) in home-made analogue circuits and acquired at 40 kHz 
using custom Matlab software. For the 16-channel movable electrode 
bundles (Innovative Neurophysiology), neural recordings were 
obtained using 16-channel INTAN headstages with the accompany-
ing recording controller and INTAN acquisition software at a sampling 
rate of 20 kHz. Single units were identified as VTAx by antidromic iden-
tification (stimulation intensities 50-400 µA, 200 µs on the bipolar 
stimulation electrode in Area X), as previously described8. Neurons not 
identified as projecting to Area X were defined as VTAother neurons. 
Spike sorting was performed offline using custom MATLAB software. 
Instantaneous firing rates were defined at each time point as the inverse 
of the enclosed interspike interval (ISI). Firing rate histograms were 
constructed with 25-ms bins and smoothed with a 3-bin moving average. 
To calculate the mean rate and median ISI during singing (Extended 
Data Fig. 8), the firing rate and median ISI were averaged over all song 
motifs, with a time-window extending 50 ms before motif onset to 50 
ms after motif-offset. The coefficient of variation of the ISI and the peak 
of the spike-train autocorrelation (STA) in Extended Data Fig. 8 were 
computed over the entire singing bouts. To test for error responses, we 
compared the firing activity between randomly interleaved undistorted 
and distorted song renditions. We computed the z-scored difference 
between the target time-aligned distorted and undistorted firing rate 
histograms (Extended Data Fig. 4). The target time was defined as the 

median DAF onset time relative to the distorted syllable onset time. 
The error response was defined as the mean z-scored difference in a 
50–125 ms window following target time8. To calculate the significance 
bars shown in Extended Data Fig. 4, spiking activity within ±1 s relative to 
target onset was binned in a moving window of 30 ms with a step size of 
2 ms. Each bin after the target time was tested against all the bins in the 
previous 1 s (the prior) using a z-test8. To test the effects of syllable dis-
tortion, female presence, and their interactions on dopamine spiking, 
we used a within-subject two-way ANOVA model with the aov function 
in R. We then conducted post hoc contrast tests between conditions 
using the emmeans package in R. P values were corrected for multiple 
testing using the Tukey method (Extended Data Fig. 4e,f). A paired 
two-sided Wilcoxon signed rank test was used to test for significance 
in Extended Data Figs. 4g,  6w,x and  8.

Courtship interactions
Experiments were performed in the male’s homecage in a sound isola-
tion chamber. During electrophysiological recording sessions, spiking 
data were first collected when the male was singing alone for at least 35 
song motifs before the female was introduced. For fibre photometry 
experiments where we examined dopamine release at the transition 
to courtship state (Extended Data Fig. 7), we controlled for the precise 
moment of perceived female arrival by playing two female calls through 
speakers immediately prior to presenting the female. In all experiments, 
the female cage was placed next to the male’s within the sound isolation 
chamber allowing birds to hear and see each other.

Reporting summary
Further information on research design is available in the Nature  
Portfolio Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available at https://
osf.io/dcugn/. Source data are provided with this paper.

Code availability
The data collection and analysis code used for this study are available 
at https://osf.io/dcugn/.
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Extended Data Fig. 1 | Histological verification of fiber placement in Area X 
and MST. a, Left: Locations of all Area X fiber implants (n = 19 hemispheres), 
implanted 1.5 mm lateral to midline. Right: sagittal slices of two hemispheres 
(Area X, white circle). Scale bars: 250 um. Left: Schematic from the ZEBrA 
database (http://www.zebrafinchatlas.org)20. b, Sites of MST fibers (n = 9 
hemispheres), implanted 0.7 mm lateral to midline and 1 mm posterior to  
the Area X implant. Left: Schematic from the ZEBrA database (http://www.
zebrafinchatlas.org)20. Right: sagittal slices of two MST hemispheres. Scale 
bars: 250 um. c, Schematic of the songbird auditory system, including forebrain 
projections to VTA from dorsal arcopallium (AD), ventral intermediate 
arcopallium (AIV), and ventral pallidum (VP). Schematic adapted from19,22,23,29. 
Note that Area X and MST fibers were several millimeters anterior this auditory 
pathway. d, Injection sites of the retrograde tracer cholera toxin beta subunit 
(CTB) into Area X (left, magenta) and MST (right, green) into the same 
hemisphere (independently repeated in n = 3 hemispheres; n = 2 birds; 

Methods). Scale bars: 250 um. e, Zebra finch brain schematic with pink 
rectangle around VTA (left). MST and Area X projecting neurons co-localize  
in VTA but are not co-labeled, consistent with previous findings (middle)18. 
Expanded view at right. Scale bars: 75 um (middle) and 50 um (right). f-g, Core 
nuclei of the song system project to Area X, but not MST (independently 
repeated in n = 3 hemispheres; n = 2 birds). f, Schematic of zebra finch brain, 
with green rectangle surrounding HVC (left). HVC contains Area X projecting 
neurons (magenta, middle), but no MST projecting neurons in the same 
hemisphere (right, green), consistent with past work18. Scale bars: 75 um.  
g, Schematic of zebra finch brain, with blue rectangle surrounding LMANcore 
(left). LMANcore contains Area X projecting neurons (magenta, middle), but no 
MST projecting neurons in the same hemisphere (right, green), consistent with 
past work18,19 (middle and right; approximate boundary of LMANcore denoted 
by white circle). Scale bars: 75 um.

http://www.zebrafinchatlas.org
http://www.zebrafinchatlas.org
http://www.zebrafinchatlas.org
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Extended Data Fig. 2 | Reward prediction error signals exist in Area X and 
MST. a, Single trial DA responses from one Area X hemisphere in response to a 
water reward (top) or reward omission (bottom), aligned to spout contacts 
following ‘reward’ light cues. b, Average z-scored ∆F/F signals across 9 Area X 
hemispheres, example hemisphere in a indicated by black arrow (top), average 
across all hemispheres (mean ± SEM; bottom). c-d, Data plotted as in a-b for 9 
MST hemispheres. e–f, Reward signals were larger and faster in Area X 
compared to MST. e, Scatterplots showing average values across all 9 Area X 
and 9 MST hemispheres (mean ± SD, black) and mean z-scored values for each 
hemisphere (gray) for reward and reward omission in the 170-500 ms window 
following spout contact (Area X, reward vs. Area X, no reward: P = 0.0039;  
Area X, reward vs. MST, reward: P = 1; MST, reward vs. MST, no reward: P = 0.0039; 
Area X, no reward vs. MST, no reward: P = 0.063; paired, two-sided Wilcoxon 
signed rank test). f, Latency to peak (rewarded trials) or dip (omission trials) of 
the z-scored response in the 170–500 ms window after spout contact (mean ± SD, 
black; single hemispheres, gray; only responses that were greater than a z-score 
value of 2 within the window were included; Area X, reward vs MST, reward: 
P = 0.00033; Area X, no reward vs MST, no reward: P = 0.071; unpaired, two-sided 
Wilcoxon rank sum test). ** P < 0.01, *** P < 0.001, n.s. not significant.



ge lj
32

23

55

27

43

27

N
ot

 s
in

gi
ng

Si
ng

in
g

Tr
ia

l n
um

be
r

%
ΔF

/F
Area X Area X MST MST

Alone AloneW/ female W/ female
45

27

4

0

4

0

0.4

0

0.4

0

H
em

is
ph

er
e 

nu
m

be
r 9

9

Z-
sc

or
ed

 
ΔF

/F

20

0
0 1-1

N
ot

 s
in

gi
ng

Si
ng

in
g

Time from cue onset (s)

20

-6

Z-
sc

or
ed

 Δ
F/

F

20

0
0 1-1

9

9

20

0
0 1-1

20

0
0 1-1

Time from cue onset (s)

No
t s

ing
ing

, 
alo

ne
Si

ng
ing

, 
alo

ne

Si
ng

ing
, 

w/
 fe

m
ale

No
t s

ing
ing

, 
w/

 fe
m

ale

0

10

20

M
ea

n 
z-

sc
or

ed
 Δ

F/
F

No
t s

ing
ing

, 
alo

ne
Si

ng
ing

, 
alo

ne

Si
ng

ing
, 

w/
 fe

m
ale

No
t s

ing
ing

, 
w/

 fe
m

ale

0

10

20

M
ea

n 
z-

sc
or

ed
 Δ

F/
F

i n

‘No-reward’ cue

0 8.5
Time relative to cue 

onset (s)

Lick window
Spout contact

Dispense

a

VTAx
VTAmst

VTAx
VTAmst

0

50

100

R
et

rie
va

l r
at

e 
(%

)
No

t s
ing

ing
, 

alo
ne

Si
ng

ing
, 

alo
ne

Si
ng

ing
, 

w/
 fe

m
ale

No
t s

ing
ing

, 
w/

 fe
m

ale

b c

20

-6

Z-
sc

or
ed

 Δ
F/

F

4

-2

%
 Δ

F/
F

0.5

-0.5

%
 Δ

F/
F

n.s.

*** *** ** *

hf k m

d

n.s.
n.s.

n.s.
n.s.

Not singing Singing

Al
on

e
W

/ f
em

al
e

Extended Data Fig. 3 | Singing reduces dopaminergic responses to ‘no- 
reward’ light cues in both Area X and MST. a, Example ‘no-reward’ light cue 
trial. b, Water availability under four behavioral conditions. c, Water retrieval 
probability for ‘no-reward’ (black) and ‘reward’ (gray) light cues across 
behavioral conditions (Area X implanted bird: triangles; MST implanted bird: 
circles; n.s.; generalized linear mixed effects model with post-hoc contrast 
tests; Methods). d, Brain schematics showing recording sites. e-f, DA responses 
in Area X to the ‘no-reward’ light when the bird was alone. e, DA responses for 
single trials from a single Area X hemisphere during not singing (top) or  
singing (bottom) conditions. f, Average z-scored ∆F/F signals across 9 Area X 
hemispheres, example hemisphere in e indicated by black arrow (top), average 
across all hemispheres (mean ± SEM; bottom). g-h, Data plotted as in e-f when 
in the presence of a female. i, Average values across all Area X hemispheres 

(mean ± SD, black) and mean z-scored values for each hemisphere (gray; n = 9 
Area X hemispheres) for the four behavioral conditions in e–h (not singing, 
alone vs singing, alone: P = 0.00051; not singing, alone vs. not singing, with 
female: P = 0.98; singing, alone vs. singing with female: P = 0.99; not singing, 
with female vs. singing, with female: P = 0.00060; 2-way ANOVA and post-hoc 
Tukey; Methods). j–n, Data plotted as in e-i for DA recordings in 9 MST 
hemispheres. n, Average values across all MST hemispheres (mean ± SD, black) 
and mean z-scored values for each hemisphere (n = 9 hemispheres; gray) for  
the four behavioral conditions in j–m (not singing, alone vs singing, alone: 
P = 0.0015; not singing, alone vs. not singing, with female: P = 0.27; singing, 
alone vs. singing, with female: P = 0.91; not singing, with female vs. singing,  
with female: P = 0.025; 2-way ANOVA and post-hoc Tukey; Methods). * P < 0.05, 
** P < 0.01, *** P < 0.001, n.s. not significant.
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Extended Data Fig. 4 | Modulation of singing-related error signals during 
courtship is also observed at the level of VTAx spikes. a, Spectrograms, 
single trial spiking activity, and raster plots for undistorted (top) and distorted 
(bottom) renditions recorded in a single antidromically identified VTAx 
neuron of a bird singing alone, plotted above firing rate histograms (plots 
aligned to target onset; blue: undistorted; red: distorted). b, Z-scored average 
from 8 antidromically identified VTAx neurons aligned to undistorted (top) 
and distorted (bottom) renditions, black arrow indicates example neuron 
shown in a; bottom: average z-scored response (mean ± SEM). c, Data plotted as 
in a for the same VTAx neuron recorded during courtship singing. d, Data 
plotted as in b for the same VTAx neurons recorded during courtship singing. 
e-f, Scatter plots (gray, n = 8 neurons) and mean ± SD (black) of average 
z-scored firing rate in the 50–125 ms following undistorted (e; P = 0.026; 2-way 
ANOVA and post-hoc Tukey; Methods) and distorted (f; P = 0.056; 2-way ANOVA 
and post-hoc Tukey; Methods) renditions during alone versus female directed 
singing across all VTAx neurons. g, Z-scored error responses for each neuron 
(gray; n = 8) and mean ± SD (black) when birds sang alone versus to females 
(P = 0.008; paired, two-sided Wilcoxon signed rank test). Horizontal bars in 
histograms (a, c) indicate significant deviations from baseline, P < 0.05 for a 
one-sided z test. Scale bars in a and c for spiking activity is 1 mV. * P < 0.05,  
** P < 0.01.
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Extended Data Fig. 5 | Singing-related performance error signals are not 
observed in MST during courtship singing. a, Spectrograms and single trial 
DA responses for undistorted (top) and distorted (bottom) renditions recorded  
in a single MST hemisphere of a bird singing alone, plotted above average ∆F/F 
signals (different hemisphere from Fig. 2c; plots aligned to target onset; blue: 
undistorted; red: distorted). b, Z-scored average from 9 MST hemispheres 
aligned to undistorted (top) and distorted (bottom) renditions, black arrow 
indicates example hemisphere shown in a; bottom: average z-scored response 
(mean ± SEM). c, Data plotted as in a for the same hemisphere measured during 
courtship singing. d, Data plotted as in b for the same hemispheres recorded 
during courtship singing. e-f, Scatter plots of average across all hemispheres 
(mean ± SD, black) and mean z-scored ∆F/F value for each hemisphere (gray) in 
the 150–300 ms following undistorted (e) and distorted (f) renditions in MST 
during alone versus female directed singing. g, Z-scored error responses when 
birds sang alone versus to females (mean ± SD, black; single hemispheres, gray). 
n.s. not significant for a 2-way ANOVA and post-hoc Tukey (e and f; Methods) and 
for a paired two-sided Wilcoxon signed rank test (g); n = 9 MST hemispheres.
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Extended Data Fig. 6 | Baseline levels of DA release, but not VTA spiking, 
increase during both alone and female directed singing. a, Spectrograms 
and single trial DA signals for song onsets (top) and offsets (bottom) recorded 
in a single Area X hemisphere of a bird singing alone, plotted above average 
∆F/F signals (purple and orange aligned to song onset or offset, respectively). 
b, Z-scored average from 18 Area X hemispheres aligned to song onsets  
(top) and offsets (bottom), black arrow indicates example hemisphere from a; 
bottom: average z-scored signals (mean ± SEM). c-d, Data plotted as in a-b for 
the same hemisphere measured during courtship singing. e-f, Mean z-scored 
∆F/F value for each Area X hemisphere (gray) in the 0-500 ms window following 
song onset and offset during alone (e; P = 2.0E-4; paired, two-sided Wilcoxon 
signed rank test) and female directed singing (f; P = 3.9E-4; paired, two-sided 
Wilcoxon signed rank test) (black: mean ± SD across all hemispheres). g–l, Data 
plotted as in a–f for 9 MST hemispheres. k, P = 0.039; paired, two-sided 
Wilcoxon signed rank test. m, Spectrograms, single trial spiking activity, and 

raster plots for song onset (top) and offset (bottom) recorded in a single VTAx 
neuron of a bird singing alone, plotted above firing rate histograms (plots 
aligned to song onset or offset). n, Z-scored firing rate histograms from 8 VTAx 
neurons aligned to song onset (top) and offset (bottom), black arrow indicates 
example neuron shown in m; bottom: average z-scored firing rate (mean ± SEM). 
o-p, Data plotted as in m-n for the same VTAx neurons recorded during 
courtship singing. q-r, Scatter plots (gray) and mean ± SD (black) of average 
z-scored firing rate in the 0-500 ms window following song onset and offset 
during alone (q) and female directed singing (r) across all VTAx neurons.  
s–x, Data plotted as in m–r for VTAother neurons. Scale bars in m, s and u for 
spiking activity is 1 mV, and for o is 0.25 mV. * P < 0.05, *** P < 0.001, n.s. not 
significant for a paired two-sided Wilcoxon signed rank test; n = 18 Area X and 
n = 9 MST hemispheres (e,f,k,l) and n = 8 VTAx and n = 14 VTAother neurons 
(q,r,w,x).
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Extended Data Fig. 7 | The cued moment of female appearance evokes 
phasic, but not sustained, activation of DA release. a, Spectrogram and 
single trial Area X DA responses to female appearance during the transition 
between alone and with-female conditions, plotted above average ∆F/F signals 
(plots aligned to onset of female call playback). Black boxes above spectrogram 
indicate female call playbacks. b, Z-scored average from 18 Area X hemispheres, 
black arrow indicates example hemisphere shown in a; bottom: average 
z-scored response (mean ± SEM). c-d, Data plotted as in a-b for DA signals 
recorded in 9 MST hemispheres. e, Scatter plots showing phasic response 
across all hemispheres (mean ± SD, black) and mean z-scored ∆F/F value for 
each hemisphere (gray; Area X: n = 18 and MST: n = 9 hemispheres) in the  
150–300 ms window following female call onset cueing female appearance 
(triangles: Area X; circles: MST; P = 0.029; unpaired, two-sided Wilcoxon rank 
sum test). f, Scatter plots of baseline change across all hemispheres (mean ± SD, 
black) and mean z-scored ∆F/F value for each hemisphere (gray) in the 1–2 s 
window following cued female appearance (triangles: Area X; circles: MST; 
Methods; Area X: P = 0.017; MST: P = 0.097; one-sample t test). *P < 0.05,  
n.s. not significant.
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Extended Data Fig. 8 | Discharge statistics of VTAx DA neurons do not 
depend on courtship context during singing and were subtly affected 
during not-singing periods. a-b, ISI distribution (a) and normalized spike train 
autocorrelogram (STA) (b) during singing alone (black) and female directed 
(green) song for a single VTAx neuron. Insets: mean ± SEM for 8 VTAx neurons. 
c-f, Mean firing rate (c), median ISI (d), coefficient of variation of the ISI 
distribution (CV ISI; e), and peak of the STA (f) for 8 VTAx neurons recorded 
when males sang alone and sang female-directed song. g–l, Data plotted as in 
a-f for the same 8 VTAx neurons during not singing periods. i, P = 0.008; paired, 
two-sided Wilcoxon signed rank test. j, P = 0.02; paired, two-sided Wilcoxon 
signed rank test. m–x, Data plotted as in a–l for 15 VTAother neurons (Methods). 
q, P = 0.005; paired, two-sided Wilcoxon signed rank test. * P < 0.05, ** P < 0.01, 
n.s not significant for a paired two-sided Wilcoxon signed rank test.
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Extended Data Fig. 9 | Socially irrelevant sounds and pre-recorded female 
calls played during courtship do not drive reliable DA responses. 
 a–e, Knock responses. a, Spectrograms and single trial Area X DA responses to 
knock sounds played during not-singing (top) or singing (bottom) periods of 
the courtship interaction, plotted above average ∆F/F signals (plots aligned  
to onset of knock) in a single hemisphere. b, Z-scored average from 15 Area X 
hemispheres, black arrow indicates example hemisphere shown in a; bottom: 
average z-scored response (mean ± SEM). c-d, Data plotted as in a-b for knock 
responses recorded in MST. e, Mean z-scored ∆F/F values in the 0.15–0.3 s 
window following the onset of knock sounds in Area X and MST during singing 
and not-singing periods (gray, single hemispheres; black, mean ± SD across 
hemispheres; triangles: Area X; circles: MST). f–k, Random DAF responses.  
f–j, Data plotted as in a–e for Area X and MST responses to the sound of DAF 
played randomly throughout the courtship interaction, including during 
singing and not-singing periods (Area X: n = 10; MST: n = 9 hemispheres). j, Area 
X, not singing vs. MST, not singing: P = 0.0041; unpaired, two-sided Wilcoxon 

rank sum test. k, Latencies to peak responses to random DAF (gray, single 
hemispheres; black, mean ± SD across hemispheres; Methods; Area X, not 
singing vs. Area X, singing: P = 0.0085; paired, two-sided Wilcoxon signed rank 
test). l–q, Pre-recorded female calls. Data plotted as in f–k for Area X and MST 
responses to the sound of pre-recorded female calls played through a speaker 
at random times throughout a live courtship interaction, including during 
singing and not-singing periods (Area X: n = 14; MST: n = 9 hemispheres). Note 
that playback of these calls did not evoke reliable DA responses in Area X or 
MST during song. p, Area X, female appear vs. MST, female appear: P = 0.029; 
unpaired two-sided Wilcoxon rank sum test; MST, female appear vs. MST, not 
singing: P = 0.040; paired two-sided Wilcoxon signed rank test). q, Area X, not 
singing vs. Area X, singing: P = 3.6E-4; paired two-sided Wilcoxon signed rank 
test). * P < 0.05, ** P < 0.01, *** P < 0.001, n.s. not significant for a paired two- 
sided Wilcoxon signed rank test (within Area X and within MST e,j,p) and for an 
unpaired two-sided Wilcoxon rank sum test (k,q; across Area X and MST in e,j,p).
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