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SUMMARY

Motor skills improve with practice, requiring out-
comes to be evaluated against ever-changing perfor-
mance benchmarks, yet it remains unclear how
performance error signals are computed. Here, we
show that the songbird ventral pallidum (VP) is
required for song learning and sends diverse song
timing and performance error signals to the ventral
tegmental area (VTA). Viral tracing revealed inputs
to VP from auditory and vocal motor thalamus, audi-
tory and vocal motor cortex, and VTA. Our findings
show that VP circuits, commonly associated with
hedonic functions, signal performance error during
motor sequence learning.

INTRODUCTION

When practicing a piano concerto, you could evaluate your
performance relative to a fixed template, such as an auditory
memory of Glenn Gould playing Chopin’s Prelude No. 4, yet rein-
forcement learning (RL) theory suggests improved learning if you
instead learn from prediction errors, in which a note is reinforced
only if it sounds better (closer to the template) than predicted
based on your past performance (Sutton and Barto, 1998). RL
proceeds via incremental improvement in performance quality,
requiring performance to be evaluated against benchmarks
that change with practice (Schmidt et al., 2018; Thelen, 1995).
Neural mechanisms of performance benchmarking and evalua-
tion remain poorly understood.

Songbirds provide a tractable model system to study perfor-
mance evaluation. First, songbirds have a specialized circuit,
the “song system,” that includes a projection from ventral
tegmental area (VTA) dopamine (DA) neurons to the striatopal-
lidal nucleus area X (Gale et al., 2008; Reiner et al., 2004). Sec-
ond, zebra finches gradually learn to imitate a sequence of
song notes, or syllables, acquired from a single tutor, suggest-
ing they have a “fixed template” they aspire to learn (Marler,
1997). Yet, consistent with RL theory, song syllables are not
evaluated exclusively against this fixed template but are
additionally evaluated against syllable-specific performance
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benchmarks that change with practice. Specifically, area-X-
projecting VTA (VTAx) DA neurons are phasically suppressed
by distorted auditory feedback (DAF) during singing (Gadagkar
et al., 2016). DAF, though not generally aversive (Murdoch
et al., 2018), induces a perceived vocal error on distorted ren-
ditions such that undistorted renditions are reinforced (Ali
et al.,, 2013; Andalman and Fee, 2009; Hamaguchi et al.,
2014; Keller and Hahnloser, 2009; Tumer and Brainard,
2007). Over day timescales, DAF also reduces the predicted
quality (i.e., proximity to template) of DAF-targeted syllables.
When a reliably distorted target syllable is left undistorted,
VTAx neurons exhibit phasic bursts at the precise moment
of the song when DAF is predicted to occur but does
not occur, and the magnitude of this burst depends on
past error probability (Gadagkar et al., 2016). Thus, VTAx
neurons signal errors in predicted song quality, i.e., the differ-
ence between how good (close to the template) a syllable
sounded and how good it was predicted to be based on recent
practice.

To signal performance prediction error, songbird DA neurons
must compute the difference between actual “just heard” error
and the error that was predicted at that specific time step of
the song. The roles of upstream projections to VTA in these
computations remain unclear. One projection to VTA comes
from a high-order auditory cortical area that forms a “cup”
around the robust vocal motor nucleus of the arcopallium
(RAcup) (Bottjer et al., 2000; Kelley and Nottebohm, 1979; Mello
et al., 1998; Vates et al., 1996). RAcup, which is located in the
ventral intermediate arcopallium (AlV), is necessary for song
learning and sends error signals to VTA (Gale et al., 2008; Man-
delblat-Cerf et al., 2014), but it remains unknown how AlV influ-
ences VTA firing.

The second major forebrain input to VTA in songbirds comes
from a ventral pallidal (VP) region outside the classic song sys-
tem, ventral and medial to area X (Gale and Perkel, 2010; Gale
et al., 2008), yet it remains unknown if VP is important for song
learning and what, if any, singing-related signals it exhibits.

Here, we combine lesion, electrophysiology, and viral tracing
studies to demonstrate for the first time that songbird VP is
required for learning, exhibits performance error signals, and
receives previously unknown inputs from nuclei of the “classic”
song system. More generally, our results directly implicate VP in
learning a purely motor sequence task like birdsong.
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RESULTS

Auditory Cortical Stimulation Causes Diverse

Responses in VTAx Neurons

To identify circuits important for performance evaluation, we in-
jected retrograde tracer into the area-X-projecting part of VTA,
where performance error encoding DA neurons important for
song learning reside (Gadagkar et al., 2016; Hisey et al., 2018;
Hoffmann et al., 2016; Xiao et al., 2018). Consistent with past
work, retrogradely labeled neurons were observed in AlV (Bottjer
et al., 2000; Gale et al., 2008; Kelley and Nottebohm, 1979; Man-
delblat-Cerf et al., 2014; Mello et al., 1998; Vates et al., 1996;
Figures S1A and S1B). Previous studies showed that during
singing, DAF causes activation of VTA-projecting AlV neurons
and, at a slightly longer latency, pauses in VTAy neurons (Gadag-
kar et al., 2016; Mandelblat-Cerf et al., 2014).

To test if AV stimulation affects VTA firing, we recorded VTA
neurons while electrically stimulating AlV in anesthetized birds
(n = 7 birds; Figure 1A). AIV stimulation induced phasic rate
changes in all wide-spiking, antidromically identified VTAyx
neurons (n = 8 antidromic neurons, spike width 0.38 + 0.03 ms;
Figures S2K and S2L; Schultz and Romo, 1987). Responses
included suppression followed by activation (n = 3; Figures
S2B-S2D; latency 75 + 19 ms), activations (n = 3; Figures S2F,
S2H, and S2I; latency 112 + 54 ms), and suppressions (n = 2, Fig-
ures 1F and S2E, and S2J; latency 15-35 ms). In putative VTA in-
terneurons with thin spikes (n = 13, spike width 0.26 + 0.02 ms;
STAR Methods), AlV stimulation caused low-latency activations
(n =7, latency 29 + 12ms) or suppressions (n = 5, latency 20 +
7.8 ms). When we recorded simultaneously from a VTAx neuron

26[ —
0
Time from VP stimulation (s)

Activation

Suppression-activation

and rate histograms (bottom) of interneuron (black)
and VTAx neuron (red), aligned to AIV stimulation.
1 Horizontal bars indicate a significant response (p <
0.05, Z test) (STAR Methods). (F) Same as (E) for VP
stimulation. (G) Summary of VTAx response types
(n = 8 neurons with AlV stimulation, n = 5 neurons
with VP stimulation).

See also Figures S1 and S2.
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and a thin spiking interneuron at the end of the same electrode,
we found that AIV stimulation activated the interneuron, which in
turn could suppress the VTAx neuron (Figures 1B-1F).

Together, these findings suggest that VTA contains complex
local circuitry, including one that implements feedforward inhi-
bition to invert excitatory signals from AlV, consistent with the
idea that performance-error-induced activations in AlV can
drive pauses in VTAx firing during singing. Notably, the AIV-
VTA projection resembles cortical projections to VTA in mam-
mals that also can target local GABAergic interneurons and
inhibit dopaminergic firing (Beier et al., 2015; Carr and Sesack,
1999; Creed et al.,, 2014; Moreines et al., 2017; Patton
et al., 2013).

VP Stimulation Causes Diverse Responses in VTAy
Neurons

Following tracer injection into the VTAy, retrogradely labeled
neurons were also observed in a ventromedial basal ganglia re-
gion termed VP in previous studies (Figure S1C; Gale and Per-
kel, 2010; Gale et al., 2008; Reiner et al., 2004). To test if VP
can influence VTAx activity, we electrically stimulated VP while
recording antidromically identified VTAx neurons in anesthe-
tized birds (n = 4 birds; Figure 1A). Response to VP stimulation
included suppression followed by activation (n = 3/5 neurons
tested; Figures 1G and S2N-S2P), suppression (n = 1/5; Fig-
ure S2Q), and activation (n = 1/5; Figure S2R). Responses
to VP stimulation had lower latency than those to AIV (VP:
15 + 2.7 ms, AlV: 22.8 + 7.8 ms, p < 0.01, Wilcoxon signed-
rank [WRS] test; Figure S2L). The observation that VP can influ-
ence VTAx activity in complex ways is consistent with diverse

Neuron 703, 266-276, July 17, 2019 267

Cell’ress




CellPress

A VP intact

B C
Tutor Tutor
Sibling 1 Sibling 1
(sham lesion) (sham lesion)
Sibling 2 Sibling 2
(VP lesion) (VP lesion)

Figure 2. VP Lesions Impair Song Learning

Left hemisphere

Right hemisphere

*

D

0.5 N
) DN
s 04] NN
o
7} S
c A
o O
© 0.3}
E
<)
“:-,‘ 02.
=

0.1

Vehicle

(A) Lesions were confirmed in neuronal nuclear stained (anti-NeuN) slices as extensive cell death. Scale bars, 200 um.
(B) Tutor song (top), adult song of sham-lesioned (middle), and VP-lesioned (bottom) siblings. Each spectrogram is 2 s long.

(C) Same as (B) for another pair.

(D) Adult song of VP-lesioned birds had lower similarity to their tutor compared to controls (rank-sum test between all controls and all lesioned birds, p = 0.014.

n =7 sham lesion, n = 6 VP lesion).

VTA-projecting cell types in VP (Person et al., 2008), as well as
the presence of feedforward inhibition in VTA that can invert
incoming signals.

VP Lesions Impair Song Learning

To test if VP is important for song learning, we conducted lesion
experiments in juvenile birds. To specifically lesion the part of VP
that is part of the area X-VP-VTA-area X loop previously hypoth-
esized to play a role in learning (Gale and Perkel, 2010), we car-
ried out electrophysiologically guided excitotoxic VP lesions in
juvenile birds and evaluated their adult songs (STAR Methods).
During lesion surgery, stimulation electrodes were implanted
into area X, and the boundaries of orthodromic stimulation-
evoked responses were mapped with recording electrodes in
VP. This mapping specified the locations of excitotoxin injections
(STAR Methods). VP lesions significantly impaired song learning
(song imitation score, WRS test, p = 0.014, n = 6 lesion birds
and 7 controls; STAR Methods; Figure 2).

Firing Patterns of VP Neurons in Singing Birds

To test how VP may guide learning, we recorded VP neurons in
singing birds. With some exceptions detailed below, neurons
could not easily be categorized into distinct cell classes, because
they exhibited a continuum of mean firing rates, spike widths, and
discharge patterns (firing rate in singing: 43 + 3.3 Hz; range, 0.38-
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310 Hz; spike width: 0.25 + 0.008 ms; range 0.05-0.59 ms; CV,g,in
singing: 1.10 + 0.03; range, 0.4-2.9; n = 162 neurons; Figures
S3A-S3G). This heterogeneity is consistent with the diverse stria-
tal and pallidal cell types intermingled inside the songbird VP
(Person et al., 2008).

Notably, neuronal discharge heterogeneity is also observed in
mammalian VP, leading several studies to categorize neurons on
the basis of their responses to primary rewards and cues that
predict them (Ahrens et al., 2016; Ito and Doya, 2009; Otten-
heimer et al., 2018; Richard et al., 2016, 2018; Smith et al.,
2009; Tachibana and Hikosaka, 2012; Tindell et al., 2004). Below
we will proceed similarly by categorizing neurons on the basis of
their responses to song error and syllable timing.

VP Neurons Exhibit Performance and Prediction Error
Signals during Singing

To specifically test the role of VP neurons in learning, we used syl-
lable-targeted DAF to control perceived error during our record-
ings (Andalman and Fee, 2009; Tumer and Brainard, 2007; STAR
Methods). Beginning days prior to recordings, a specific “target”
song syllable was either distorted with DAF or, on randomly inter-
leaved renditions, left undistorted altogether (distortion rate at
target syllable 48.0% + 1.4%, mean + SEM, n = 39 birds). Days
of pre-training with syllable-targeted DAF reduces the predicted
quality of target syllables such that undistorted renditions are
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Figure 3. VP Neurons Exhibit Performance and Prediction Error Signals during Singing
(A) Spectrogram (top), spike discharge (middle), and instantaneous firing rate (bottom) of a prediction-error-encoding VP neuron (DAF, red shading; undistorted

targets, blue lines).

(B) Expanded view of neuron from (A). Top to bottom: spectrograms, spiking activity during undistorted and distorted trials, corresponding spike raster plots, and
rate histograms (all aligned to target onset). Horizontal bars in histograms indicate significant different responses to distorted and undistorted renditions, and a
lack of horizontal bars indicates that no significant different response was detected (error response, p < 0.05, WRS test) (STAR Methods).

(C and D) Additional examples of error-activated (C) and error-suppressed (D) neurons (same format as B).

(E) Each row plots the Z-scored difference between distorted and undistorted target-aligned rate histograms. Error-activated neurons (top, n = 16), error-
suppressed neurons (middle, n = 15), and non-error-responsive neurons (bottom, n = 97) are independently sorted by maximal Z score. Scale bar for spiking

activity in (A)-(D) is 0.15 mV.
See also Figures S3-S5.

signaled as better than predicted by VTAx DA neurons (Gadagkar
et al., 2016).

To test if VP neurons exhibited online error responses, we
compared the activity between randomly interleaved renditions
of distorted and undistorted songs. We defined an error
response as a significant difference of firing in distorted and un-
distorted renditions. Surprisingly, although there are no known
inputs to VP that carry auditory information in awake singing
birds, significant error responses were observed in 31/128 VP
neurons tested (Figure 3) (assessed by WRS test on number of
spikes in the 125-ms window following DAF onset time; Keller
and Hahnloser, 2009; 34/162 neurons were not tested due to
the low number of trials; STAR Methods). Neurons were either
activated (n = 16) or suppressed (n = 15) by DAF during singing
(quantified as Z-scored rate difference between undistorted
and distorted renditions; STAR Methods). Biphasic responses
were observed in 6/31 error-responsive neurons; initial suppres-
sions (or activations) were followed by significant activations
(or suppressions) (Figure 3D; STAR Methods).

A subset of error-responsive neurons exhibited a significant
maximum or minimum of firing rate following undistorted, but
not distorted, target times (n = 10/31 error-responsive neurons,
p < 0.05, bootstrapping; STAR Methods). We term these “predic-
tion error” responses, because they cannot be explained by the
external DAF sound and occur only following better-than-pre-
dicted song outcomes (Gadagkar et al., 2016). Prediction error re-
sponses could be rate peaks (n = 8 error-suppressed neurons;
Figure 3B) or nadirs (n = 2 error-activated neurons; Figure 5D).

Overall, the latencies and durations of error responses were
similar to those observed in downstream VTAy DA neurons (la-
tency: 55.0 + 3.8 ms; duration: 76.4 + 7.0 ms; n = 31 cells; Figures
S4A and S4B; STAR Methods).

To test if error responses were performance related (defined
as error responses that only occur during singing) and not
nonspecific auditory responses, we played back distorted and
undistorted renditions of bird’s own song (BOS) to non-singing
birds in a subset of recorded neurons. Auditory error responses
were rarely observed following passive playback of distorted
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Figure 4. VP Neurons Exhibit Temporally Precise Song-Locked Activity during Singing

(A) Top: sparseness of song-locked VP neurons plotted against the inter-motif correlation coefficient IMCC). Dashed lines: IMCC = 0.3 (vertical) and sparseness =
0.5 (horizontal). Bottom: maximum error score (absolute Z-scored difference between distorted and undistorted trials) plotted against IMCC. Dashed lines:
IMCC = 0.3 and error score = 1.96.

(B-F) Top to bottom: spectrograms, spiking activity during undistorted and distorted trials, corresponding spike raster plots and rate histograms for a VP neuron
with sparse, temporally precise discharge (B), one with time-locked bursts that tile the song (C), one with time-locked bursts and error response (D), one with
significant rate maximum immediately before target time (E), and one with significant rate minimum at target time (F). Horizontal bars on top of rate histograms
indicate a significant difference between distorted and undistorted firing (p < 0.05, WRS test).

(legend continued on next page)
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versus undistorted BOS to awake, non-singing birds (p > 0.05 in
33/35 neurons tested, including 14/16 error-responsive neurons,
WRS test) (Figures S5A-S5D). To test if error responses were
attributable to different movement patterns following distortions,
we used custom head-mounted accelerometers to quantify
movement during recordings. Movement did not differ between
distorted and undistorted renditions (Figure S5E), confirming
that error responses were not attributable to body movement
(Gadagkar et al., 2016). Together, these data demonstrate that
VP neurons can exhibit error signals specifically during singing,
consistent with performance error.

VP Neurons Exhibit Temporally Precise Song-Locked
Activity during Singing

Many VP neurons also exhibited activity patterns temporally
aligned to song. To quantify the precision of song-locked
discharge, we calculated the pairwise inter-motif correlation co-
efficients (IMCCs) of instantaneous firing rates for all neurons re-
corded for 10 or more motifs (Goldberg et al., 2010; Goldberg and
Fee, 2010; Kao et al., 2008; Olveczky et al., 2005; STAR
Methods). A neuron that reliably discharges at the same time
steps across song renditions will have an IMCC = 1; a neuron
with random discharge unrelated to singing will have an
IMCC = 0. Most VP neurons exhibited significant song-locked
discharge with a precision that varied among the population
(p < 0.05 in 96/162 neurons tested; IMCC = 0.13 + 0.016; Fig-
ure 4A). Most neurons did not show time-locked responses
to BOS playback (p > 0.05 in 33/35 neurons tested, including
21/23 song-locked neurons; STAR Methods).

Three cell “types” were distinguished by extremely precise
song-locked firing (IMCC > 0.3) (Figure 4; n = 10). A first type ex-
hibited ultra-sparse discharge aligned to specific song syllables
(n = 2, sparseness index > 0.5; STAR Methods; Figures 4A and
4B). These sparse neurons’ discharge resembled striatal me-
dium spiny neurons (MSNSs) previously recorded in area X (Gold-
berg and Fee, 2010; Woolley et al., 2014) and support the
previous finding that striatal and pallidal cell types can be inter-
mingled in songbird VP (Person et al., 2008). A second type
exhibited stereotyped, rhythmic firing patterns visible as high-
frequency bursts aligned to specific song time steps with milli-
second precision (Figures 4A and 4C; n = 6). In contrast to the
first two types, which did not exhibit error responses, a third
type exhibited error responses as well as time-locked response
to BOS playback, consistent with a neuron that receives strong
auditory input (n = 2, IMCC > 0.3 during BOS playback; Figures
4D, S5C, and S5D).

Most song-locked neurons also exhibited significant rate
modulations at various time steps of the song (n = 93/96 with sig-
nificant rate maximum or minimum; STAR Methods; Figures 4E
and 4F). Finally, other neurons were distinguished by dramatic
increase or decrease in firing rate at the transition between
non-singing and singing states (Figures 4G-4l; n = 12, rate differ-

ence >85%). All of these diverse cell types were spatially inter-
mingled (Figure S3H).

VP Sends Diverse Error- and Prediction-Related Signals
to VTA

To test which VP signals are sent to VTA, we used antidromic and
collision testing methods to identify VTA-projecting VP (VPyta,
n = 10; Figures 5A and 5B) and putative non-VTA-projecting
(VPother, N = 92) neurons (n = 60 not tested). Like the VP popula-
tion more generally, VPyta neurons exhibited a range of firing
rates and discharge patterns (Figure S3). However, VPyta neu-
rons were significantly more likely to exhibit error responses
than non-projectors (n = 5/10 VP neurons, 16/92 VPoher NEU-
rons, p < 0.05, WRS test; STAR Methods).

VPy1a Neurons were also significantly more likely to exhibit a
minimum in firing rate immediately prior to the target time in
the song (n = 5/10 VPyta neurons, 12/92 VPouer NEUrons, p <
0.01, WRS test; STAR Methods). These pre-target pauses are
consistent with a predicted quality signal. One VP neuron ex-
hibited a robust pre-target burst, but such pre-target activations
were not enriched in the VPy\1a neurons relative to VPoiner NEU-
rons (p > 0.05, WRS test; STAR Methods). Together, these find-
ings show that VP sends diverse error- and prediction-related
signals to VTA.

Viral Tracing Identifies Inputs to VP from Dopaminergic,
Vocal Motor, and Auditory Regions

To test what inputs to VP could account for this diversity of
singing and error-related firing, we combined retrograde and
anterograde viral tracing strategies. Abundant fiber tracts course
through VP, complicating the interpretation of results obtained
with dextran and cholera toxin (CTB) tracers, which can be taken
up by fibers of passage. We thus used a sparse GFP-expressing
retrograde virus, self-complementary AAV9 (scAAV9-CBh-GFP),
that is taken up by axon terminals (Xiao et al., 2018; STAR
Methods). Following injection of viral tracer into VP, retrogradely
labeled neurons were observed in several singing-related
cortical, thalamic, and midbrain structures, including (1) robust
nucleus of the arcopallium (RA), a vocal motor cortex-like nu-
cleus known to send precise motor command signals to brain-
stem motor neurons (Leonardo and Fee, 2005; Sober et al.,
2008; Yu and Margoliash, 1996; Figures S6A and S6B; retro-
grade labeling observed in 4/11 hemispheres); (2) uva, a motor
thalamic nucleus known to send precise song timing information
to HVC (5/19 hemispheres; Figures S6E-S6G) (Danish et al.,
2017; Hamaguchi et al., 2016); (3) medial portion of the dorsolat-
eral thalamus (DLM), the area-X-recipient thalamic nucleus
known to send premotor signals to cortical lateral magnocellular
nucleus of the anterior nidopallium (LMAN; 3/12 hemispheres;
Figures SBM-S60; Goldberg and Fee, 2012); (4) AlV, an auditory
cortical area known to send error signals to VTA (4/11 hemi-
spheres; Figures S6I-S6K; Mandelblat-Cerf et al., 2014); (5)

(G) A scatterplot of the mean firing rate during singing plotted against the ratio between mean firing rates during non-singing and singing periods identified VP

neurons gated by singing state.

(H and I) Top to bottom: spectrograms, spiking activity, and corresponding instantaneous firing rate (IFR) for a song-on neuron, which fired at high rate during
singing but was silent outside song (H), and a song-off neuron, which abruptly stopped firing during singing (l).
Scale bar for spiking activity in (B)—(F), (H), and (l) is 0.15 mV. See also Figure S3.
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ovoidalis, the primary auditory thalamus (2/11 hemispheres; Fig-
ures S6M, S6N, and S6P; Lei and Mooney, 2010; Vates et al.,
1996); and (6) VTA (9/21 hemispheres; Figures S6Q-S6S).

We note that using this retrograde viral tracing strategy, we
only observed sparsely labeled cells in all identified input re-
gions to VP (Figure S9). This may indicate sparse connections
between input regions and VP, but it could also be due to
sparse uptake by axon terminals and/or sparse viral expres-
sion (STAR Methods). Indeed, in all VP-injected, birds we
observed sparse input from the main known input to VP,
area X (Gale et al., 2008) (not shown). We additionally used
dual-tracer strategies and further confirmed that anterogradely
labeled RA axons co-mingled with VTA-projecting VP neurons
(n = 1/2 hemispheres; Figures S6C and S6D), retrograde
tracers in VP and Area X colabeled AIV neurons (3/5 cells
co-labeled in 3/3 hemispheres; Figures S61-S6L), retrograde
tracers in VP and Area X co-labeled VTA neurons (n = 4/6 cells
co-labeled in 2/2 hemispheres; Figures S6Q-S6T), and retro-
grade tracers in VP and HVC co-labeled Uva neurons (3/9 cells
co-labeled in 2/3 hemispheres; Figures S6E-S6H). Together,
these data show that VP receives inputs from RA, DLM, ovoi-
dalis, HVC-projecting Uva neurons, VTAx neurons, and VTA-
projecting AlV neurons.

DISCUSSION

By combining lesions, viral tracing, and electrophysiology, we
discovered that songbird VP is required for song learning, re-
ceives information about song-syllable timing and error, and
sends diverse performance prediction- and error-related signals
to VTA. These findings demonstrate that VP circuits can play an
essential role in performance evaluation during a purely motor
sequence learning task like birdsong.

Despite the importance of error signals for motor sequence
learning, the identification of online error signals remained elusive
in singing birds (Achiro et al., 2017; Derégnaucourt et al., 2004;
Hahnloser and Ganguli, 2013). HVC and LMAN do not exhibit re-

State (song time-step)

Figure 6. An Actor-Critic Circuit Motif for
Computing Performance Prediction Error

(A) Actor-critic circuit motif in mammalian BG
(adapted from Daw et al., 2006; Joel et al., 2002;
Takahashi et al., 2008).

(B) Anatomy and signaling in songbird VP reveal a
similar motif.

See also Figure S6.
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sponses to DAF during singing (Hamaguchi
et al., 2014; Kozhevnikov and Fee, 2007;
Leonardo, 2004; Vallentin and Long, 2015),
ruling against hypothesized roles of the classic song system in
online evaluation of auditory feedback (Doupe and Konishi,
1991; Nottebohm et al., 1990; Troyer and Doupe, 2000). Recent
studies instead support the idea that auditory cortical areas
extract error signals and send them to VTA, which in turn sends
dopaminergic prediction error signals to area X (Fee and Gold-
berg, 2011; Woolley, 2019). Specifically, early stages of the audi-
tory cortical hierarchy exhibit singing-related auditory responses
that include DAF-driven modulations (Keller and Hahnloser,
2009), and AlV, a higher-order auditory cortical region, contains
VTA-projecting neurons that are not simply activated by singing
and instead are specifically activated by DAF-induced errors
(Mandelblat-Cerf et al., 2014). VTA then sends performance error
signals to area X that can modify future performance (Gadagkar
et al., 2016; Hisey et al., 2018; Xiao et al., 2018). Our finding
that both AIV and VP can modulate VTA firing supports the idea
that song evaluation signals can reach the classic song system
through the VTA projection to area X (Gale and Perkel, 2010).

VP is classically viewed as an output of the limbic system
involved in seeking primary reinforcers such as food, drugs, or
courtship (McAlonan et al., 1993; Mogenson et al., 1980; Smith
et al., 2009). VP lesions in mammals cause anhedonia, reduce
drug and food seeking, and impair reward-based place prefer-
ence, implicating VP with both motivational “wanting” and he-
donic “liking.” Consistent with this idea, VP neuronal activity is
modulated by reward omissions, rewards, the cues that predict
them, and their hedonic value (Ahrens et al., 2016; Ito and Doya,
2009; Ottenheimer et al., 2018; Richard et al., 2016, 2018; Tachi-
bana and Hikosaka, 2012; Tindell et al., 2004).

Computational models of basal ganglia (BG)-dependent RL
may provide insight into how VP’s established hedonic functions
relate to performance evaluation in singing birds. In classic
actor-critic (AC) models, the BG has two functional subdivisions:
a ventral “critic” with outputs to VTA and a dorsal “actor” with
outputs to the motor system (Figure 6A; Daw et al., 2006; Joel
et al., 2002; Takahashi et al., 2008). Both subdivisions receive
dopaminergic reward prediction error signals and implement

Actor

Figure 5. The VP Sends Diverse Error- and Prediction-Related Signals to the VTA
(A) Stimulation and recording electrodes were chronically implanted into VTA and VP, respectively, for antidromic identification of VTA-projecting VP

neurons (VPyra).

(B) Antidromic (black) and collision (red) testing of the neuron shown in (C). Scale bars, 1 ms (horizontal) and 0.1 mV (vertical).
(C-K) Song-locked firing patterns of 9 VPyta neurons, plotted as in Figure 3B, reveal diverse responses, including prediction errors with significant burst (C) or
pause (D) at undistorted target time, pre-target burst (E), error-induced activation (F-H), and pre-target pauses (F-J). The y scale bar for spiking activity is 0.15 mV.

See also Figure S3.
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DA-modulated plasticity to weigh cortical inputs (which encode
“state”; Figure 6A) according to their reward value. DA modu-
lated plasticity in the critic therefore computes predicted state
value, for example a cue-dependent reward prediction. Pre-
dicted state-value coding by VP, manifest as VP responses to
conditioned stimuli in Pavlovian tasks (Ahrens et al., 2016; Ito
and Doya, 2009; Richard et al., 2018; Tindell et al., 2004), can
provide VTA with “prediction” information necessary to compute
reward prediction error (Tian et al., 2016). DA prediction error sig-
nals project back to the critic (to update predicted state-value)
and also to an “actor.” The actor also implements DA-modulated
plasticity on “state”-encoding inputs. Because the actor has
topographically organized outputs to the motor system, this
plasticity links a state representation to a reward-maximizing
action (Daw et al., 2006; Joel et al., 2002; Takahashi et al.,
2008), manifest as action-value coding in dorsal BG structures
(Samejima and Doya, 2007).

Our findings suggest that songbird VP may implement some
functions analogous to the critic in the classic AC architecture,
including the computation of predicted state value (which in bird-
song is analogous to predicted syllable quality). Specifically,
thalamic (uva) or cortical (RA) inputs to VP could provide state
representations in the form of “time step” in song that could
explain the observed VP timing responses (Figures 4B and 4C;
Danish et al., 2017; Hamaguchi et al., 2016; Leonardo and Fee,
2005; Sober et al., 2008; Yu and Margoliash, 1996). Next, DA in-
puts to VP from VTAx neurons could enable DA-modulated plas-
ticity to weigh uva inputs according to past error. For example,
consider a three-syllable song a-b-c. If syllable b is reliably dis-
torted, then DA pauses (driven by AlV) would be coincident
with those uva inputs active at syllable b. Then, DA-modulated
plasticity of uva inputs would reweigh these synapses, resulting
in a representation in VP of error-weighted timing or, equiva-
lently, predicted error (Figure 6B). With an eligibility trace (Sutton
and Barto, 1998; Yagishita et al., 2014), this process would
explain the pre-target pauses observed in VP that are enriched
in VPy7A neurons (Figures 5F-5K). Finally, AIV neurons are DAF
responsive during singing and could explain error responses in
VP (Figure 3; Mandelblat-Cerf et al., 2014). Altogether, VP thus
contains information necessary to signal the difference between
predicted and actual error, manifest in the observed prediction
error responses (Figures 3A and 3B) that can be sent to VTA (Fig-
ures 5C and 5D). A key prediction of this model is the existence of
DA-modulated plasticity of uva or RA inputs to VP.

In biologically inspired AC models, the DA error signal reaches
both ventral and dorsal BG domains (Daw et al., 2006; Joel et al.,
2002; Takahashi et al., 2008). Notably, VP-projecting VTA neurons
also project to area X, which is located more dorsolaterally and
has topographically organized outputs to the song motor system
(Johnson et al., 1995; Luo et al., 2001). DA-modulated plasticity in
area X (Ding and Perkel, 2004) reinforces the way a target syllable
is produced (Hisey et al., 2018; Hoffmann et al., 2016; Xiao et al.,
2018), much like manipulation of striatal DA in mammals can
reinforce place preference or action selection (Tsai et al., 2009;
Wise and Schwartz, 1981). Thus, we propose that area X has
anatomical and functional similarities to the actor in classic AC
architecture (Charlesworth et al., 2012; Fee and Goldberg,
2011; Figure 6B), forming the counterpart to the ventral critic.
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The AC model helps unify mechanisms of reward seeking
and performance evaluation into a common framework, but it
fails to explain the diversity of VP signals and likely oversim-
plifies processes underlying the construction of the dopami-
nergic error signal. First, VP stimulation could cause either
activation or suppression of VTAx firing (Figures 1E, 1F, and
S2N-S2R), which could be due to a mixture of glutamatergic
and GABAergic VPyta neurons and/or differential engagement
with local inhibition in VTA that can invert afferent signals
(Yang et al., 2018). Second, VPyta neurons could be activated
by distorted renditions, activated or suppressed by undistorted
renditions, and exhibit pre-target bursts or pauses that may
encode predicted song error or predicted quality, respectively
(Figure 5). Thus VP sends virtually every conceivable error-
related signal to VTA. While it is possible to linearly combine
these VP signals in specific ways to construct the known
VTAx signal, it remains unclear how these mixed inputs are
transformed by the VTA microcircuit into a remarkably homo-
geneous dopaminergic prediction error signal in the VTAx
pathway. Notably, mixed responses to reward and reward-pre-
dicting cues are observed in VP (and other) inputs to mamma-
lian VTA, even though VTA output is a similarly homogeneous
reward prediction error signal (Hong and Hikosaka, 2014;
Tian et al., 2016). How relatively homogeneous DA error signals
are constructed from mixed inputs is similarly elusive in birds
and mammals and may involve complex, cell-type-specific
engagement with VTA microcircuitry (Yang et al., 2018). Future
recordings of VTAx neurons in lesioned animals could clarify
how DA pauses and bursts depend on specifically on inputs
from AIV and VP (Takahashi et al., 2016; Takahashi et al.,
2011; Tian and Uchida, 2015).

In summary, we report that the VP, a limbic structure associ-
ated with reward seeking in mammals, is necessary for birdsong
learning, receives information from VTA and auditory and vocal
motor areas, and sends diverse performance and prediction
error signals to VTA.
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Anti-Tyrosine Hydroxylase antibody Millipore Cat#AB152
Anti-NeuN antibody, Alexa Fluor 488 conjugated Millipore Cat#MAB377Xclone A60
Bacterial and Virus Strains
Self-complementary AAV9-CBh-GFP Gene Therapy Center Vector Core, University N/A
of North Carolina at Chapel Hill
Short Term HSV-mCherry Gene Delivery Technology Core, Massachusetts Cat#RN3
General Hospital
Chemicals, Peptides, and Recombinant Proteins
N-Methyl-DL-aspartic acid Sigma Cat#M2137
Experimental Models: Organisms/Strains
Zebra Finch (Taeniopygia guttata) Magnolia Bird Farm, Anaheim CA N/A

Software and Algorithms

MATLAB

ImageJ
Sound Analysis Pro
Similarity Index

MathWorks

NIH
Tchernichovski et al., 2000
Mandelblat-Cerf and Fee, 2014

https://www.mathworks.com/
products/matlab.html

https://imagej.nih.gov/ij/
N/A
N/A

CONTACT FOR REAGENTS AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jesse H.
Goldberg (jessehgoldberg@gmail.com).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Subjects
Subjects were 91 male zebra finches (at least 39 days post hatch, dph). Animal care and experiments were carried out in accordance
with NIH guidelines and were approved by the Cornell Institutional Animal Care and Use Committee.

METHOD DETAILS

Surgery and histology
All surgeries were performed with isoflurane anesthetization. For functional mapping experiments (8 birds, 90 dph or older, Figure. 1),
bipolar stimulation electrodes were implanted into AlV and Area X (Gadagkar et al., 2016; Mandelblat-Cerf et al., 2014). In 4/8 birds,
additional stimulation electrodes were implanted into VP. AV coordinate was determined by its anterior and ventral position to RA,
and Area X coordinate was +5.6A, +1.5L relative to lambda and 2.65 ventral relative to pial surface, at a head angle of 20 degrees. VP
coordinate was +4.9A, +1.3L relative to lambda and 3.9 ventral to pial surface at a head angle of 20 degrees. Recordings were made
in VTA using a carbon fiber electrode (1 MOhm, Kation Scientific). VTA was identified by anatomical landmarks. Specifically, the
boundaries of DLM and Ovoidalis were determined by spontaneous firing and auditory responses. Recordings were then made at
the same AP position, +0.6L relative to lambda and 6.5 ventral relative to pial surface, at a head angle of 55 degrees. This AP position
corresponds to the anterior part of VTA enriched in Area X projecting neurons (VTAy) (Gadagkar et al., 2016; Mandelblat-Cerf et al.,
2014). VTAx neurons were further confirmed by antidromic response and collision testing. At the end of the experiment, small elec-
trolytic lesions (30 uA for 60 s) were made at each stimulation site. Location of the stimulating electrodes was verified histologically.
For VP lesion (13 birds, 39-52 dph), a bipolar stimulation electrode was implanted into Area X and the boundaries of VP was elec-
trophysiologically mapped by finding units suppressed by Area X stimulation. 115nl of 2% N-methyl-DLaspartic acid (NMA; Sigma, St
Louis, MO) or saline (for control birds) was injected into VP bilaterally. Lesions were histologically confirmed by labeling neurons with
anti-NeuN (full bilateral VP lesions in 6 birds).
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For awake-behaving electrophysiology (39 birds, 87-355 dph), custom made microdrives carrying an accelerometer (Analog
Devices AD22301), linear actuator (Faulhaber 0206 series micromotor) and homemade electrode arrays (5 electrodes, 3-5 MOhms,
microprobes.com) were implanted into VP by coordinates (4.4-5.4A, 1.1-1.5L, 3.5V, head angle 20 degrees). In 20/39 birds, a bipolar
stimulation electrode was implanted into VTA using anatomical landmarks as described above. After each experiment, small
electrolytic lesions (30 pA for 60 s) were made with one of the recording electrodes. Brains were then fixed, cut into 100 um thick
sagittal sections for histological confirmation of stimulation electrode tracks and reference lesions.

For VP tracing experiments (31 birds, 90 dph or older), 40nl of self-complementary adeno-associated virus carrying green fluores-
cent protein (scAAV9-CBh-GFP, UNC vector core) was injected into VP in two coordinates (4.6/4.9A, 1.3L, 4V). Upstream neurons
retrogradely infected and expressing GFP could be observed in RA, AlV, Uva, Ov, DLM, and VTA (each input was checked in a subset
of birds as indicated in the main text). To determine if VP shares common inputs with HVC, in addition to scAAV9 in VP, fluorescently
labeled cholera toxin subunit B (CTB, Molecular Probes) was injected into HVC in 3 birds. To determine if VP share common inputs
with Area X, CTB was injected into Area X for 2 birds. To test if RA axons co-mingle with VTA projecting VP neurons, CTB was injected
into VTA and anterograde HSV-mCherry (MGH viral core) was injected into RA.

Recording VTA responses to stimulation of AIV/VP

Neurons were classified as Area X-projecting (VTAx) based on antidromic stimulation and collision testing (200 ps pulses, 100-
300 pA). Spike duration was determined by the interval between onset and offset time of spikes (Figures 1C and S2K). VTA neurons
that did not respond to Area X stimulation were classified as putative interneurons. We cannot rule out the possibility that a subset of
these neurons project to the basal ganglia outside the field of influence of stimulation. A burst of AV (or VP) stimulation consisting
three 200 us pulses with 10ms inter-pulse-interval was delivered every 1.5-2 s, with 300 pA current amplitude. Putative interneurons
were also tested for response to AlV stimulation. VTAyx neurons were found in an anterior part of VTA, intermingled with non-projecting
local neurons (Gadagkar et al., 2016; Mandelblat-Cerf et al., 2014).

All VTAx neurons and those putative interneurons with rate influenced by AlV stimulation were further analyzed. To determine if VTA
neurons respond to AlV (VP) stimulation, spiking activity within + 1 s relative to stimulation onset was binned in a moving window of
30ms (for VTAx neurons) or 10ms (for VTA interneurons) with a step size of 5ms. Each bin after stimulation onset was tested against all
the bins in the previous 1 s (the prior) using a Z test. Windows where at least 2 consecutive bins with p < 0.05 were considered sig-
nificant. The response onset and offset were required to bracket lowest (for phasic decrease) or highest (for phasic increase) firing
rate after stimulation onset. Response was quantified by normalized firing rate in the first significant window using the 1 s before stim-
ulation onset as baseline (Figure S2L).

To determine if the simultaneously recorded putative interneuron (PIN) and VTAyx neuron were correlated, we constructed rate his-
togram of VTAx neuron spiking events aligned to spontaneous spiking events of PIN with preceding inter-spike interval (ISI) > 10ms,
and assessed significance of rate changes of VTAx neuron using Z test (Figure 1D).

Song imitation score

Song learning in VP lesioned and control birds was assessed by song similarity between pupil (at 90 dph) and their tutors. We
computed imitation scores using an automated procedure based on Sound Analysis Pro (SAP) algorithm (Mandelblat-Cerf and
Fee, 2014; Tchernichovski et al., 2000). Briefly, the tutor motif was segmented into syllables by hand. Syllables in the pupil song
were determined by finding the section of pupil song with highest SAP similarity to each tutor syllable. Additionally, a sequencing
score was computed as the similarity of the next syllable in tutor song and the next section in the pupil song. Imitation score was
the product of song similarity and sequence similarity (Mandelblat-Cerf et al., 2014).

Syllable-targeted distorted auditory feedback

Postoperative birds with microdrive implant were placed in a sound isolation chamber and given at least a day to habituate to dis-
torted auditory feedback (DAF) as described previously (Gadagkar et al., 2016). Briefly, ongoing singing was analyzed by Labview
software to target specific syllables, and two speakers inside the chamber played a 50ms DAF sound on top of bird’s singing on
50% of randomly selected target renditions. DAF was either a broadband sound band passed at 1.5-8 kHz, the same spectral range
of zebra finch song, or a segment of one of the bird’s own non-target syllables displaced in time.

Passive playback of the bird’s own song

For passive playback of the bird’s own song (BOS), we played back randomly interleaved renditions of the undistorted and distorted
motifs of the bird’s own song during awake, non-singing periods. The loudness of playback was adjusted to match the average peak
loudness of zebra finch song (Gadagkar et al., 2016; Mandelblat-Cerf et al., 2014).

Analysis of neural activity

Neural signals were band-passed filtered (0.25-15 kHz) in homemade analog circuits and acquired at 40 kHz using custom MATLAB
software. Single units were identified as VTA-projecting by antidromic identification and antidromic collision testing (Figures 5A and
5B). Spike sorting was performed offline using custom MATLAB software. Instantaneous firing rates (IFR) were defined at each time
point as the inverse of the enclosing ISI. Firing rate histograms were constructed with 10 ms bins and smoothed with a 3-bin moving
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average, except for Figures 4C and 4D, where the histograms had 4ms and 5ms bins. All data were acquired during undirected song,
except for the neuron in Figure 5K, which was recorded during female-directed song.

Performance error response

To identify performance-error related neurons, we assessed the difference in firing rate between distorted and undistorted singing
renditions as previously described (Keller and Hahnloser, 2009; Mandelblat-Cerf et al., 2014). Neurons with less than 10 trials of either
distorted or undistorted renditions of the target syllable were excluded from this analysis (n = 34/162 excluded). Briefly, we performed
a WRS test on the number of spikes in distorted versus undistorted renditions in 30 ms windows. Windows were shifted in 5 ms steps
and considered significant when at least 4 consecutive windows had p < 0.05. Error-related neurons were classified as error-acti-
vated if the firing rate is higher in distorted trials in window of significance, and error suppressed if the firing rate is higher in undis-
torted trials.

To visualize error response, we calculated z-score of the difference between distorted and undistorted rate histograms (Figure 3E).
We defined ‘error score’ for each neuron to be the maximum of absolute z-scored difference in the 125ms after target onset
(Figure 4A).

To identify prediction-error related neurons, we quantified phasic rate changes following undistorted target time. 1000 surrogate
rate histograms were generated by randomly time-shifting each trial of undistorted target aligned data over the duration of the motif.
Response was considered significant when firing rate dropped below 5th percentile or exceeded 95th percentile of the surrogate
data. Neurons with significant rate peak or nadir in the window of significance for error response were identified as prediction error
neurons.

To test if error responses were attributable to purely auditory responses to a different sound, we performed the same analysis for
distorted and undistorted renditions during passive playback of bird’s own song (BOS) playback in 16/31 error neurons and 19/97
non-error neurons. Only two neurons exhibited an error response during passive playback. One such neuron exhibited similar
song-locked firing during both singing and listening (Figure S5C). One other error responsive neuron also had song time-locked
response in BOS playback, although the part of playback that contained target syllable was consistently masked by calls
(Figure S5D).

We compared the latency and duration of error response to those of VTAx neurons from a previous dataset (Gadagkar et al., 2016).
Latency and duration were defined by the onset and onset-offset interval of significant windows in WRS test as described above.

To test if VPyta neurons were more likely to exhibit error response, we assigned a value of 1 (if error responsive) or 0 (if not error
responsive) to each neuron tested for VTA antidromic stimulation. VPyra neurons were tested against the group of VP neurons tested
but not antidromic using WRS test (p = 0.05).

Song timing related activity

Sparseness index was used to identify putative song-related MSNs. This distinguishes MSNs from other striatal cell types in the dor-
sal basal ganglia nucleus Area X (Goldberg and Fee, 2010). For each neuron, we calculated rate histograms aligned to syllable onset
for all syllables. Then we normalized these histograms over all syllables to generate a probability density function p; over N bins. An
entropy-based sparseness index was computed as follows:

Sparseness Index = 1+ log(N)

Intermotif pairwise correlation coefficient IMCC) was used to identify neurons that had highly time-locked firing to song motifs (timing
neurons), as previously described (Goldberg et al., 2010; Goldberg and Fee, 2010; Kao et al., 2008; Olveczky et al., 2005; Woolley
etal., 2014). Motif aligned IFR was time warped to the median duration of all motifs, mean-subtracted, and smoothed with a Gaussian
kernel of 20ms SD, resulting in r; for each motif. IMCC was defined as the mean value of all pairwise CC between r; as follows:

1 Npairs
IMCC = > cc;
Npairs i>i
cc; ="l

3

2 2
r,.rj

To assess the significance of IMCC values, we computed new IMCC for each neuron by adding random, circular time shifts to each
spiketrain. This was repeated 1000 times. IMCC was considered significant when the real value was greater than the 95" percentile of
the shuffled data.

To quantify significant song-locked rate modulations, we compared the highest rate peak and lowest nadir in target-aligned
rate histogram to 1000 surrogate rate histograms generated by randomly time-shifting spike trains. Rate peaks exceeding the
95™ percentile of surrogate rate maximum and rate nadirs below the 5" percentile of surrogate rate minimum were considered
significant.
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To test if VPvta neurons were more likely to exhibit rate maxima/minima immediately prior to target time, we assigned a value of 1
(if a significant rate maximum/minimum was present in the 100ms before target time) or O (if significant peak/nadir was not present) for
each neuron tested for VTA antidromic stimulation. VPvta neurons were tested against the group of VP neurons tested but not
antidromic using WRS test (p = 0.05).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of movement

An accelerometer (Analog Devices AD22301) was mounted on microdrives to quantify gross body movements as described previ-
ously (Gadagkar et al., 2016). Briefly, movement onsets and offsets were determined by threshold crossings of the band-passed,
rectified accelerometer signal. To test if error responses could be explained by a difference in movement rate following DAF, for
each bird we calculated onset times of movements relative to song target time. Then we performed a WRS test (p = 0.05) on the num-
ber of movement onsets in distorted versus undistorted renditions in 30 ms windows. Windows were shifted in 5 ms steps and
considered significant when at least 4 consecutive windows had p < 0.05.

Imaging

Imaging data were acquired with a Leica DM4000 B microscope and a Zeiss LSM 710 Confocal microscope. Image processing was
done with Imaged.
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