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Vocal learning in songbirds, like speech acquisition in humans, entails a period of sensorimotor integration during which vocalizations
are evaluated via auditory feedback and progressively refined to achieve an imitation of memorized vocal sounds. This process requires
the brain to compare feedback of current vocal behavior to a memory of target vocal sounds. We report the discovery of two distinct
populations of neurons in a cortico-basal ganglia circuit of juvenile songbirds (zebra finches, Taeniopygia guttata) during vocal learning:
(1) one in which neurons are selectively tuned to memorized sounds and (2) another in which neurons are selectively tuned to self-
produced vocalizations. These results suggest that neurons tuned to learned vocal sounds encode a memory of those target sounds,
whereas neurons tuned to self-produced vocalizations encode a representation of current vocal sounds. The presence of neurons tuned to
memorized sounds is limited to early stages of sensorimotor integration: after learning, the incidence of neurons encoding memorized
vocal sounds was greatly diminished. In contrast to this circuit, neurons known to drive vocal behavior through a parallel cortico-basal
ganglia pathway show little selective tuning until late in learning. One interpretation of these data is that representations of current and
target vocal sounds in the shell circuit are used to compare ongoing patterns of vocal feedback to memorized sounds, whereas the parallel
core circuit has a motor-related role in learning. Such a functional subdivision is similar to mammalian cortico-basal ganglia pathways in
which associative-limbic circuits mediate goal-directed responses, whereas sensorimotor circuits support motor aspects of learning.

Introduction

Both humans and songbirds display the rare trait of vocal learn-
ing; juveniles hear and memorize vocal sounds of adult “tutors”
during a sensitive period of development and then translate the
neural memory of those sounds into a motor program (Doupe
and Kuhl, 1999). The existence of a stable memory of tutor
sounds in songbirds was first demonstrated behaviorally by sem-
inal work in the 1950s (Marler, 1956; Thorpe, 1958; Marler,
1970). Acquiring a neural representation of tutor song is the first
essential step in the process of vocal learning, and, once formed,
this memory guides sensorimotor integration as each bird learns
to imitate its tutor’s song by vocalizing and using auditory feed-
back to compare its incipient vocalizations to that tutor memory
(Konishi, 1965).

Parallel cortico-basal ganglia loops in mammals process dis-
tinct but related aspects of sequential motor and reward-based
learning (Hikosaka et al., 1999; O’Doherty et al., 2004; Tanaka et
al., 2004; Yin et al., 2009; Thorn et al., 2010). In songbirds, the
cortical region LMAN (lateral magnocellular nucleus of the an-
terior nidopallium) is required for vocal learning (Bottjer et al.,
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1984; Scharff and Nottebohm, 1991; Aronov et al., 2008). LMAN
is composed of two subregions, a core and a surrounding shell,
whose pathways make parallel connections to form recurrent
loops through the basal ganglia and through other cortical re-
gions (Bottjer, 2004; Fig. 1A). Neurons in LMAN__ .. project to
vocal motor cortex and drive motor variability that is character-
istic of babbling in juvenile birds to facilitate trial-and-error
learning (Olveczky et al., 2005; Warren et al., 2011; Ravbar et al.,
2012). However, strong evidence for a neural representation
unique to tutor song in this circuit has been lacking. Neurons in
the shell region of LMAN project to an adjacent area of motor
cortex necessary for accurate temporal sequencing and copying
of tutor syllables but not for normal vocal production (Johnson et
al., 1995; Iyengar et al., 1999; Bottjer et al., 2000; Bottjer and
Altenau, 2010). Furthermore, the shell pathway receives a strong
transient projection from LMAN,,. only in juvenile birds
(Miller-Sims and Bottjer, 2012; Fig. 1B), indicating that core neu-
rons convey efference copy to LMAN, ., circuitry as birds are
engaged in vocal learning. This pattern of results suggests that
neurons in LMAN,.; may contribute to evaluating whether cur-
rent vocal behavior matches the tutor song memory.

Neurons in LMAN,_,,. develop auditory selectivity to each
bird’s own song during vocal learning, but individual core neu-
rons in young juveniles respond to both the bird’s own song and
the tutor song even when they have been manipulated to be
acoustically dissimilar (Solis and Doupe, 1997, 1999, 2000;
Yazaki-Sugiyama and Mooney, 2004). We predicted that, in con-
trast to LMAN_, .., LMAN, ; in young birds should receive in-
formation regarding learned tutor sounds and hence contain
neurons that respond selectively to the tutor song. In accord with
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Figure1. Parallel cortico-basal ganglia pathwaysin songbirds. 4, Parallel circuits are formed
by the axonal connections of core (gray) and shell (red) regions of LMAN. These parallel projec-
tions form recurrent loops through both the basal ganglia (Area X, a nucleus containing both
striatal and pallidal neurons) and through other cortical regions: RA (robust nucleus of arcopal-
lium) and Al; (dorsal intermediate arcopallium), which are located in the analog of mammalian
motor cortex. Al was referred to as Ad (dorsal arcopallium) in previous papers from our labo-
ratory, but we have changed the terminology here to conform to the nomenclature suggested
by Reineretal. (2004). Core and shell regions of LMAN receive input from separate subgroups of
neurons in the thalamic nucleus DLM (dorsolateral medial thalamus; VM, ventromedial; DL,
dorsolateral). B, Anterograde label in coronal sections of RA and Al after iontophoretic injec-
tions of biotinylated dextran amine into LMAN,.. Individual core neurons send axons exclu-
sively into RA in adult birds but send numerous collateral branches into Al,; in juvenile (35 dph)
birds (Miller-Sims and Bottjer, 2012) (dorsal is up, medial is left; scale bar, 0.5 mm). Thus,
LMAN,. neurons make a robust transient projection into the shell pathway during sensorimo-
tor integration that is completely gone by adulthood.

this prediction, we found that LMAN, ., contains distinct popu-
lations of neurons that encode either the tutor song or self-
produced vocal babbling in birds in early stages of sensorimotor
integration. In adult birds that have completed the process of
vocal learning, the neural representation of each bird’s own song
is strengthened as the representation of the tutor song is dimin-
ished, indicating that these neuronal populations are specialized
for the period of vocal learning.

Materials and Methods

Subjects. All procedures were performed in accordance with protocols
approved by the University of Southern California Animal Care and Use
Committee. Twenty-eight urethane-anesthetized male zebra finches
(Taeniopygia guttata) of three different ages were used: (1) 43—47 d post-
hatch (dph; mean, 45.5; n = 6); (2) 54—68 dph (mean, 60.9; n = 10); and
(3) adult birds (>90 dph; n = 12). All birds were bred in group aviaries
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and remained with their natural parents until at least 35 dph to ensure
that they received normal tutor song exposure and social experience
(Immelmann, 1969; Bohner, 1983, 1990; Eales, 1985; Clayton, 1987;
Catchpole and Slater, 1995; Mann and Slater, 1995; Roper and Zann,
2006). Because birds were raised by their parents, they were exposed to
their father’s song (the tutor song) during both the early period of social
imprinting as well as during the tutor memorization period; although the
presence of the tutor during the imprinting period does not affect song
learning (Roper and Zann, 2006), exposure to the tutor song during
imprinting might influence the development of neural responsiveness.

Previous work in our laboratory has shown, consistent with the studies
cited above, that natural rearing until 35 dph constitutes sufficient tutor
exposure to develop an accurate copy of the tutor song (Foster and Bot-
tjer, 2001). Most birds raised under these naturalistic conditions (i.e., by
their biological parents within a colony) memorize the song of their
father (see references above). Because juveniles had access to other adult
males, they could have memorized some aspects of other males’ songs
(Williams, 1990). However, this tendency would result in weaker tuning
to the tutor song of the natural father and would therefore work against
an overall pattern of tutor tuning. Therefore, the tutor for each bird was
its natural father; because the songs of individual zebra finches vary
considerably, each experimental bird learned a specific and unique tutor
song (TUT).

Song stimuli. Birds were placed in individual sound attenuation cham-
bers, and songs were recorded using Sound Analysis Pro (44 kHz sam-
pling rate; Tchernichovski et al., 2000). All song stimuli were chosen
based on how frequently they were produced by each bird, as in previous
studies (Solis and Doupe, 1999; Phan et al., 2006; Kojima and Doupe,
2007); at least 10 song bouts (periods in which multiple song motifs are
sung) for adult song and at least 20 song bouts for juvenile song were
inspected both aurally and visually to pick the song motif that repre-
sented the most frequently produced song for each bird. Each song stim-
ulus was high-pass filtered at 400 Hz and edited to include one or two
song motifs (Solis and Doupe, 1997; Rosen and Mooney, 2000; Solis and
Doupe, 2000). Because juvenile song is variable, at the onset of each
recording session, we tested several (four to five) motifs of each juvenile
bird’s own song (BOS) that were produced within 24 h before the experi-
ment. Each version of BOS elicited similar responses in LMAN,,.. and
LMAN; . of all birds tested (Solis and Doupe, 1997, 1999, 2000); we chose
the version of BOS that produced the largest neural response and used it
thereafter. This song was also played back as a mirror-image reverse (REV).
Conspecific songs (CON) were recorded from adult breeders from non-
adjacent aviaries. Age-matched conspecific songs (AMC) were recorded
from unfamiliar juveniles matched to age * 1 d of the experimental bird.
Although previous studies have found no intensity preferences in song con-
trol nuclei (Margoliash and Fortune, 1992; Doupe, 1997), we equalized song
stimuli to 68.6 * 0.3 dB (mean * SEM) measured with a sound level meter
(Extech Instruments). Twenty iterations of each stimulus were presented.
Song stimuli were presented in blocks of three to five different stimuli (de-
pending on how many stimuli were presented for a given bird). The order of
stimuli within a block was random (without replacement), and the inter-
stimulus interval was 10 = 2's.

Electrophysiology. One to 2 d before an experiment, birds were anes-
thetized with 1.5% isoflurane (inhalation), and a stainless steel post was
attached to the skull with dental cement. On the day of the experiment,
birds were anesthetized with an intramuscular injection of 20% urethane
indH,0 (100-110 pl; Sigma), and the steel post was fixed to a stereotaxic
apparatus so that the ears were unobstructed during recording. Extracel-
lular recordings were made using single electrodes (0.4—0.8 M{); Carbo-
star) or linear electrode 16-pad arrays (1.5-5 M{); NeuroNexus). Spike
data was amplified (Neuralynx), band passed between 300 and 5000 Hz,
and digitized at 20 or 32 kHz using Spike 2 software (Cambridge Elec-
tronic Design). Small electrolytic lesions (4—7 wA for 20 s) were made
above and below LMAN__ . for single electrodes and in the bottom-most
and top-most recording pads of linear arrays for electrode tract recon-
struction. Coronal sections (50 wm thick) were Nissl stained to reveal
LMAN_,,. borders, and, for seven birds, an alternate series was stained
for calbindin using standard immunohistochemical procedures to con-
firm LMAN, ., borders (Fig. 2A; Pinaud et al., 2007).
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Figure2. Histological and electrophysiological methods used. A, Photomicrograph of LMAN core

and shell (50- um-thick coronal sections; medialis right). The borders of the core region can be clearly
distinguished in Nissl-stained tissue (left). Core is outlined with dashed line and asterisks indicate
fiduciary lesions. Different subgroups of thalamic projection neurons (from DLM; Fig. 14) terminatein
either LMAN . or LMAN; ,,, butall DLM axons express calbindinin a highly selective manner (Pinaud
etal., 2007). Therefore, calbindin staining encompasses both core and shell regions, and the terminal
field demarcates the outer border of LMAN,,,, (right, dark staining; dashed line is copy of core outline
to illustrate location of core). Scale bar, 300 um. B, €, Example multiunit recording with clustered
spike waveforms from LMAN,, of 43 dph bird. B, Inset at top left shows raw voltage signal of
multiunit recording made with a Carbostar electrode; black box indicates expanded portion shown to
right. LMAN neurons have relatively low firing rates, and therefore ambivalent waveform shapes
attributable to overlapping spikes were rare. The graph shows a plot of energy versus rising slope of
raw waveforms (no corrections applied) from the recording site shown in inset. This plot shows that
raw spike shapes form distinct clusters even when based on only two features. €, Waveforms were
automatically clustered based on six waveform features using Klustakwik (Ken Harris, Rutgers Uni-
versity; see Materials and Methods). The resulting clusters for this recording are shown in different
colors (gray cluster did not meet signal/noise criterion); overlaid waveforms of each unit are shown
near the plotted cluster. After clustering, each unit was tested to determine whether the firing rate
during the presentation of any stimulus was significantly greater or less than the firing rate during
baseline; each unit s labeled with its corresponding response pattern.

Analyses. A recording site was considered for analysis if it was con-
firmed histologically to be in either LMAN_ .. or LMAN, ., (excluding
50 um on either side of the core/shell border). The evoked responses of
LMAN neurons tended not to persist throughout the whole stimulus, as
has been observed previously (Doupe, 1997; Solis and Doupe, 1997,
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1999; Kojima and Doupe, 2007). Therefore, response strengths calcu-
lated for song stimuli longer than ~1 s underestimated the actual re-
sponse by averaging across both the early phasic response and the period
of decreased response (cf. Doupe, 1997; Solis and Doupe, 1999). To
correct for stimulus duration bias (e.g., longer songs would yield spe-
ciously low response strengths), all analyses were performed using neural
data collected during the first second of song playback (if the song was
>1 s; some adult songs were slightly <1 s in duration). Our results for
LMAN_,. replicate those reported previously (Doupe, 1997; Solis and
Doupe, 1997, 2000; Rosen and Mooney, 2000; Kojima and Doupe, 2007),
showing that calculation of response strength based on the first second
did not change the nature of the results. In addition, because neurons
showed either an enhanced or a suppressed response to song playback
(see Results), it was important to determine whether rate increases and
rate decreases were evaluated equally when restricting the analysis to the
first second of the response. To address this point quantitatively, we
examined the time course of responses of 20 randomly selected neurons
that showed decreased firing rates during playback. Decreases in firing
rate in this sample of neurons lasted on average 0.13-1.20 s after stimulus
onset. This pattern was equivalent to that of neurons that show increases
in firing rate; that is, like rate increases, rate decreases occurred primarily
during the first second of a song stimulus. We also assessed the responses
of 20 randomly selected neurons that showed no significant change in
firing rate during playback to test whether any of these neurons showed a
significant increase or decrease in firing rate if the response window was
extended to the entire stimulus length. None of these neurons showed
any significant responses when tested this way. Therefore, restriction of
analyses to the first second does not differentially reject neurons that
show decreased firing rates, and extending the analysis window did not
increase the incidence of song-responsive neurons.

Isolated units were clustered manually using MClust-3.5 (A. David
Redish, University of Minnesota, Minneapolis, MN; Fig. 2B, C) in
MATLAB (MathWorks). To confirm the quality of clustering, all 45 dph
recordings were reclustered automatically using KlustaKwik (Ken Har-
ris, Rutgers University, Newark, NJ) based on the maximum and first
derivative of energy of the waveforms, the first two principal components,
and the rising and falling slope of the waveforms. Within KlustaKwik, the
minimum and maximum number of clusters required was 4 and 30,
respectively, and the KlustKwik clustering algorithm was used. Those
clusters were then manually inspected and corrected when needed. The
two different sorting methods yielded highly similar patterns of data; the
results presented here are from the 45 dph data that were automatically
clustered. Spike sorting methods inevitably include some error (Harris et
al., 2000; Pedreira et al., 2012), but standard precautions were taken to
ensure that any error was minimal: single units were considered for anal-
ysis if the signal-to-noise ratio was =3 (mean * SEM, 5.9 * 0.09) and if
<1% of spikes had an interspike interval <2 ms (core: 45 dph, n = 93, 60
dph, n = 214; adult, n = 308; shell: 45 dph, n = 114; 60 dph, n = 172;
adult, n = 265).

We determined whether each single unit was responsive by testing for
a significant change in firing rate from baseline (1 s before stimulus)
during presentation of any song stimulus (matched  test, p < 0.05). To
compare differences in firing rates across neurons, standardized re-
sponses (SRs) were calculated:

standardized

S —B
\/Var(S) + Var(B) — 2 X Covar(S, B)

response strength =

where S is firing rate during stimulus, and B is firing rate during baseline
so that a positive value indicates an increased rate to a stimulus and a
negative value indicates a decreased rate to a stimulus. We did not adjust
the SRs for the number of trials (i.e., multiply SR by \/# trials). There-
fore, when accounting for the number of trials, all neurons that were
considered responsive to a stimulus showed an adjusted SR of at least
2.24. In describing the responses of single units, use of the word “only”
signifies that an individual neuron gave a statistically significant response
to only one stimulus of three to five tested (see Results). For example,
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Figure3. A population of neurons in LMAN,,, of 45 dph birds responds only to tutor song.
A, Among all neurons that were tested with playback of BOS, REV, and TUT: absolute propor-
tions of neurons that responded to BOS only, TUT only, or both BOS and TUT in LMAN . (gray;
n = 68) and LMAN,, (red; n = 65). For this analysis, “BOS only” included neurons that
showed a significant response to BOS and not to REV or TUT (see Materials and Methods), “TUT
only” included neurons that responded only to TUT and not to BOS or REV, and “BOS & TUT”
includes neurons that responded to both BOS and TUT (regardless of whether there was a
response to REV). Shell neurons in all three response categories include cells that showed either
rate increases or decreases (see Results); analysis conducted on only excited neurons yielded
highly similar results (data not shown). ***p < 0.001. B, Among all shell neurons included in 4,
proportions of neurons that were either excited (filled bars) or suppressed (open bars) by BOS
only or TUT only. C, Among all neurons included in A, mean proportion of neurons averaged
across each bird that responded to BOS only, TUT only, or both stimuli in LMAN . (gray) and
LMAN;,; (red). Data from individual birds are plotted as dots (n = 4 birds; not included are
data from one bird that did not receive the TUT stimulus and from one bird from which we
recorded one BOS/TUT-responsive neuron). The mean proportion of TUT-only neurons per bird
was higherin shell than in core (p = 0.019, Mann—Whitney test), and the mean proportion of
BOS & TUT neurons per bird was higher in core than in shell (p = 0.021, Mann—Whitney test).
*p < 0.05. These data show that the differences between core and shell computed across
individual birds were also significant and match those computed across neurons.

“TUT only” refers to neurons that gave a significant response only to
TUT and not to any other stimulus. In contrast, “TUT-responsive” neu-
rons included those that showed a significant response to TUT, regard-
less of whether they also responded significantly to other stimuli.
Similarly, “BOS only” refers to the subset of neurons that responded
significantly only to BOS and not to any other stimulus, and “BOS re-
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Table 1. Proportion of auditory neurons in 45 dph core and shell, which were
tested with all five stimuli (BOS, REV, TUT, CON, and AM()

Core Shell

Row Neuron category (n=152) (n=40)
1 TUT only 0.04 0.28**
2 TUT + REV, CON or AMC 0.10 0.05
3 BOS + TUT only 0.08 0.05
4 BOS + TUT + other songs 0.25 0.05%
5 BOS only 0.15 0.13
6 BOS + REV, CON or AMC 0.25 0.20
Sum2-4/sum  Relative percentage of TUT-responsive neurons 91 35Hx*

1-4 that respond to other songs
Sum3,4,6/sum  Relative percentage of BOS-responsive neurons 79 70

3-6 that respond to other songs

For this analysis, “TUT only” indicates neurons that showed a significant response to TUT and not to BOS, REV, CON,
or AMG; “BOS only” indicates neurons that responded significantly to BOS and not to REV, TUT, CON, or AMC. Rows
16 sum to 87% for core and 76% for shell (remaining neurons did not respond to BOS or TUT). *p << 0.05, **p <
0.01, and ***p < 0.001 for significant differences between LMAN,, and LMAN.; proportions (x? tests).

sponsive” refers to the larger group of neurons that responded signifi-
cantly to BOS regardless of responses to other song stimuli. When
describing the responses of single units, “excited” and “suppressed” are
used as operational terms that signify firing rate increases and decreases
compared with baseline rates and are not descriptions of the underlying
synaptic mechanisms responsible for changes in firing rate.

To measure selectivity, a difference score was calculated for “Song A”
as follows: Song Asg = SRsong 4 = SRsong 5 This is an alternative to the
psychometric discriminability index d’ used in previous studies. We
chose to standardize responses before subtracting as opposed to subtract-
ing response strengths and dividing by the standard deviationsasind’. As
other groups have noted (Solis and Doupe, 1997; Coleman and Mooney,
2004), this use of d" scores has limitations, including the fact that the
score is sensitive to response strength and is less useful for revealing the
degree to which the response of one stimulus is greater or less than
another. Selectivity scores based on proportions were not appropriate for
the data because there were frequently negative response strengths that
would confound the interpretation of the score. Use of SR differences
corrects for differences in response strength, allows the interpretation of
scores calculated from a negative response, and retains one of the benefits
of d', insensitivity to sample size. To address whether d" scores would
produce substantially different patterns of selectivity, we calculated d’
values for 45 dph TUT- and BOS-responsive neurons (see Tables 2, 3).
Comparison of d’ scores with ASR scores revealed no substantial differ-
ences. As shown for ASR scores, d’ values revealed that neurons in shell
were more selective for BOS or TUT than core neurons. To include all
song-responsive neurons in selectivity measures, regardless of whether
cells showed increased or decreased firing rates, we reversed the ASR
scores and d’ values of song-suppressed neurons.

Statistics. All continuous data were tested for normality using Kolm-
ogorov—Smirnov and Shapiro—Wilk tests. ¢ tests were used to compare
means for normally distributed data, and Mann—Whitney tests were used
to compare medians for non-normally distributed data. Differences in
proportions were tested using x tests, and differences in distributions
were tested with Kolmogorov—Smirnov Z tests. A Z test for proportions
was used to test whether the relative proportions of excited and sup-
pressed 45 dph shell neurons were different from chance. Bonferroni’s
corrections were applied wherever multiple comparisons were made.

Results

Distinct neuronal populations in LMAN_,,. and LMAN, ., of
juvenile birds

To test whether LMAN, ;; contains a neural representation of the
tutor song during vocal learning, we recorded from core and shell
regions of LMAN in juvenile zebra finches (Taeniopygia guttata)
that have completed memorization of a tutor song and begun to
practice their song vocalizations (45 dph). We tested each neuron
for auditory responsiveness, expressed as a significant change in
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all of these neurons were tested with TUT,
BOS, and a mirror-image reverse of BOS
in which temporal structure is reversed
while leaving spectral content intact). For
example, TUT-only neurons showed a
statistically significant response only to
. TUT and not to BOS or REV (see Materi-
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Figure 4.  Neurons responsive to the tutor song in 45 dph LMAN,; ., and LMAN ... A, Recording from LMAN; ... Top, Song

spectrograms of a 45 dph bird’s TUT, BOS, and REV. Below are raster plots and instantaneous firing rates for a TUT-excited single
unit; overlaid waveforms are shownin inset (see Materials and Methods and Fig. 2 B, Cfor recording and spike sorting details). Scale
bar, 0.5 ms. * indicates response significantly different from baseline activity. B, Recording from LMAN,,., of 43 dph bird, arranged
asin A showing responses to TUT, BOS, and REV. €, Recording from LMAN, ,, of 45 dph bird showing a TUT-suppressed single unit,

arranged as in A and B showing responses to TUT, BOS, and AMC.

firing rate from baseline during playback of each song stimulus
(p <0.05, ttest). A high proportion of neurons in both core and
shell gave an auditory response to playback of at least one song
stimulus; the proportion of core neurons that showed a signifi-
cant auditory response was higher than that for shell neurons
(0.89 vs 0.68, p < 0.001, x> test; core, n = 83 of 93; shell, n = 77
of 114; core/shell auditory neurons per birds for n = 6 birds, n =
18/17, 0/16, 20/36, 2/0, 32/4, and 11/4).

Asan initial population analysis, we categorized each auditory
neuron according to whether it exhibited a significant change in
firing rate to BOS only, TUT only, or both BOS and TUT (Fig. 3A;

portion of core neurons responded sig-
nificantly to combinations of TUT plus
other songs compared with shell neu-
rons (sum of rows 2—4; 0.43 vs 0.15;
p = 0.005, x* test). Expressed as a rela-
tive percentage, 91% of individual TUT-
responsive neurons in core also responded
to other songs compared with only 35% in shell (p < 0.001, x>
test). The proportion of neurons that responded only to BOS
did not differ between core and shell (0.15vs 0.13, 8 of 52 vs 5
of 40 neurons), confirming that each subregion contains a
population of neurons that responds only to BOS (compare
with Fig. 3A). Fewer shell than core neurons were BOS-
responsive overall (sum of rows 3—6; 0.73 vs 0.43; p = 0.003,
X test), such that, although more neurons in core than shell
responded to BOS plus other stimuli (sum of rows 3, 4, and 6;
0.58 vs 0.30; p = 0.008, x* test), the relative percentage of
BOS-responsive neurons that also responded to other songs
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did not differ between core and shell (79 A
vs 70%). Interestingly however, many
neurons in core were very broadly tuned

(i.e., responded significantly to BOS,

TUT, plus at least one other song stim-

ulus; row 4) compared with shell (0.25 20
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was also true for TUT-responsive neurons
found in other song-control nuclei (Nick
and Konishi, 2005a). Another difference be-
tween shell and core subregions was that
song-evoked activity in shell neurons could
manifest as either increases or decreases in  TUT.

firing rate, whereas core neurons showed in-

creased rate responses only. Figure 4C

shows a shell neuron that showed a suppressed response to TUT but
not to BOS or CON (see below).

Figure 5 shows examples of individual BOS-responsive neu-
rons in shell and core of 45 dph juveniles. The core neuron fired
strongly in response to BOS, REV, and TUT, whereas the shell
neuron showed significant increased firing only to BOS. Thus, as
for TUT-responsive neurons, BOS-responsive neurons in core
tended to respond to multiple other stimuli, whereas those in
shell were likely to respond strongly only to BOS. In this example,
the response of the shell neuron distinguished the bird’s own
babbling song from that of another young bird (AMC) as well as
from the tutor song.

Figure 5.

Neurons in LMANg, ;; of 45 dph birds were either excited or
suppressed by playback

As indicated above, many auditory neurons in shell, but not
core, of 45 dph birds showed suppressed responses to playback
of song (Fig. 4C). Among all BOS-responsive shell neurons
(i.e., those that showed a significant response to BOS alone or
in combination with other song stimuli), 81% (29 of 36) were
excited, whereas 19% (7 of 36) showed a suppressed response
to BOS. Among TUT-responsive shell neurons, 76% (28 of 37)
showed excitation and 24% (9 of 37) showed suppression to
TUT. Interestingly, BOS- and TUT-excited shell neurons
never showed suppression to any other stimulus. This mutual
exclusion was true for suppressed neurons as well (except for 1

Neurons responsive to the bird’s own song in 45 dph LMAN, ., and LMAN .. A, Recording from LMAN; ;.. Top, Song
spectrograms of a 45 dph BOS, its TUT, and an AMC. Below are raster plots and instantaneous firing rates for a BOS-excited single
unit from this recording site; overlaid waveforms are shown in inset. Scale bar, 0.5 ms. * indicates a response that is significantly
different from baseline activity. B, Recording from LMAN,, . of 43 dph bird, arranged as in A showing responses to BOS, REV, and

of 73 cases in which the neuron showed increased firing to
REV and suppression to TUT). Thus, shell neurons encoded a
representation of TUT and BOS via either increases or de-
creases in response strength.

Among core neurons that were tested with TUT, BOS, and
REV, none showed suppression to any song (n = 68). In contrast,
among shell neurons that responded only to BOS, 84% (16 of 19)
showed an enhanced response, whereas 16% (3 of 19) showed a
suppressed response (p = 0.003, Z test for proportion; Fig. 3B).
Among shell neurons that responded only to TUT, 67% (14 of
21) showed increased firing and 33% (7 of 21) showed suppres-
sion (p = 0.12, Z test for proportion). This pattern suggests that
neurons that responded only to TUT were more likely to show
suppression than were neurons that responded only to BOS in
LMAN;,;; of 45 dph birds. However, despite the tendency toward
a greater incidence of song suppression within neurons that re-
sponded only to TUT, the relative proportion of excited/sup-
pressed neurons was not significantly different between neurons
that responded only to TUT and those that responded only to
BOS (p = 0.20, x? test).

TUT-responsive neurons were more selectively tuned in
juvenile shell than core

To test the relative magnitude of responses across all TUT-
responsive neurons, we compared response strengths with all
song stimuli in 45 dph LMAN; ., and LMAN_ .. SRs for TUT-
excited shell neurons were largest to TUT compared with all
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Figure 6. Response strength and selectivity across all TUT-responsive neurons in LMAN,,,, and LMAN,,, of 45 dph birds. TUT-responsive neurons include all those that showed a significant
response to TUT (either alone orin combination with other song stimuli, includes both TUT-excited and TUT-suppressed neurons). A, SRs for TUT-responsive neuronsin core and shell to TUT, BOS, REV,
adult CON, and AMC. Filled bars show mean response of neurons that were excited by TUT (core, n = 41 for TUT, BOS, and REV and n = 24 for CON and AMG; shell, n = 28 for TUT, BOS, and REV and
n="12for CON and AMC), and open bars show mean response of neurons that were suppressed by TUT (core, n = 0; shell,n = 9for TUT, BOS, and REV and n = 7 for CON and AMC). Error bars indicate
SEM. *p << 0.05, **p < 0.01, and ***p << 0.001. B, Histograms showing distributions of selectivity (ASR) scores for TUT versus other songs (excited and suppressed responses combined) in core
and shell (core, n = 41vs BOS and REV, n = 24 vs CON and AMG; shell, n = 37 vs BOS and REV, n = 19 vs CON and AMC). The sign of selectivity scores for suppressed neurons is reversed. Error bars
are centered on mean values and indicate SEM. €, D, Cumulative distributions of TUT-BOS ASR scores (core, n = 41; shell, n = 37) and of CON—AMC ASR scores (core, n = 24; shell,n = 19); pvalues
shown are from Kolmogorov—Smirmov Z tests for difference between the distributions. E, TUT selectivity averaged across birds to compare with means averaged across neurons (B). Bars show mean
selectivity for TUT over other songs across birds in core (gray) and shell (red). Data for individual birds are plotted as dots. Mean selectivity scores per bird were higher in shell than in core for
comparisons with both BOS and REV (p = 0.02 and 0.04, respectively, Mann—Whitney test; n = 5 birds vs BOS and vs REV, one bird had recordings only in core and one bird had recordings only in
shell; not included are data from one bird that did not receive the TUT stimulus; n = 2 birds vs CON and vs AMC). These data show that mean values do not differ, regardless of whether values are
computed based on means of individual birds or across all neurons.

other songs (Fig. 6A, filled red bars; p < 0.05 in all cases, inde-  to TUT showed similar response patterns to TUT-excited neurons:
pendent ¢ test, unequal variance, Bonferroni’s corrected). Incon-  response suppression was greatest to TUT compared with other
trast, TUT-excited core neurons responded equally well to TUT  songs (open red bars; p < 0.01 in all cases, Mann—Whitney test,
and BOS (filled gray bars; p = 1.0, Mann—Whitney test, Bonfer- ~ Bonferroni’s corrected). As indicated above, TUT-suppressed neu-
roni’s corrected) but, like shell neurons, responded less to REV,  rons were not detected in core. In summary, TUT-responsive neu-
CON, and AMC (p < 0.05 in all cases, Mann—Whitney test, Bon-  ronsin core and shell showed comparable response strength to TUT,
ferroni’s corrected). Furthermore, shell neurons responded  but neurons in shell gave a much weaker response to non-tutor
much less to BOS, REV, CON, and AMC than did those in core  songs than did those in core.

(p < 0.05 in all cases, independent ¢ test, unequal variance for To quantify response selectivity between pairs of stimuli, we
CON comparison). Neurons in shell that exhibited suppression ~ computed a difference score for each neuron: ASR = SR, 4 —



14482 - ). Neurosci., September 4, 2013 - 33(36):14475-14488

Table 2. d’ values (mean = SEM) for 45 dph core and shell for TUT-responsive
neurons

TUT-responsive 45 dph neurons

d’ comparison Core Shell

TUT-BOS 0.00 = 0.06 0.26 = 0.07**
TUT-REV 0.26 + 0.07 0.48 = 0.07*
TUT-CON 0.23 = 0.09 0.63 =+ 0.12**
TUT-AMC 0.16 = 0.08 0.54 = 0.12%*

Core,n = 41versus BOSand REV, n = 24 versus CON and AMC; shell, n = 37 versus BOS and REV, n = 19 versus CON
and AMC. *p << 0.05 and **p << 0.01 for significant differences between mean d” values of core and shell. We used
ASR scores in preference to d’ scores for methodological reasons (see Materials and Methods). However, both
measures showed good agreement in terms of assessing differences in selectivity between shell and core neurons:
TUT selectivity of shell neurons was higher than that in core neurons.

SRgong 1 (a score of zero indicates no song preference). Across all
TUT-responsive neurons in shell of 45 dph birds, mean selectiv-
ity (ASR) scores revealed a significant preference for TUT versus
all other songs (Fig. 6B; ASR significantly different from zero, p <
0.001 in all cases, one-sample ¢ test; Fig. 6E shows data for indi-
vidual birds; for d’ scores, see Table 2). Neurons in core also
preferred TUT over REV, CON, and AMC (all cases significantly
different from zero, p < 0.05, one-sample ¢ test). However, there
was no significant selectivity for TUT versus BOS (p = 0.30,
one-sample ¢ test), indicating no song preference between TUT
and BOS in 45 dph core neurons. Furthermore, shell neurons
exhibited much greater selectivity for TUT over all other songs
than did core neurons (p value always <0.005, independent ¢
test). These results for TUT-responsive neurons demonstrate
that shell neurons showed greater selectivity for TUT compared
with those in core for all comparisons with other song stimuli.

Cumulative distributions of selectivity scores for TUT versus
BOS were shifted to the right for shell relative to core neurons
(Fig. 6C), demonstrating that more neurons preferred TUT over
BOS in shell (p = 0.002, Kolmogorov—Smirnov Z test). As a
control for whether the selective response to TUT simply re-
flected a preference for an adult song versus an immature juvenile
song, we also compared cumulative distributions for adult CON
versus AMC (Fig. 6D). Shell neurons evinced no preference for
CON over AMC (p = 0.56, one-sample ¢ test), and the distribu-
tions of core versus shell selectivity scores did not differ (p = 0.62,
Kolmogorov—Smirnov Z test). Thus, TUT-responsive shell neu-
rons show a specific preference for the tutor song they have memo-
rized as opposed to a generic preference for general characteristics of
adult song over immature song.

BOS-responsive neurons were more selectively tuned in
juvenile shell than core

We also tested BOS-responsive neurons in shell versus core of 45
dph birds by comparing relative response strength across song
stimuli. BOS-excited neurons in both core and shell showed a
stronger response to BOS than to all other songs (Fig. 7A4; p <
0.01 for all cases, Mann—Whitney test, Bonferroni’s corrected).
However, shell neurons responded less strongly to REV, TUT,
and AMC than did core neurons (p = 0.005, 0.002, and 0.047,
respectively, Mann—Whitney test for REV comparison, indepen-
dent ¢ test for TUT and AMC comparisons). The response to
CON did not differ between core and shell (p = 0.38, indepen-
dent ¢ test, unequal variance). BOS-suppressed neurons were
found only in shell and showed greater suppression to BOS com-
pared with REV (p = 0.002, Mann—Whitney test, Bonferroni’s
corrected). Thus, neurons in core and shell responded compara-
bly with the bird’s own babbling sounds, but with the exception

Achiro and Bottjer @ Neural Representation of a Target Auditory Memory

of CON, neurons in shell gave a much weaker response to non-
BOS songs than did those in core.

As in the case of TUT-responsive neurons, higher selectivity
scores among BOS-responsive shell neurons reflected their
weaker response to non-preferred songs (Fig. 7B). BOS-
responsive neurons in both core and shell were selective for BOS
over all other songs (ASR different from zero, p < 0.001 in all
cases, one-sample t test; Fig. 7E shows data for individual birds;
for d’ scores, see Table 3). However, shell neurons showed higher
selectivity than core neurons for BOS compared with all other
songs (p values always <0.03, Mann—Whitney test for REV and
AMC comparisons, independent ¢ test for TUT and CON com-
parisons). Likewise, more neurons in shell were selective for BOS
over TUT than in core, as illustrated by the right-shifted cumu-
lative distribution (p = 0.009, Kolmogorov—Smirnov Z test; Fig.
7C). If BOS-responsive shell neurons simply preferred a juvenile
song over adult songs, then one would expect high selectivity
scores for AMC—CON comparisons. However, the cumulative
distributions of AMC—~CON ASR scores revealed no selectivity
(Fig. 7D; scores not different from zero; core, p = 0.15 and shell,
p = 0.86, one sample ¢ test), and there was no difference between
the distributions (p = 0.277, Kolmogorov-Smirnov Z test).
These results show that, although response strength to BOS is
similar in core versus shell, responses of shell neurons are more
selective as a result of diminished responses to other song stimuli.
Therefore, LMAN, .; of 45 dph birds contains a population of
neurons that encodes a selective representation of vocal babbling
sounds and a distinct population of neurons that is selective to
the adult tutor song of each bird.

Selective tuning to tutor song is restricted to a phase of early
sensorimotor integration

The presence of a substantial population of neurons that respond
only to the tutor song in LMANy, ; of 45 dph birds shows that the
shell pathway has access to a representation of target vocal sounds
during the period of active imitative learning. To test whether a
representation of the tutor song persists in shell neurons after the
conclusion of vocal learning, we recorded from core and shell in
older juveniles at a later stage of sensorimotor integration when birds
are singing “plastic” song (60 dph) and in adults that are producing
a stereotyped song after the learning period (>90 dph). These neu-
rons were categorized as in Figure 3 according to whether BOS, TUT,
or both songs evoked a significant response. This developmental
analysis revealed that the high proportion of shell neurons showing a
significant response only to TUT at 45 dph was greatly reduced by 60
dph (p = 0.01, x test, Bonferroni’s corrected), and this proportion
remained low in adult birds (Fig. 84, left). The substantial reduction
of TUT-only shell neurons by 60 d eliminated the significantly
greater incidence of tutor-tuned neurons in shell versus core seen at
45 dph. The proportion of core neurons that responded only to TUT
did not change between 45 and 60 d (p = 0.52, x test, Bonferroni’s
corrected).

Developmental changes in BOS responses showed a different
pattern (Fig. 8A, middle). The proportion of neurons that
showed a significant response only to BOS increased in both core
and shell between 45 and 60 d (core, p = 0.03 and shell, p = 0.07,
X~ test, Bonferroni’s corrected) and was not different between the
two subregions at any age. Therefore, the neural representation of
each bird’s own song became stronger in both subregions of
LMAN as vocal development progressed from vocal babbling to
plastic song. The proportion of core neurons that responded to
both BOS and TUT decreased substantially between 45 and 60 d
(Fig. 84, right; p = 0.002, x? test, Bonferroni’s corrected) and
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Figure7. Response strength and selectivity across all BOS-responsive neurons in LMAN,;, and LMAN,, of 45 dph birds. A, SRs for BOS-responsive neurons in core and shell to BOS, REV, TUT,

adult CON, and AMC. Filled bars show mean response of neurons that were excited by BOS (core, n = 65 for BOS and REV, n = 55 for TUT, n =38 for CON and AMC; shell, n = 29 for BOS, REV, and
TUT, n = 14for CON and AMC), and open bars show mean response of neurons that were suppressed by BOS (core, n = 0; shell,n = 7 for BOS and REV, n = 3 for TUT, n = 2 for CON and AMC). Error
barsindicate SEM. *p << 0.05, **p << 0.01,and ***p << 0.001. B, Histograms showing distributions of selectivity (ASR) scores for BOS over other songs (excited and suppressed responses combined)
in core and shell (core, n = 65 vs REV, n = 55vs TUT, n = 38 vs CON and AMC; shell, n = 36 vs REV, n = 32 vs TUT, n = 16 vs CON and AMC). The sign of selectivity scores for suppressed neurons
is reversed. Error bars are centered on mean values and indicate SEM. €, D, Cumulative distributions of BOS—TUT ASR scores (core, n = 55; shell, n = 32) and AMC—CON ASR scores (core, n = 38;
shell, n = 16). p values shown are from Kolmogorov—Smirnov Z tests for difference between the distributions. E, BOS selectivity averaged across birds to compare with means averaged across
neurons (B). Bars show mean selectivity for BOS over other songs across birds in core (gray) and shell (red). Data for individual birds are plotted as dots. Mean selectivity scores per bird were higher
in shell than in core for comparisons with both REV and TUT (p = 0.047 and 0.020, respectively, Mann—Whitney test; n = 6 birds vs REV, one bird had recordings only in core and one bird had
recordings onlyin shell;n = 5 birds vs TUT, notincluded are data from one bird that did not receive the TUT stimulus; n = 2 birds vs CON and vs AMC). These data show that mean values do not differ,
regardless of whether values are computed based on means of individual birds or across all neurons.

Table 3. d’ values (mean = SEM) for 45 dph core and shell for BOS-responsive
neurons

BOS-responsive 45 dph neurons

d’ comparison Core Shell

BOS—REV 0.41 = 0.05 0.58 = 0.06*
BOS-TUT 0.27 = 0.04 0.49 = 0.07**
BOS-CON 0.39 + 0.06 0.62 = 0.10*
BOS—AMC 0.32 = 0.05 0.50 = 0.08

Core,n = 65 versus REV, n = 55 versus TUT, n = 38 versus CON and AMC; shell, n = 36 versus REV, n = 32 versus
TUT, n = 16 versus CON and AMC. *p << 0.05 and **p << 0.01 for significant differences between mean d’ values of
core and shell. We used ASR scores in preference to d" scores for methodological reasons (see Materials and
Methods). However, both measures showed good agreement in terms of assessing differences in selectivity be-
tween shell and core neurons: BOS-selectivity of shell neurons was higher than that in core neurons.

remained low in adulthood. Although the proportion of shell
neurons that responded to both BOS and TUT did not change
throughout development, by adulthood a greater proportion of
neurons in shell responded to BOS and TUT than in core (p =
0.008, x* test, Bonferroni’s corrected). In summary, these data
show that, with learning, a larger proportion of neurons in both
subregions respond significantly only to BOS as song matures,
and the proportion of neurons in LMANy; ;; that respond only to
the tutor song diminishes.

We found that core neurons became more selectively tuned to
BOS during development, in accord with reports of selectivity in
previous studies (although this represents the first test of BOS
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Developmental changes in responses and selective tuning of LMAN . and LMAN;,,, neurons. A, Proportion of neurons that responded only to TUT and not to BOS or REV (left) in core

(gray) and shell (red) at 45 dph (core, n = 68; shell, n = 65), 60 dph (core, n = 57; shell, n = 31) and in adult birds (core, n = 47; shell, n = 88). Proportion of neurons that responded only to BOS
and not REV or TUT (middle) and proportion of neurons that responded to both BOS and TUT (right). *p << 0.05, **p << 0.01, and ***p << 0.001. The data for 45 dph are the same as those presented
in Figure 3. B, Mean BOS—REV ASR scores for BOS-responsive neurons in LMAN . and LMAN,..,,in 45 dph (core, n = 65; shell, n = 36), 60 dph (core, n = 53; shell, n = 26), and adult (core, n =
82; shell, n = 100) birds. Error bars indicate SEM. €, Mean BOS—TUT ASR scores for BOS-responsive neurons in LMAN.,,, and LMAN,,,, in 45 dph (core, n = 55; shell, n = 32), 60 dph (core, n =
40; shell, n = 23), and adult (core, n = 26; shell, n = 64) birds. D, Mean response strength of all BOS-responsive neurons to BOS across development. Filled circles show mean SRs of BOS-excited
neurons in core (gray) and shell (red) to BOS in 45 dph (core, n = 65; shell, n = 29), 60 dph (core, n = 49; shell, n = 21), and adult (core, n = 72; shell, n = 88) birds. Open circles show mean SRs
of BOS-suppressed neurons throughout development in core (n = 0 at 45 dph, n = 4 at 60 dph, n = 10in adults) and shell (n = 7 at 45 dph, n = 5at 60 dph, n = 12in adults). There were no
significant age differences within either subregion for both BOS-excited and BOS-suppressed neurons (p > 0.05 in all cases). Error bars indicate SEM.

selectivity in birds younger than 55 dph) (Doupe, 1997; Solis and
Doupe, 1997). The selectivity of core neurons for BOS increased
between 45 and 60 dph (p < 0.001 for both REV and TUT com-
parisons, independent # test, unequal variance for TUT compar-
ison), such that there was no difference in ASR scores of shell
versus core neurons by 60 dph (Fig. 8 B,C; independent ¢ test,
unequal variance for TUT comparison). The selectivity of shell
neurons for BOS over both REV and TUT did not change be-
tween 45 and 60 dph (p > 0.05 in both cases, independent  test,
Bonferroni’s corrected), although BOS-REV selectivity did in-
crease between 45 dph and adulthood (p = 0.03, independent ¢

test, Bonferroni’s corrected). Response strength to BOS did not
change in either subregion during development (Fig. 8 D; Mann—
Whitney test, Bonferroni’s corrected), indicating that the devel-
opmental increases in BOS selectivity were attributable to
decreased responses to other stimuli. These results indicate that
shell neurons show relatively more mature levels of selectivity
than core neurons early in vocal learning and that the increase in
selectivity throughout development in both subregions is the re-
sult of weaker responses to nonpreferred stimuli.

Because relative levels of inhibition contribute to neural selec-
tivity (Rosen and Mooney, 2000; 2003; Pinaud et al., 2008) as well
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suppression to at least one song stimulus
did not change during development (Fig.

= ] 9A, red bars; 0.26 in 45 dph birds, 0.33 in
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Figure9. Developmental changes in song-suppressive responsesin LMAN . and LMAN ,, neurons. A, Proportion of auditory

neurons that responded with suppression to any song stimulus in core (gray) and shell (red) at 45 dph (core, n = 83; shell,n = 77),
60 dph (core, n = 76; shell,n = 46), and adult (core, n = 120; shell, n = 154) birds. B, Proportion of BOS-responsive neurons that
were suppressed by BOS in core and shell at 45 dph (core, n = 65; shell, n = 36), 60 dph (core, n = 53; shell, n = 26), and adult

(core, n = 82; shell, n = 100) birds. *p << 0.05 and ***p < 0.001.

Figure 10.  Feedforward and feedback LMAN,,,, pathways. Shell circuitry (red) contributes
both to feedback pathways through thalamus and through integrative feedforward pathways.
One feedforward pathway includes a projection from Al (previously referred to as Ad) to dopa-
minergic neurons in VTA and then to basal ganglia of the core pathway (Area X, gray). Feedfor-
ward pathways also project through a dorsal thalamic zone to MMAN and thence to HVC, which
controls adult song production through its projection to vocal motor cortex (RA). Main feedback
pathways include those discussed in the Results: shell — dNCL — Al — DTZ — shell and
shell — Area X, — DTZ — shell. Additional recurrent loops may be made through the
projection of Al; to VTA and lateral hypothalamus. In addition, LMAN,,,, projects to ipsilateral
posterior amygdala, which sends axons to contralateral LMAN,;;, thereby constituting one
pathway that could be used for interhemispheric coordination (Johnson et al., 1995). Posterior
pallial amygdala was referred to as Av (ventral arcopallium) in previous papers from our labo-
ratory, but we have changed the terminology here to conform to the nomenclature suggested
by Reineretal. (2004). Dashed line indicates midline. HVC, common name; RA, robust nucleus of
arcopallium; dNCL, dorsal caudolateral nidopallium; Al,, dorsal intermediate arcopallium;
LMAN, lateral magnocellular nucleus of the anterior nidopallium; MMAN, medial magnocellular
nucleus of the anterior nidopallium; DTZ, dorsal thalamic zone (includes DLM and DMP); Area X,
basal ganglia nucleus containing both striatal and pallidal neurons; LH, lateral hypothalamus;
VTA, ventral tegmental area; PoA, posterior pallial amygdala.

as regulation of sensitive periods (Hensch et al., 1998), we exam-
ined the proportion of all auditory neurons with enhanced versus
suppressed responses throughout development. LMAN_ . is
known to include song-suppressed neurons in adult but not ju-
venile birds (Doupe, 1997). In accord with this fact, we found that
the proportion of core neurons that showed a suppressed re-
sponse to at least one song stimulus increased throughout devel-
opment (Fig. 94, gray bars; 0.01 at 45 dph, 0.13 at 60 dph, 0.25 in
adults; p < 0.001, three-way x> test). Among BOS-responsive
neurons, the percentage in core that were suppressed by BOS also
increased significantly from 0% at 45 dph to 8% at 60 dph and
12% in adults (Fig. 9B, gray bars; p = 0.016, three-way x> test). In
contrast to core, the proportion of shell neurons that showed

1 60 dph, 0.18 in adults; p = 0.12, three-way
x> test). Moreover, the percentage of
BOS-responsive neurons in shell that
were suppressed by BOS did not change
during development (Fig. 9B, red bars;
19% at 45 dph, 19% at 60 dph, 13% in
adults; p = 0.55, three-way y test). Thus,
suppressive responses to song in LMAN-
core mature throughout development and
gradually come to match the level of song
suppression seen in LMAN,, ;. In addition,
these results suggest that maturation of in-
hibitory circuits may underlie increased se-
lective tuning in LMAN and represent a
correlate of learning.

Discussion

These results demonstrate that LMANy; .;; contains a population
of neurons that encodes a neural representation of learned tutor
sounds in juvenile songbirds during early stages of sensorimotor
integration for vocal learning (45 dph). This discovery represents
the first instance in which a substantial population of vocal-
control neurons responds selectively to tutor song in birds that
are acquiring learned vocal behavior. The TUT-tuned neurons
are present at a time when lesions of Al (dorsal intermediate
arcopallium), which interrupt the trans-cortical recurrent path-
way from LMAN, ., through dorsal thalamus, prevent both im-
itation of the tutor song and the development of a stable sequence
of syllables (Bottjer and Altenau, 2010). Furthermore, the large
proportion of neurons that responds only to tutor song is not
present in LMAN, ; of adult birds that have finished learning to
produce a stereotyped imitation of that song. Tutor-tuned neu-
rons in 45 dph LMAN, ., coexist with a separate population that
responds selectively to the bird’s own song, suggesting that dis-
crete populations of shell neurons receive signals from regions of
higher-level auditory cortex that process either vocal-related
feedback (BOS tuning) or aspects of tutor song (TUT tuning)
(Phan et al., 2006; London and Clayton, 2008; Gobes et al., 2010;
Hahnloser and Kotowicz, 2010). In contrast to LMAN, ., most
neurons in LMAN_,,. of young birds responded to BOS or to BOS
plus other songs, in agreement with previous studies (Solis and
Doupe, 1999, 2000; Yazaki-Sugiyama and Mooney, 2004). The
overall pattern of results indicates that distinct representations of
both the tutor song and the bird’s own song are available only in
shell at 45 dph and that neurons in core do not develop a selective
representation of self-produced vocalizations until late in
learning.

At 45 dph, LMAN,; contained TUT- and BOS-suppressed
neurons, demonstrating that shell neurons represent the tutor
song and bird’s own song via either increases or decreases in
firing rate, similar to responses to learned sounds in prefrontal
cortex of mammals (Suzuki et al., 1997; Fritz et al., 2010). Tha-
lamic input to LMAN is excitatory (Livingston and Mooney,
1997; Boettiger and Doupe, 1998; Bottjer et al., 1998; Pinaud et
al., 2007), so suppression presumably results from intrinsic in-
hibitory interneurons such as those that contribute to selectivity
in core (Rosen and Mooney, 2000). Thus, TUT-tuned and BOS-
tuned excitatory neurons in DLM (dorsolateral medial thalamus)
and LMAN, ., may drive intrinsic inhibitory activity onto spe-
cific subgroups of shell neurons (BOS- and TUT-suppressed
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neurons) and contribute to greater selectivity (Blittler and Hahn-
loser, 2011).

Comparisons of response strength and selectivity across all
TUT-responsive neurons showed that individual cells in 45 dph
birds were more selectively tuned to TUT in shell than in core.
This selectivity was attributable to the fact that shell neurons
showed a much weaker response to non-tutor songs than did core
neurons. In addition, BOS-responsive core neurons at 45 dph
were less selective for BOS than shell neurons. By the time birds
reached an intermediate stage of sensorimotor integration (60
dph), a robust representation of tutor song was no longer present
in shell. By this age, BOS-suppressed responses have emerged in
core, and core neurons have developed a selective representation
of self-produced sounds (Eliades and Wang, 2008). The earlier
maturation of selective tuning in LMAN, ., suggests that shell
neurons may contribute to emergent auditory tuning in core
neurons between 45 and 60 dph.

Sixty days post-hatch corresponds to the earliest time when
birds have formed a fairly stable sequence of song syllables and
lesions to LMAN (including both core and shell) have lost the
ability to substantially disrupt song behavior (Bottjer et al., 1984).
Additionally, the volume of LMAN, . increases dramatically
during early sensorimotor integration and regresses by 60 dph
(Johnson and Bottjer, 1992; Johnson et al., 1995). Thus, the suite
of developmental changes that occurs in LMAN by this age, in-
cluding the loss of TUT-tuned shell neurons, may reflect a dimin-
ished capacity for plasticity and thereby contribute to the close of
the sensitive period for vocal learning.

A neural memory of the tutor song represents a necessary
target to which feedback of current song behavior can be com-
pared (Thorpe, 1958; Konishi, 1965). Multiple sites are likely to
encode a representation of the tutor song (Nick and Konishi,
2005b; London and Clayton, 2008; Prather et al., 2010; Adret et
al., 2012), some of which may convey information to LMAN ;..
Another source of tutor song information may come through a
postsynaptic target of LMAN,.;;, ANCL (dorsal caudolateral ni-
dopallium; Fig. 10), which contributes to the trans-cortical recur-
rent loop. Indeed, singing in combination with hearing TUT
strongly induces immediate early gene expression in dNCL neu-
rons (Bottjer et al., 2010).

The presence of TUT-tuned neurons during a restricted inter-
val of vocal learning suggests that they may serve as a referent that
enables a correct imitation of tutor song to gradually emerge
during sensorimotor integration. During vocal babbling, juvenile
birds will occasionally produce a sound that is similar enough to
tutor song to activate TUT-selective neurons; this would enable
TUT-tuned neurons to act as a filter for correct performance.
Concurrent feedback of babbling sounds could drive BOS-
selective neurons such that both TUT-tuned and BOS-tuned
neurons are activated simultaneously. Convergence of signals
from TUT- and BOS-tuned neurons in downstream circuitry
would constitute a means of evaluating matches between current
and target behavior. Interestingly, the strong transient projection
from juvenile core to Al; (Miller-Sims and Bottjer, 2012; Fig. 1B)
during early stages of song development indicates that shell cir-
cuitry receives an efference copy of the motor signal for vocal
output. In addition, Al projects to the region of dopaminergic
neurons in the ventral tegmental area that projects to Area X
(Bottjer et al., 2000) and hence could relay error/reinforcement
signals into the cortico-basal ganglia circuits that collectively reg-
ulate vocal learning.

Auditory responses are generally reduced during alert wakeful-
ness in the song motor system (Dave et al., 1998; Cardin and
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Schmidt, 2004), although BOS-selective responses have been ob-
served in LMAN, . of awake birds (Hessler and Doupe, 1999). Our
results were obtained in anesthetized birds, and the role of behav-
ioral state in neural responses of shell neurons is not known. It is
possible that, in addition to or instead of an online role, TUT-tuned
neurons in LMAN, , are important for offline learning that occurs
during sleep (Shank and Margoliash, 2009). Chronic recordings in
core and shell of juvenile singing birds will be needed to test directly
the role of TUT- and BOS-selective neurons.

Models of reinforcement learning in which motor skills are
acquired via evaluation of goal-oriented outcomes suggest that par-
allel basal ganglia circuits like those of LMAN_,,. and LMAN,
mediate different aspects of learning (Nakahara et al., 2001;
Samejima and Doya, 2007). In mammals, neurons in parallel
cortico-basal ganglia loops process distinct aspects of reward-
based learning, such as reward prediction error and selected mo-
tor actions (Hikosaka et al., 1999; Miyachi et al., 2002; Tanaka et
al., 2004; Yin and Knowlton, 2006; Atallah et al., 2007; Samejima
and Doya, 2007; Graybiel, 2008; Yin et al., 2009; Thorn et al.,
2010; Redgrave etal., 2011). Thorn et al. (2010) describe a model
for cortico-basal ganglia circuitry in which sensorimotor path-
ways regulate motor-related aspects of learning, whereas
associative-limbic circuits process goal-directed responses and
modulate the sensorimotor loop’s control over action. Models
based on reinforcement learning have suggested that the LMAN-
core Circuit may function as an “actor/experimenter” to drive vari-
able vocal production (Sutton and Andrew, 1998; Doya and
Sejnowski, 2000; Troyer and Doupe, 2000; Fiete et al., 2007;
Miller et al., 2010; Fee and Goldberg, 2011). The presence of
neurons representing the target behavior—a memory of the tutor
song—in juvenile LMANy, ., is consistent with a model in which
shell participates in evaluative goal-oriented responses (Abe and
Watanabe, 2011). Like shell neurons, associative cortico-basal
ganglia neurons in prefrontal cortex of mammals show activity
related to goal states (Saito et al., 2005; Mushiake et al., 2006; Fritz
et al., 2010). The LMANy, circuit contributes to both integra-
tive feedforward and feedback pathways, including connections
to limbic and reward circuitry (Fig. 10) and so is well suited to
integrate these signals with specific song-related information.

The presence and nature of the auditory responses in
LMAN, ., in addition to lesion and anatomical evidence (John-
son and Bottjer, 1992; Johnson et al., 1995; Bottjer and Altenau,
2010; Bottjer et al., 2010; Miller-Sims and Bottjer, 2012), chal-
lenge the idea of a single song-control basal ganglia pathway.
More generally, these findings show that two distinctly tuned
neuronal populations can represent current and target behaviors
during learning. Therefore, these results raise the possibility that
the division of learning-related functions into parallel cortico-
basal ganglia loops may be a conserved feature of goal-directed
motor learning.
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