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Introduction�

Internally-guided� reinforcement� learning�

Rumor� has� it� that� the� great� pianist� Arthur� Rubinstein�
was� walking� along� the� streets� of� New� York� when� a� pedes-
trian� approached� him� and� asked,� “How� do� I� get� to� Carne-
gie Hall?”� Rubinstein� pondered this for� a� second and� said,�
“Practice!”� Indeed,� many� of� our� motor� skills� are� not�
innately� programmed� but� are� acquired� through� a� process�
of� trial� and� error,� or� practice.� We� all� know� that� becoming�
an� expert� at� singing,� playing� the� piano,� or� excelling� at� ten-
nis� can� take� years,� and� sometimes� a� lifetime,� of� practice.�
Much� of� our� understanding� of� the� neural� mechanisms�
underlying� trial-and-error� or� reinforcement� learning� (RL)�
comes� from� the� study� of� animals� engaged� in� various� tasks�
motivated� by primary rewards� like food or� juice (Sutton &�
Barto,� 2018).� A� rat� in� a� box� with� a� lever� will� learn,� through�
trial� and� error, to press� the� lever� for� a� food reward.� Classic�
experiments� in� the� 1950s� by� Olds� and� Milner� showed� that�
we� can� remove� food� from� the� equation� if� we� hook� up� the�
lever� to� an� electrode� with� which� the� rat� can� self-stimulate�
its� dopamine� neurons� (Olds� &� Milner,� 1954).� In� this� case,�
the� rat� will� learn� to� press� the� lever� not� for� food,� but� for� a�
pulse� of� dopamine.�

We� are� all� familiar� with� the� addictive� properties� of�
dopamine� but� dopamine� signals� also� seem� ideally� suited�
for� trial� and� error� or� RL.� Wolfram� Schultz� and� colleagues�
recorded� the� response� of� midbrain� dopamine� neurons�
that� project� to� the� basal� ganglia� of� a� monkey� that� was�
trained to associate a light cuewith a juice reward 1� s later�
(Schultz� et� al.,� 1997)—see� also� Chapter� 18.� Since� the� light�
was� presented� at� random,� the� appearance� of� the� light�
was� a� better-than-expected� outcome� or� a� positive� predic-
tion� error� and� was� signaled� by� a� phasic� activation� in�

dopamine� neuron� firing.� One� second� later� when� the�
monkey� expected� juice,� if� the� reward� was� withheld,� that�
constituted� a� worse-than-expected� outcome� or� negative�
prediction� error� and� was� signaled� by� a� phasic� suppres-
sion� in� dopamine� neuron� firing.� In� other� words,� these�
dopamine� neurons� encoded� reward� prediction� error�
(RPE),� the� difference� between� actual� and� predicted�
reward. The phasic activations and suppressions of dopa-
mine� neuron� firing� are� thought� to� positively� and� nega-
tively� reinforce� preceding� motor� acts,� thus� leading� to�
learning.� The� idea� is� that� when� dopamine� increases,� the�
motor� actions� that� presumably� led� to� the� unexpected�
reward� are� positively� reinforced,� making� them� more�
likely� to� be� repeated� in� the� future;� when� dopamine�
decreases,� the� actions� that� led� to� an� unexpected� lack� of�
reward are negatively reinforced, making them less likely�
to� be� repeated.� The� discovery� of� RPE� has� been� highly�
influential� and� provides� hope� that� other� such� general�
principles� might� be� revealed� by� systems� neuroscience.�
However,� most� of� our� motor� skills� such� as� speaking� or�
playing� a� musical� instrument,� are� not� learned� in� the� pur-
suit� of� immediate� food� or� juice� rewards;� they� are� instead�
learned� by� comparing� ongoing� performance� to� internal�
goals.� How� are� such� internally-guided� motor� sequences�
evaluated� by� the� brain?�
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including� those� for� text� and� data� mining,�

AI� training,� and� similar� technologies.�
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The� songbird� is� an� ideal� model� for�
internally-guided� reinforcement� learning�

Zebra� finches� do� not� learn� to� sing� for� primary� rewards�
like� food� or� juice.� The� adult� zebra� finch� song� is� a�
naturally-learned,� highly� stereotyped,� complex� motor�
sequence.� The song typically� consists of 2–7� song� elements�
called syllables, that are repeated again and again. Juvenile

https://doi.org/10.1016/B978-0-443-29867-7.00017-7


male� zebra� finches,� not� unlike� human� infants� (Doupe� &�
Kuhl, 1999), begin their vocal journeywith babbling,which�
lacks� the� spectral� and� temporal� structure� of� adult� song.�
Juvenile� males� memorize� the� song� of� an� adult� male� tutor,�
often� the� father,� to� form� an� auditory� template,� and� spend�
the� next� couple� of� months� of� their� development� learning�
to� make� a� copy� of� the� tutor’s �son �g (Fig.� 22.1A)� through� a�
process� that� looks� very� similar� to� trial-and-error� learning�
or� practice� (Doya� &� Sejnowski,� 1995;� Fee� &� Goldberg,�
2011;� Mackevicius� &� Fee,� 2018;� Tchernichovski� et� al.,�

2001).� How� does� the� zebra� finch� brain� accomplish� this�
impressive� feat?�
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FIG.� 22.1� The� songbird� as� a� model� for� internally-guided� reinforce-
ment� learning.� (A)� The� zebra� finch� song-learning� process.� Juvenile� male�
zebra� finches� first� memorize� the� song� of� their� tutor� during� the� sensory�
phase, then learn to make a copy of the tutor’s songwith practice during�
the sensorimotor phase, and ultimately perform the song to females dur-
ing� courtship� in� adulthood.� Juvenile� vocal� babbling� lacks� the� spectral�
and� temporal� structure� and� stereotypy� of� adult� song,� which� consists�
of� repeated� motifs� of !2–7� song� syllables.� (B)� The� song� system� consists�
of� basal� ganglia-thalamocortical� loops� including� a� dopamine� projection�
to� the� basal� ganglia� nucleus� Area� X.� These� circuits� are� evolutionarily�
conserved� and� correspond� to� mammalian� circuits� extensively� studied�
in� the� context� of� reward-based� RL.� (C)� Schematic� representation� of�
the� avian� song� system.� The� motor� pathway� (dashed� lines)� consists� of�
the� projection� from� HVC� to� RA.� A� second� input� to� RA� comes� from�
LMAN,� the� output� nucleus� of� the� anterior� forebrain� pathway� (AFP)�
required� for� song� learning� (solid� black� lines).� The� AFP� consists� of� a� basal�
ganglia-thalamocortical� loop� spanning� Area� X,� DLM,� and� LMAN.� Note�
the� dopamine� projection� from� the� nucleus� VTA� to� Area� X� (magenta� line).�
The stereotypy of song, a naturally learned complexmotor sequence, the�
presence� of� a� dedicated neural� circuit� for� the� learning� and� production� of�
song,� and� the� nucleated� brain� structures� permitting� targeted� recording�
and� manipulation,� make� the� songbird� an� ideal� model� system� for� inter-
nally� guided� RL.� HVC,� proper� name;� RA,� robust� nucleus� of� the� arcopal-
lium; LMAN, lateral magnocellular� nucleus of� the� anterior� nidopallium;�
DLM,� dorsolateral� thalamus,� medial� part;� VTA,� ventral� tegmental� area.�
No� permission� required.�

4. Dopamine mechanisms of learning and reinforcement

Much of our understanding of the neural circuits under-
lying� reward-based� trial-and-error� learning� in� mammals�
comes� from� the� study� of� basal� ganglia-thalamocortical�
loops� including� dopamine� projections� to� the� basal� ganglia�
(Costa,� 2007;� Wickens� et� al.,� 2003).� Many� of� these� neural�
circuits� are� evolutionarily� conserved� (Colquitt� et� al.,� 2021;�
Pfenning� et� al.,� 2014)� and� zebra� finches� also� possess� basal�
ganglia-thalamocortical� loops� (Fig.� 22.1B)� with� similar�
dopamine� projections� (Bottjer,� 1993;� Doupe� et� al.,� 2005).�
Zebra� finches� offer� several� advantages� as� a� model� system�
in� neuroscience� (Burke� &� Schmidt,� 2020).� First,� song� is� a�
highly� stereotyped� and� quantifiable� behavior.� Second,� the�
zebra� finch� brain� contains� a� discrete� set� of� interconnected�
brain� regions� called� the� “song� system”� that� is� dedicated�
to learning and� producing song. Third,� these brain regions�
are� organized� into� tight� clusters� of� cells� called� nuclei�
that� permit� targeted� recording� and� manipulation�
(Fig.22.1C).Similar to thedopamineprojections tothebasal�
ganglia� in� mammals,� we� focus� here� on� the� projection� from�
the� ventral� tegmental� area� (VTA)� to� the� singing-related�
basal� ganglia� nucleus� Area� X� (VTAX),� more� than� 95%� of�
which� is� dopaminergic� (Person� et� al.,� 2008).� Motivated� by�
the� mammalian� literature� on� external� RPE,� it� had� been�
hypothesized� that� these� dopamine� neurons� in� VTA� could�
transmit� a� conceptually� similar� error� signal� for� song�
learning,� even� though� song� is� internally� evaluated� (Fee� &�
Goldberg,� 2011;� Kubikova� &� Koš!tál,� 2010).�

Dopamine� neurons� encode� performance�
prediction� error� in� singing� birds�

To� test� if� dopamine� neurons� convey� an� error� signal� for�
song� learning� (Fig.� 22.2A),� Gadagkar� et� al.� recorded� from�
antidromically� identified� Area� X-projecting� VTA� neurons�
(Fig.� 22.2B)� in� singing� birds� while� changing� the� perceived�
quality� of� particular� song� syllables� (Gadagkar� et� al.,� 2016).�
To� change� song� quality,� the� authors� used� a� distorted�
auditory feedback (DAF) paradigm, where 50% of the ren-
ditions� of� a� particular� target� syllable� were� distorted� with�
auditory� feedback� (Fig.� 22.2C �and �D). �To �ensure �that �the �
feedback� sounded� similar� to� a� normal� zebra� finch� song,�
they took a 50� ms snippet of a different syllable and played�
it� over� the� target� syllable.� The� specific� hypothesis� was� that�
a� distorted� syllable� sounds� wrong� or� worse� than� expected�
to� the� bird� and� should� cause� negative� prediction� error� sig-
nals.� VTAX� neurons� were� suppressed� after� distorted� sylla-
bles,� consistent� with� a� negative� prediction� error.�
Remarkably,� these� same� neurons� were� activated� after�
undistorted target syllables even though these syllable ren-
ditionswere left completely unmodifi�ed (Fig. 22.2E and F). �
Their interpretationwas that since 50% of the renditions of



the� target� syllable� were� distorted� with� feedback,� the�
expected� quality� of� the� target� syllable� was� lowered� for�
the� bird;� an� undistorted� target� syllable� thus� sounded�
better-than-expected� to� the� bird� and� was� signaled� by� a�
phasic� dopamine� activation.�
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FIG.� 22.2� Dopamine� neurons� encode� performance� prediction� error.�
(A)� Juvenile� zebra� finches� memorize� a� tutor� (target)� song� and� need� to�
listen� to� themselves (auditory� feedback)� to� learn� their� songs.� It� had� been�
hypothesized� that� a� comparison� of� the� auditory� feedback� of� ongoing�
song� to� the� stored� memory� of� the� target� song� (template)� results� in� an�
“error� signal”� that� is� used� for� song� learning� via� reinforcement.�
(B)� Neurons� that� project� from� VTA� to� Area� X� (VTAX)� were� antidromi-
cally� identified.� A� stimulation� electrode� was� used� to� activated� Area�
X and a� backpropagating� antidromic� signal was� recorded on� the� record-
ing electrode to confirm the projection. (C) Example of displaced syllable�
distorted� auditory� feedback� (DAF).� A� 50� ms� snippet� of� syllable� “c”� was�
played� back� with� a� speaker� during� the� production� of� target� syllable� “b”�
(target time, black triangles, andwhite dashed lines). Randomly interleaved�
renditions� of� the� target� syllable� were� left� undistorted� (distorted� target� syl-
lable,� red� box;� undistorted� target� syllable,� blue� box).� (D)� Expanded� view� of�
the target syllable showing an undistorted rendition (left) and a distorted�
rendition� (right).� (E)� Example� VTAX� neuron� showing� performance� pre-
diction� error� (PPE).� Undistorted� song� motif� (blue� box),� distorted� song�
motif� (red� box),� and� firing� rate� histograms� for� undistorted� (blue)� and� dis-
torted� (red)� motifs� aligned� to� the� song� target� time.� Horizontal� bars,� sig-
nificant� deviations� from� baseline.� This� neuron� was� suppressed� after�
distortions and activated at the precise timepoint in the songwhen a dis-
tortion� might� have� occurred� but� did� not.� (F)� Normalized� responses� to�
undistorted� (top)� and� distorted� (bottom)� syllables� for� 17� error-encoding�
neurons� (line� and� shading,� mean"SEM).� Adapted� from� Gadagkar,� V.,�
Puzerey,� P.� A.,� Chen,� R.,� Baird-Daniel,� E.,� Farhang,� A.� R.,� &�
Goldberg, J. H. (2016). Dopamine neurons encode performance error in singing�
birds.� Science,� 354(6317),� 1278–1282.�

4. Dopamine mechanisms of learning and reinforcement

If� this� interpretation� of� the� dopamine� activation� after�
undistorted� target� syllables� as� a� better-than-expected� sig-
nal� is� correct,� the� magnitude� of� the� dopamine� activation�
should� depend� on� the� probability� of� error.� If� the� proba-
bility� of� error� is� high,� an� undistorted� syllable� is� more� sur-
prising� and� should� cause� a� higher� dopamine� activation;�
if� the� probability� of� error� is� low,� an� undistorted� target�
syllable� is� less� surprising� and� should� lead� to� a� lower�
dopamine� activation.� To� test� this� specific� hypothesis,�
Gadagkar� et� al.� next� performed� a� “two-target”� experi-
ment,� where� they� recorded� the� activity� of� VTAX� neurons�
while� distorting� two� different� target� syllables,� Target-1�
50%� of� the� time,� as� before,� and� an� additional� Target-2�
only� 20%� of� the� time.� Consistent� with� this� hypothesis,�
they� observed� a� significantly� smaller� activation� in� VTAX�
neuron� firing� for� the� less� surprising� undistorted� Target-2�
compared� to� the� more� surprising� undistorted� Target-1.�
These� results� suggest� that� birds� not� only� compare� their�
ongoing� song� to� the� template� or� goal� but� also� to� their�
recent� practice;� i.e.,� whether� their� current� song� is� closer�
or� farther� away� to� the� ultimate� goal� (the� template)� com-
pared� to� recent� practice.� Such� a� comparison� to� recent�
practice� could� allow� small� improvements� toward� the�
goal� to� be� reinforced� even� if� the� current� performance� is�
distant� from� the� ultimate� goal,� as� in� a� juvenile� early� in�
learning.� Thus,� similar� to� RPE� in� mammals,� VTAX� neu-
rons� in� zebra� finches� encode� a� better-than-expected�
and� worse-than-expected� dopamine� signal,� not� for� exter-
nal� rewards� like� food� for� juice� but� instead� for� perfor-
mance� outcomes—whether� the� bird’s� own� performance�
is� better� or� worse� than� expected.� These� dopamine� signals�
are� therefore� called� performance� prediction� errors� (PPE).�
The� discovery� of� PPE� identified� the� long-sought-after�
error� signal� for� song� learning� and� more� broadly� showed�
that� the� principle� of� dopaminergic� prediction� error� (and�
the� brain’s� reward� circuitry)� can� generalize� to� the�
internally-guided� learning� of� complex� motor� sequences.�
Just� as� RPE� serves� to� reinforce� behaviors� that� maximize�
rewards,� PPE� can� be� used� to� reinforce� high-quality� motor�
performance.� In� this� conceptualization,� a� better-than-
expected� motor� performance� (relative� to� an� internal� goal�
or� standard)� can� be� thought� of� as� intrinsically�
“rewarding,”� similar� to� how� unexpectedly� received� food�
or� juice� is� rewarding.�

Optogenetic� dopamine� activation� is� sufficient�
to� drive� changes� in� song�

In� the� distorted� auditory� feedback� paradigm� as� imple-
mented� by� Gadagkar� et� al.� above,� target� syllables� were�
randomly� distorted� with� a� certain� probability,� indepen-
dent� of� any� features� of� the� syllables� produced.� This� was�
to� ensure� that� the� observed� dopamine� response� could� be�
attributed� exclusively� to� the� auditory� feedback� and� not



to� any� aspect� of� motor� production.� However,� previous�
studies� have� demonstrated� that� if� auditory� feedback� is�
provided contingent on the pitch of a target syllable, birds�
learn� to� modify� the� syllable� pitch� (Figure� 22.3A)� to� avoid�
feedback� (Andalman� &� Fee,� 2009;� Tumer� &� Brainard,�
2007).� For� example,� if� low-pitch� syllable� variants� are�
distorted� with� feedback,� birds� move� the� pitch� up� within�
hours,� and� vice� versa.� This� paradigm,� called� contingent�
auditory feedback (CAF), suggests that birds can use audi-
toryfeedbackasan“errorsignal” tomodifytheir songs.The�
discoveryofdopaminergicPPE (Gadagkaret al., 2016)now �

provides a neuralmechanism for the behavioral songmod-
ifications seen inCAFexperiments, that distortion-induced�
dopamine� suppressions� (and� activations� on� undistorted�
syllable� renditions)� lead� to� the� observed� pitch� changes.�
Consistent� with� this� hypothesis,� lesions� to� the� dopamine�
input� to� Area� X� in� a� related� songbird,� the� Bengalese� finch,�
reduced� the� magnitude� of� CAF-induced� pitch� changes�
(Hoffmann� et� al.,� 2016).�
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FIG.� 22.3� Optogenetic� stimulation� of� dopamine� neurons� drives�
song� changes.� (A)� Contingent� auditory� feedback� (CAF)� drives� learn-
ing.� Schematic� representation� of� the� CAF� protocol� (top).� The� pitch� of�
a� target� syllable� is� monitored� continuously� and� whenever� the� mea-
sured� pitch� falls� below� a� set� threshold,� the� syllable� is� distorted� with�
auditory� feedback.� Spectrogram� of� example� song� renditions� (middle).�
Undistorted� target� syllable� (left)� and� distorted� target� syllable� (right)�
are� shown� enclosed� in� a� white� box.� CAF-induced� pitch� changes� in� the�
target� syllable� (bottom).� Each� dot� represents� the� mean� pitch� of� a� target�
syllable� rendition.� Target� syllable� renditions� with� the� pitch� below� the�
threshold� (dotted� line)� were� distorted.� (B)� Schematic� representation� of�
optogenetic� stimulation� protocol� (top).� The� pitch� of� a� target� syllable�
is� monitored� continuously� and� whenever� the� measured� pitch� falls�
above� a� set� threshold,� VTA� axon� terminals� in� Area� X� were� activated.�
Spectrogram� of� example� song� renditions� (middle).� Low-pitch� rendition�
(left)� did� not� trigger� optogenetic� stimulation� while� a� high-pitch� rendition�
(right)� triggered� stimulation� (target� syllable� enclosed� in� white� box).� Opto-
genetic� stimulation-induced� pitch� changes� in� the� target� syllable� (bottom).�
Each� dot� represents� the� mean� pitch� of� a� target� syllable� rendition.� Target�
syllable� renditions� with� a� pitch� above� the� threshold� (dotted� line) �triggered �
stimulation.� (A)� Adapted� from� Gadagkar,� V.,� Puzerey,� P.� A.,� Chen,� R.,� Baird-
Daniel,� E.,� Farhang,� A.� R.,� &� Goldberg,� J.� H.� (2016).� Dopamine� neurons� encode�
performance� error� in� singing� birds.� Science,� 354(6317),� 1278–1282.�
(B)� Adapted� from� Mooney,� R.� (2022).� Birdsong.� Current� Biology,� 32�
(Original� work� published� 2022�).

4. Dopamine mechanisms of learning and reinforcement

If� the� distortion-induced� pitch� changes� are� indeed�
caused� by� dopamine� suppressions,� it� should� be� possible�
to� modify� syllable� pitch� by� pitch-contingent� dopamine�
activation.� To� investigate� whether� dopamine� can�
drive� changes� in� song,� two� independent� groups� opto-
genetically� activated� or� inhibited� VTAX� neurons� in� a�
pitch-contingent� manner� (Hisey� et� al.,� 2018;� Xiao� et� al.,�
2018).� Stimulating� VTAX� terminals� in� Area� X� was�
sufficient� to� drive� changes� in� syllable� pitch� toward� the�
targeted� frequencies� (Fig.� 22.3B);� decreasing� the� activity�
of� VTAX� terminals� moved� the� pitch� away� from� the� tar-
geted� frequencies,� consistent� with� the� expectation� from�
the� VTAX� neuron� firing� observed� in� the� feedback� exper-
iments� described� above.� Furthermore,� D1� receptor� anta-
gonists� blocked� these� dopamine-dependent� song�
changes.� These� optogenetic� experiments� elegantly� dem-
onstrated� that� dopamine� signals� to� the� song� system�
basal� ganglia� Area� X� are� sufficient� to� drive� changes� in�
song,� complementing� the� correlational� electrophysio-
logical� recordings� of� a� dopamine� PPE� in� VTAX� neurons�
(Gadagkar� et� al.,� 2016).�

Dopamine� neurons� evaluate� natural�
fluctuations� in� performance� quality�

If� dopamine� encodes� performance� prediction� error,�
spontaneous� dopamine� activity� should� evaluate�
natural� fluctuations� in� behavior,� independent� of� any�
experimentally� induced� perturbations.� In� other� words,�
dopamine� should� act� as� a� real-time� performance�
monitor� during� ongoing� behavior.� The� Gadagkar�
et� al.� study� showing� that� dopamine� encodes� PPE�
(Gadagkar� et� al.,� 2016)� used� an� external� sound� to� con-
trol� song� quality,� thus� raising� the� question� of� whether�
the� dopamine� system� is� simply� using� song� timing� to�
develop� an� expectation� about� the� external� DAF� sound;�
the� dopamine� system� would� need� to� evaluate� the� qual-
ity� of� natural� fluctuations� of� song� for� song� learning.� To�
directly �address �this �question, �Duffy �et �al. �looked �for �
significant relationships (Fig.� 22.4A)� between� sponta-
neous� VTAX� firing� and� natural� (unperturbed)� fluctua-
tions� in� ongoing� song� (Duffy� et� al.,� 2022).� They�
parametrized� natural� song� into� a� low-dimensional� set�
of� eight� song� features� (Fig.� 22.4B) �and �used �a �Gaussian �
process� (GP)� regression� model� to� fit� the� relationships�
between� rendition-to-rendition fluctuations in song



feature� values� and� VTAX� spike� counts.� By� binning� both�
song� feature� values� and� spike� count� in� sliding� win-
dows,� they� asked� if� significant� relationships� between�
song� features� and� spike� counts� exist� and� if� so,� at� what�
song-spike� latencies� they� occur� (Fig.� 22.4C).� Across� all�

recorded� VTAX� neurons� and� all� natural� (unperturbed)�
syllables,� they� found� that� song� variations� were� most�
predictive� of� spiking� at� a� positive� latency� of� 0–100� ms�
(Fig.� 22.4D).� A� positive� latency� is� consistent� with� an�
evaluative� (as� opposed� to� a� premotor)� process� since
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FIG.� 22.4� Dopamine� neurons� evaluate� natural� variations� in� performance� quality.� (A)� Schematic� representation� of� the� hypothesis� that� natural�
variations� in� song� quality� should� also� result� in� dopamine� error� responses.� If� dopamine� has� a� reinforcing� effect� on� performance,� a� “better”� song� seg-
ment should lead tomore spikes and a “worse”� song segment should lead to fewer spikes. Songwindows and spike windows are shown in red boxes.�
(B)� Natural� song� syllables� (song� syllables� that� were� never� distorted)� were� parametrized� into� eight� time-varying� song� features.� (C)� Schematic� rep-
resentation� of� fitting� natural� song� fluctuations� to� spike� counts� within� the� specific� song and� spike� time� windows (red� boxes).� Local� song feature� values�
(white� line� represents� a� single� song� feature� for� illustration)� were� used� to� predict� local� spike� counts� after� a� brief� latency� using� a� Gaussian� process� (GP)�
model.� If� a� bird� is� trying� to� maintain� its� song,� the� “target”� feature� value� should� result� in� more� spikes,� and� deviations� from� this� target� should� lead� to�
fewer� spikes.� A� spike� count-song� feature� plot� is� expected� to� have� a� peak� at� the� target� song� feature� value� (right),� which� can� be� fit� with� the� GP� model�
(blue line). Such fits were generated for all song features and all natural syllables recorded in the dataset. (D) The latency distribution of predictive fits�
over� 22� error-encoding� VTA� neurons� shows� a� significant� peak� in� the� number� of� responses� at� a� positive� latency� of� about� 50� ms� (**P<0.01).� The� blue�
line� shows� real� data� and� the� black� line�with� gray� shading� shows� the� mean"SD� for� shuffled� data,� where� the� syllable� renditions� and� spike� trains� were�
shuffled.� A� positive� latency� is� consistent� with� an� evaluative� process� and� 50� ms� is� consistent� with� the� latencies� observed� in� the� DAF� experiments.�
Adapted� from� Duffy,� A.,� Latimer,� K.� W.,� Goldberg,� J.� H.,� Fairhall,� A.� L.,� &� Gadagkar,� V.� (2022).� Dopamine� neurons� evaluate� natural� fluctuations� in� performance�
quality.� Cell� Reports,� 38(13).
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the� predicted� spikes� occur� after� the� song� fluctuation.�
Furthermore,� the� latency� of� 0–100� ms� was� remarkably�
similar� to� the� observed� latencies� to� DAF� perturbations�
(0–150� ms)� in� the� feedback� experiments� (Gadagkar�
et� al.,� 2016).� Taken� together,� these� results� showed� that�
dopamine� neuron� firing� evaluates� natural� fluctuations�
in� song� quality� (with� a� PPE-like� response)� independent�
of �any �external �feedback �or �perturbations.
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If� VTAX� neurons� evaluate� natural� fluctuations� in� song�
quality,� this� leads� to� predictions� about� the� form� of� the�
song-spike� relationships.� If� a� bird� is� trying� to� maintain�
its� song,� typical� variations� should� be� followed� by� more�
spikes and deviations should be followed by fewer spikes�
(a “stabilizing” form). On the other hand, if the bird is try-
ing� to� make� modifications� to� its� song,� the� form� should� be�
“directional,”� with� more� spiking� in� the� direction� of� the�
desired� modification� and� less� spiking� in� the� opposite�
direction.� Assuming� there� is� a� single� “best”� version� of�
the� song,� we� do� not� expect� multiple� spiking� maxima� in�
a� “disruptive”� form.� Duffy� et� al.� next� investigated� the�
tuning curve shapes of� the song-spike� relationships� using�
generalized� linear� models� (GLM)� with� both� linear� and�
quadratic� features.� The� predominant� form� of� song-spike�
relationships� was� found� to� be� either� directional� or�
stabilizing,� consistent� with� the� hypothesis� that� a� PPE-like�
signal� should� respond� most� strongly� to� a� single� “best”�
version� of� song.� In� other� words,� the� form� of� the� song-
spike� relationships� was� consistent� with� the� birds� either�
maintaining� or� making� small� corrections� to� their� songs.�
These� results� provide� strong� evidence� from� both� the�
timing� and� the� tuning� properties,� that� dopamine� neuron�
firing can evaluate the performance of a natural� behavior,�
independent� of� any� external� perturbation.�

Dopaminergic� error� signals� retune� to� social�
feedback� during� courtship�

The� studies� discussed� in� the� previous� sections� dem-
onstrate� that� just� as� dopamine� RPE� signals� could� allow�
hungry� or� thirsty� animals� to� approach� and� learn� from�
food- or� water-predicting� cues,� dopamine� PPE� signals�
could� enable� internally-guided� learning� of� complex�
motor� sequences� (see� also� Chapter� 21).� Dopamine�
prediction� error� signals� have� also� been� observed� in�
response� to� social� outcomes,� suggesting� that� dopamine�
could� mediate� reinforcement� across� a� wide� range� of�
behaviors� (Dai� et� al.,� 2022;� Hu� et� al.,� 2021;� Soli"e �et �al., �
2022;� Xie� et� al.,� 2023).� The� generality� of� dopamine� rein-
forcement� mechanisms� raises� the� question� of� how� dopa-
mine� can� evaluate� outcomes� in� complex� environments�
with� multiple� objectives.� Roeser� and� Gadagkar� et� al.�
addressed� this� question� by� using� dopamine� fiber� pho-
tometry� (Sun� et� al.,� 2018)� to� record� dopamine� responses�
in� male� zebra� finches� that� were� simultaneously� thirsty,�

sexually� motivated,� and� actively� practicing� their� songs�
(Roeser,� Gadagkar,� et� al.,� 2023).� They� tested� two� mutu-
ally� inclusive� hypotheses.� First,� dopamine� signals� could�
be� dynamically� modulated� to� suit� the� current� priority�
(Allen et al., 2019; Sakata & Brainard, 2009); for example,�
dopamine� signals� to� water� cues� could� retune� to� social�
outcomes if courtship is a higher priority than thirst. Sec-
ond,� different� dopamine� pathways� could� be� anatomi-
cally� segregated� based� on� objective� (Menegas� et� al.,�
2018);� for� example,� singing-related� error� signals� could�
be� routed� specifically� to� striatal� areas� dedicated� to� vocal�
communication.�

4. Dopamine mechanisms of learning and reinforcement

By� recording� dopamine� signals� associated� with�
quenching thirst, singingagoodsong, andcourtingamate�
while� male� zebra� finches� could� retrieve� water,� evaluate�
song,� or� court� a� female� (Fig.� 22.5A� and� B),� Roeser� and�
Gadagkar� et� al.� found� evidence� to� support� both� hypothe-
ses.� When� male� zebra� finches� were� alone,� water� reward-
related� dopamine� signals� were� observed� in� both� Area�
X� and� a� striatal� region� MST� that� is� not� connected� with�
the� nucleated� song� system� and� receives� dopamine� input�
from� a� separate� group� of� neurons� in� VTA� (Person� et� al.,�
2008; Ramarao et al., 2023). And remarkably, when court-
ing a female, water-related dopamine responses aswell as�
dopamine� song� performance� error� signals� diminished�
(Figure� 22.5C).� The� observation� that� dopamine� reward�
and� performance� error� signals� are� reduced� while� singing�
to a female suggests the possibility that the dopamine sys-
tem� becomes� retuned� to� new� outcomes,� such� as� positive�
feedback� from� the� female� during� courtship.� Female� zebra�
finches do not� sing but� produce� short� vocalizations called�
“calls” that are thought to provide affiliative feedback and�
reinforcement for bonding, suggesting theymay influence�
thedopamine system (Hernandez et al., 2016;Zann, 1996).�
They� found� that� while� female� calls� that� were� produced�
when themalewas not singing resulted in small andunre-
liable responses inAreaX andMST, female calls that over-
lapped� with� male� song� evoked� large� and� reliable�
dopamine� release� but� primarily� in� Area� X� (Figure� 22.5D�
and� E).� These� results� suggest� that� the� dopamine� system�
handles coexisting drives with two different mechanisms.�
First, anatomically distinct dopamine pathways can carry�
different� signals;� water� reward� signals� were� broadcast� to�
both striatal regionswhile vocal performance signalswere�
routed� to� Area� X,� the� specific� striatal� area� specialized� for�
communication. Second, dopamine signals can be flexibly�
retuned� to� the� highest� or� current� objective;� both� water�
reward� and� song-related� performance� error� signals� were�
diminished� and� dopamine� was� instead� activated� by� male�
song-aligned female calls during courtship.Morebroadly,�
these� results� suggest� that� the� dopamine� self-evaluation�
system,� active� during� solo� “practice,”� may� be� turned�
down� during� audience-directed� “performance”� and�
dopamine� could� instead� become� tuned� to� social� feedback�
from� the� audience.
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FIG.� 22.5� Dopaminergic� error� signals� retune� to� social� feedback� during� courtship.� (A)� Dopamine� responses� to� water� cues� and� singing-related� error�
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Future� directions:� The� causes� and� consequences�
of� dopamine� performance� error�

Does� dopamine� guide� vocal� learning� during�
development?�

RL� algorithms� have� contributed� to� some� of� the� biggest�
recent� advances� in� artificial� intelligence� and� machine�
learning� (Botvinick� et� al.,� 2019),� from� mastering� Chess�
and� Go� (Schrittwieser� et� al.,� 2020)� to� the� automated�
discovery� of� novel� algorithms� (Fawzi� et� al.,� 2022)—see�
also� Chapters� 24� and� 26.� Although� dopamine� has� long�
been� thought� to� also� underlie� the� acquisition� of� motor�
skills� through� reinforcement� in� biological� systems�
(Markowitz� et� al.,� 2023),� directly� testing� this� has� been�
challenging. The discovery of a dopaminergic PPE in adult�
birds� (Gadagkar� et� al.,� 2016)� strongly� suggests� that� dopa-
mine� guides� vocal� learning� during� development,� in� line�
with� decades� of� speculation� on� the� role� of� dopamine� in�
the� song-learning� process.� To� investigate� the� role� of� VTAX�
neurons� in� juvenile� song� copying,� Hisey� et� al.� (2018)� used�
an� intersectional� genetic� method� to� ablate� these� neurons�
during� development.� They� found� that� birds� with� VTAX�
neurons� ablated� during� the� sensorimotor� phase� made� sig-
nificantly� worse� copies� of� their� tutor� song� compared� to�
controls.� Next,� they� found� that� infusing� a� D1-receptor�
antagonist into Area X during the sensorimotor phase pre-
vented� the� song� from� improving� during� the� infusion�
period,� further� supporting� the� role� for� dopamine� in� song�
learning.� We� are� now� in� a� position� to� directly� test� the� role�
of dopamine in the vocal learning process. Complete vocal�
trajectories of song learning can be recorded in the lab, and�
recent� advances� in� supervised� and� unsupervised� compu-
tational� methods� permit� low-dimensional� parametriza-
tions� of� these� vocalizations� (Duffy� et� al.,� 2022;� Goffinet�
et� al.,� 2021).� Concurrent� advances� in� dopamine� recording�
techniques� such� as� dopamine� fiber� photometry� (Sun� et� al.,�
2018)� now� allow� the� simultaneous� monitoring� of�
vocalization-aligned� dopamine� transients� in� Area�
X �(Roeser,� Gadagkar,� et� al.,� 2023).� Datasets� of� song� learn-
ing� trajectories� and� associated� dopamine� levels� will� allow�
us to directly test if dopamine guides vocal learning during�
development.� Recording� dopamine� levels� associated� with�
the� developmental� trajectory� of� a� complex� natural� behav-
ior� will� also� help� identify� the� kind� of� RL� algorithms� used�
by� the� brain� for� motor� skill� learning� (Kollmorgen� et� al.,�
2020;� Toutounji� et� al.,� 2024;� Wood,� 2021).�

How� is� the� dopamine� performance� error� signal�
constructed?�

The� discovery� that� VTAX� neurons� encode� PPE�
(Gadagkar� et� al.,� 2016)� presents� an� opportunity� to�

delineate� how� neural� circuits� construct� the� error� signal.�
To� signal� PPE,� these� circuits� must� perform� a� moment-by-
moment� comparison� of� the� ongoing� song� not� just� to� the�
template� but� also� to� a� timestep-dependent� prediction� of�
song� quality.� Ever� since� imitative� learning� was� described�
in� songbirds� almost� six� decades� ago,� the� hunt� has� been�
on� for� the� auditory� template� (Konishi,� 1965;� Marler,�
1970),� but� now� for� the� first� time,� we� have� access� to� the�
end result of the comparison involving the template,which�
is the error signal (Gadagkar et al., 2016). Can we trace our�
way� back� from� the� dopamine� PPE� signal� to� uncover� how�
neural� circuits� make� predictions� and� comparisons�
(Chen &Goldberg,� 2020) for motor skill learning? The first�
stepwould be to investigate the contributions of the inputs�
toVTA.Onemajor input is fromahigh-order auditory cor-
tical� area� called� ventral� intermediate� arcopallium� (AIV)�
which isnecessary for song learningandsendserror signals�
to� VTA� (Bottjer� et� al.,� 2000;� Mandelblat-Cerf� et� al.,� 2014).�
A� second� prominent� input� to� songbird� VTA� comes� from�
the� ventral� pallidum� (VP),� which� is� also� required� for� song�
learning� and� exhibits� performance� error� signals� (Chen�
etal., 2019).Kearneyetal. found thatpitch-contingentopto-
genetic� stimulation� of� AIVVTA� terminals� negatively� rein-
forces� syllable� pitch� while� stimulation� of� VPVTA� terminals�
positively� reinforces� syllable� pitch� (Kearney� et� al.,� 2019),�
suggesting� that� these� inputs� drive� opposing� effects� on�
VTA� neurons,� consistent� with� previous� electrophysiologi-
cal� results.� Other� inputs� to� VTA� such� as� the� subthalamic�
nucleus� (STN)� and� lateral� habenula� (LHb)� have� also� been�
shown to be involved� in song learning and� error computa-
tion (Das &Goldberg, 2022; Roeser, Teoh, et al., 2023). Elu-
cidating� the� circuitry� that� connects� auditory� areas� to� VTA�
enabling� the� storage� and� comparison� of� the� template� and�
generation� of� expectations� of� song� will� have� important�
implicationswell beyond song learning for the neural basis�
of� procedural� memories� and� skill� learning� (Ikeda� et� al.,�
2020).�

4. Dopamine mechanisms of learning and reinforcement

How� is� the� dopamine� performance� error� signal�
used� for� song� learning?�

Although� dopamine� prediction� error� signals� are�
thought� to� positively� and� negatively� reinforce� preceding�
motor� actions� for� learning,� the� mechanisms� by� which�
downstream� basal� ganglia-thalamocortical� loops� use�
these� error� signals� are� an� active� area� of� research� (Costa,�
2007;� Wickens� et� al.,� 2003)—see� also,� e.g.,� Chapters� 15,�
21,� and� 26.� Even� the� precise� relationships� between� the�
activity� of� medium� spiny� neurons� (MSNs)� in� the� striatum�
and� behavior� is� a� topic� of� intense� debate� (Singh� Alvarado�
et� al.,� 2021).� The� discovery� of� a� dopamine� PPE� (Gadagkar�
et� al.,� 2016),� along� with� the� advantages� of� the� birdsong�
system,� provides� a� unique� opportunity� to� address� these



questions.� First,� the� zebra� finch� song� is� highly� stereo-
typed,� permitting� precise� correlations� between� neural�
activity� and� behavior.� Second,� the� anterior� forebrain�
pathway� (AFP),� or� the� learning� pathway� of� the� song� sys-
tem� consists� of� a� basal� ganglia-thalamocortical� loop� ded-
icated� to� singing.� Third,� the� AFP� forms� a� closed,�
topographically� organized� loop� all� the� way� down� to�
the� song-producing� muscles,� thus� enabling� parallel� cir-
cuits� to� control� distinct� channels� of� motor� output.�
A� detailed� mechanistic� model� involving� dopamine-
modulated� cortico-striatal� plasticity� has� been� proposed�
for� song� learning� but� many� of� the� key� components� of� this�
model remain to be tested (Fee&Goldberg, 2011). Area X,�
the� song-related� basal� ganglia,� is� a� striato-pallidal� struc-
ture� with� cell� types� similar� to� mammals� including� D1�
and� D2� MSNs� (Farries� et� al.,� 2005).� Future� work� delineat-
ing� how� the� various� cell� types� in� Area� X� (Goldberg� et� al.,�
2010; Goldberg & Fee, 2010) use� the dopamine� PPE signal�
to� orchestrate� the� learning� of� a� complex� motor� sequence�
like� birdsong� promises� to� reveal� fundamental� principles�
of� motor� control.�
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Dopamine� beyond� performance� evaluation�

The� discovery� that� the� dopamine� system� can� retune�
to� female� vocalizations� during� courtship� (Roeser,�
Gadagkar,� et� al.,� 2023)� opens� up� the� intriguing� possibility�
that� social� feedback� might� be� able� to� influence� motor� out-
put� via� the� dopamine� system.� While� the� role� of� social�
feedback� in� vocal� learning� has� been� well� demonstrated�
in� human� infants� (Elmlinger� et� al.,� 2023),� the� importance�
of� active� social� feedback� in� nonhuman� animals� is not� well�
studied.� Recent� studies� indicate� that� social� feedback� from�
females� (West� &� King,� 1988)� might� permit� juvenile� zebra�
finches� to� make� better� copies� of� their� tutor� songs�
(Carouso-Peck� &� Goldstein,� 2019;� Bistere� et� al.,� 2024).�
Future� work� will� investigate� the� neural� mechanisms� by�
which� social� feedback� is� integrated� to� enhance� the�
song-learning� process.� The� songbird� is� also� emerging� as�
a� powerful� model� to� investigate� the� role� of� dopamine�
beyond� performance� evaluation� and� motor� learning.�
Dopamine� input� from� the� periaqueductal� gray� to� the� pre-
motor� nucleus� HVC� is� involved� in� representing� tutor�
songs� in� juveniles� (Tanaka� et� al.,� 2018)� and� coordinating�
female-directed� song� and� courtship� displays� in� adults�
(Ben-Tov� et� al.,� 2023).� Dopamine� in� songbirds� has� also�
been� shown� to� be� involved� in� the� motivation� to� sing�
(Riters,� 2012),� as� a� reinforcement� signal� to� promote�
monogamy� (Tokarev� et� al.,� 2017),� and� in� shaping� female�
song� preference� to� male� song� (Barr� et� al.,� 2021).� The� trac-
table� neural� circuitry� and� rich� courtship� behaviors� in�
songbirds� present� a� unique� opportunity� for� future� work�
to� elucidate� the� role� of� dopamine� in� mediating� various�
aspects� of� social� behavior.�

4. Dopamine mechanisms of learning and reinforcement

Conclusions:� Dopamine� prediction� error� signals�
for� internally-guided� motor� learning�

The� principle� of� a� dopaminergic� RPE� has� been� highly�
influential� and� stands� as� a� prime� example� of� a� “general�
principle”� of� brain� function� revealed� by� systems� neuro-
science� (Schultz� et� al.,� 1997).� RPEs� provide� an� RL� mech-
anism� through� which� animals� can� approach� and� learn�
from� primary� external� rewards� like� food� or� juice.� How-
ever,� many� of� our� motor� skills� like� speaking� or� playing�
an� instrument� are� not� learned� for� food� or� juice� rewards�
but� instead� learned� by� comparing� ongoing� motor� perfor-
mance� to� an� internal� goal.� Song� learning� in� zebra� finches�
has� emerged� as� a� powerful� model� to� investigate� the� role�
of� dopamine� in� such� internally-guided� RL� for� motor� per-
formance� (Mooney,� 2022;� Wood,� 2021;� Woolley,� 2019).�
Using� a� variety� of� state-of-the-art� techniques� such� as�
awake-behaving� electrophysiology,� computational�
methods,� and� optogenetics,� the� dopamine� projection� to�
Area X, the singing-related basal ganglia, has been shown�
to� encode� performance� prediction� error� that� could� be�
used� for� song� learning� (Duffy� et� al.,� 2022;� Gadagkar�
et� al.,� 2016;� Hisey� et� al.,� 2018;� Xiao� et� al.,� 2018).� These�
results� suggest� that� the� same� reward� circuitry� that� has�
been� so� extensively� studied� in� neuroscience� is� a� much�
more� general-purpose� system� that� can� also� permit�
the� learning� of� complex� motor� sequences� through�
internally-guided� RL.� Using� dopamine� fiber� photometry�
and� leveraging� the� context-dependent� switch� in� song,�
from� solo� “practice”� to� female-directed� courtship�
“performance,”� it� was� discovered� that� the� dopamine�
PPE� signal,� present� while� practicing� alone,� is� substan-
tially� diminished� during� courtship� and� dopamine� is�
instead� activated� by� female� vocalizations� (Roeser,�
Gadagkar,� et� al.,� 2023).� These� findings� demonstrate� the�
social� modulation� of� dopamine� error� signals� and�
suggest� that� the� dopamine� system� may� flexibly� switch�
from� self-evaluation� during� motor� practice� to� potentially�
receiving� social� feedback� during� audience-directed� per-
formance.� The� songbird� presents� a� unique� opportunity�
for� future� work� investigating� whether� the� dopamine�
PPE signal� is used for song learning during� development,�
how� it� is� constructed� by� upstream� circuits,� how� it�
can� then� be� used� by� downstream� basal� ganglia-
thalamocortical� loops� to� learn� song,� and� how� social� feed-
back� might� influence� motor� learning� and� performance�
through� the� dopamine� system.�
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