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Abstract
The neural representations associated with learned auditory behaviours, such as recognizing
individuals based on their vocalizations, are not well described. Higher vertebrates learn to recognize
complex conspecific vocalizations that comprise sequences of easily identified, naturally occurring
auditory objects1,2, which should facilitate the analysis of higher auditory pathways. Here we
describe the first example of neurons selective for learned conspecific vocalizations in adult animals
—in starlings that have been trained operantly to recognize conspecific songs. The neuronal
population is found in a non-primary forebrain auditory region, exhibits increased responses to the
set of learned songs compared with novel songs, and shows differential responses to categories of
learned songs based on recognition training contingencies. Within the population, many cells respond
highly selectively to a subset of specific motifs (acoustic objects) present only in the learned songs.
Such neuronal selectivity may contribute to song-recognition behaviour, which in starlings is
sensitive to motif identity3,4. In this system, both top-down and bottom-up processes may modify
the tuning properties of neurons during recognition learning, giving rise to plastic representations of
behaviourally meaningful auditory objects.

The constraints on natural-object representation imposed by stimulus complexity and
behaviour argue for the use of model systems in which both the form and function of the sensory
input are well understood2. We are investigating the representation of vocal-communication
signals in songbirds, in which the ecological relevance of sensory signals (that is, songs) is
well established. The competitive reproductive environments in which songbirds function
require adult birds to discriminate and classify conspecific vocalizations on the basis of intra-
species acoustic variation, and various forms of vocal recognition are widespread among song-
birds5. Song-recognition behaviour has been studied extensively in European starlings
(Sturnus vulgaris). Starling songs comprise sequences of repeated, discrete, multiple-note
clusters, referred to as ‘motifs’6 (see, for example, Fig. 3a). The behavioural data suggest that
motifs are perceived as auditory objects. Motifs vary in length from 200 to 1,000 ms, but the
pattern of notes within a given motif type is largely stable between renditions. Individual birds
tend to sing unique motifs. In laboratory experiments with artificial mixtures of songs, the
relative proportions of motifs from different singers predicted song-recognition behaviour,
suggesting that starlings form memories of motifs as part of the song-recognition process3,4,
7. Recent results have identified auditory-forebrain pathways in songbirds beyond the primary
thalamo-recipient telencephalic region known as field L8, including ventral hyperstriatal
neurons with complex response properties9,10 (Fig. 1a). Here we report on data recorded from
single neurons in the caudomedial ventral hyperstriatum (cmHV) of starlings trained operantly
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to recognize sets of conspecific songs (Fig. 1b-d). Many of these neurons responded selectively
to learned motifs.

Eight adult starlings were trained, four each on a two-alternative choice or go/no-go procedure
(Fig. 1b), to discriminate accurately between four to ten 10-s samples of conspecific songs
divided equally into two training sets. Each bird achieved asymptotic behaviour with highly
accurate recognition of the training songs (Fig. 1c, d). We then anaesthetized each subject with
urethane and recorded the extracellular responses of single neurons in the cmHV to a large
ensemble of auditory stimuli. The stimulus ensemble comprised the song stimuli that were
used during operant recognition training (‘familiar’ songs), novel conspecific song stimuli
(‘unfamiliar’ songs) and two synthetic stimuli. The stimulus ensemble was similar across
subjects, except that the familiarity or novelty of the song stimuli varied systematically on the
basis of their operant training; the unfamiliar songs for one subject served as half of the training
songs for another subject (see Methods). Neurons were tested with 33-77 unique song motifs
(73-178 total motifs), depending on the set of familiar songs used to train each animal and the
set of unfamiliar songs used during testing. Because preliminary experiments indicated that
many cmHV neurons had very low spontaneous rates and responded to only a few stimuli, we
used the entire stimulus ensemble (familiar and unfamiliar songs, and synthetic stimuli) to
search for auditory units as well as to test the neurons’ responses. We report here on the 45
single units in cmHV that showed significant excitatory responses to one or more of the test
stimuli (see Methods).

As a population, cmHV neurons responded selectively to the class of familiar songs. The mean
response strength (RS; see Methods) was strongly biased towards familiar songs (6.7 ± 1.8)
compared with unfamiliar songs (3.9 ± 1.3), and the difference between the normalized RS
(z-scores; see Methods) for familiar and unfamiliar songs was highly significant (F(1,43) 25.55,
P, < 0.0001; Fig. 2a). The strong response bias for familiar songs was consistent in animals
trained under both the two-alternative choice and go/no-go operant regimes (F(1,43) = 1.85, no
significant interaction found between stimulus familiarity and operant training; Fig. 2a). Thus,
in this paradigm, song-recognition learning shapes the responses of cmHV neurons.

Whereas subjects trained using the two-alternative choice procedure showed no reliable
difference between response strengths associated with the two sets of training songs (one-tailed
test, t = -0.67, not significant; n = 14 neurons, 4 birds), those trained with the go/no-go procedure
did (n = 31 neurons, 4 birds). Songs associated with positive reinforcement (S+ stimuli) elicited
significantly stronger responses than those associated with punishment (S- stimuli; Fig. 2b)
(two-tailed test, t = 2.68, P < 0.05). This difference was not the result of an overall failure to
respond to the S- stimulus, as the S- stimuli elicited stronger responses than unfamiliar songs
(two-tailed test, t = 2.28, P < 0.05; Fig. 2b). Thus, although animals in both operant regimes
learned to discriminate equally well between the sets of training songs (Fig. 1c, d), the
reinforcement contingencies specific to each regime (see Methods) had differential effects on
the distributions of neuronal responses. These task-specific effects may reflect the use of
different strategies to solve each task, and/or the differential cost of incorrect responses under
each regime (see Methods and Supplementary Information). In either case, the results suggest
that ‘top-down’ associative processes as well as ‘bottom-up’ stimulus activation shape the
responses of cmHV neurons, which are linked to song-recognition learning.

The bias for familiar songs indicates that cmHV neurons did not respond equally to all songs
in the test ensemble. To examine this in more detail, we quantified each neuron’s selectivity
as a function of the different test stimuli by expressing the maximum stimulus-elicited RS for
a given cell as a selectivity index (SI) score. If the SI score for a cell exceeded the 95th percentile
in a simulated distribution of random SI scores (see Methods), the cell was termed ‘song-
selective’ for the song that elicited the maximum RS. Cells for which the SI did not exceed the
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95th percentile were classed as ‘non-selective’. By this definition, 64.4% (29 out of 45) of the
cells in the cmHV gave a selective response to one of the test stimuli. Notably, 27 of the 29
song-selective cells preferred one of the training songs (Fig. 3). This overwhelming bias in the
proportion of preferred stimuli towards familiar songs is significantly different from that
expected by chance, given the distribution of familiar and unfamiliar stimuli in the test
ensemble (X2 = 12.03, P < 0.005) — that is, after correcting for the bias introduced by searching
and testing with greater numbers of familiar than unfamiliar songs (Fig. 2c). Different measures
of selectivity resulted in different distributions of selective and non-selective cells, but did not
eliminate the strong, significant bias towards familiar songs (see Supplementary Information).
Among the non-selective cells, the proportions of preferred stimuli were also skewed towards
familiar songs, but the bias was not significantly different from chance (X2 = 3.50, P = 0.18).
The difference in the distributions of responses to the familiar and unfamiliar songs was not
wholly dependent on the response to the preferred song. Even when the preferred song was
removed from the analysis, the mean RS associated with the familiar songs remained
significantly greater than that for the unfamiliar songs (F(1,43) = 12.67, P < 0.001). This was
observed for non-selective as well as song-selective cells (Fig. 2d), showing that, as a
population, cmHV neurons evince selectivity for the class (or a subset) of familiar songs. The
strong bias in the selectivity of single neurons for familiar songs resembles biases seen in the
song control system for a bird’s own song11,12. However, this is the first report of neuronal
selectivity for songs of conspecifics that adults have learned to recognize, and obtains for
neurons outside the song control system.

Both song-selective and non-selective cells could respond with phasic or tonic patterns of
activity, and with high or low spontaneous firing rates (Fig. 4a). However, there was a
significant bias for song-selective cells to have more phasic responses (Mann-Whitney U-test,
P < 0.01) and lower spontaneous firing rates (Mann-Whitney U-test, P < 0.05) than non-
selective cells. Thus, most cells with near-zero spontaneous firing rates and highly phasic
responses were selective. For many of the song-selective cells, responses were restricted to
one or a small number of repeated motifs within one or a few songs, typically with suppression
of background activity for all other motifs (Fig. 3a, b). Examining the response data (RS scores)
on a motif-by-motif basis, by simply counting the number of motifs that elicited a significant
response from each cell, revealed that the song-selective cells responded to significantly fewer
motifs (8.0 ± 1.5) than non-selective cells (20.5 ± 3.8; Mann-Whitney U-test, P < 0.0005; Fig.
4b). We quantified the relationship between motif features and each neuron’s response using
a multiple linear regression between the RS associated with each motif in a given cell’s test
ensemble and the 50 strongest coefficients from a wavelet decomposition of the sonogram for
each motif (see Supplementary Information). The mean non-adjusted R2 value (see Methods)
for regressions with the song-selective cells (0.675 ± 0.033) was significantly greater than that
for the non-selective cells (0.554 ± 0.048; Mann-Whitney U-test, P < 0.05), indicating that
acoustic features in individual motifs predicted the responses of the song-selective cells better
than those of non-selective cells. This neuronal sensitivity to acoustic features is the result of
nonlinear response properties, as demonstrated by the poor predictions made by linear
estimates of each cell’s receptive field (see Supplementary Information). Thus, ‘song-
selectivity’ in cmHV is expressed as a tendency towards phasic responses to specific acoustic
features that appear in only a small number of motifs. The selective representation of acoustic
features that are diagnostic for single or small sets of motifs, observed here, could help starlings
to evaluate the proportion of familiar motifs within a given song, which behavioural work has
shown is important for conspecific song recognition4.

The data suggest that mechanisms of experience-dependent representational plasticity act to
modify the responses of cmHV neurons on the basis of the functional demands of song
recognition. The acoustic features of the motifs (as represented by the wavelet coefficients)
were correlated with the response strength of many cmHV neurons. However, the explicit
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spectrotemporal parameters underlying the selectivity of cmHV neurons have not yet been
determined, and it is unlikely that a purely acoustic account of cmHV responses, as implied
by the ‘feature-detector’ terminology, will obtain. The distribution of cmHV response
properties depends not only on the spectrotemporal patterns of motifs in familiar and unfamiliar
stimuli, but also on the specifics of the conditioning paradigm. All responses to stimuli were
rewarded or punished in the two-alternative choice condition, whereas only some were
rewarded or punished in the go/no-go condition. Because song recognition mediates a variety
of behaviours in both agonistic and antagonistic contexts, different forms of learning under
more natural conditions may act on the recognition system to produce a variety of top-down
effects on auditory response properties. The presence of these influences on representational
plasticity complicates the search for neural correlates in the absence of well-controlled
behaviour, and may account for the few reports of such neurons in sensory systems.

Even with the use of extensive stimulus repertoires that animals were trained to recognize, we
estimate that less than 50% of the neurons responded to our stimuli (see Methods). The neurons
unresponsive to our stimuli may not have been auditory, or may have responded to other songs
that these wild-caught birds had previously learned. Given that we find almost no cells
selectively tuned to the motifs in unfamiliar songs, the data argue that subpopulations of cmHV
neurons are selected from a pool composed primarily of neurons that have already been shaped
by the animal’s previous experiences with conspecific songs, rather than from a large pool of
non-selective neurons. cmHV neurons were more selective than is observed in field L (analogue
of the primary auditory cortex) of starlings, where cells commonly respond to numerous novel
conspecific vocalizations13. Response biases for species-specific vocalizations have been
reported in field L of birds13,14, and in mammalian primary and secondary auditory
cortex15,16. Experience-dependent representational plasticity, reported in a variety of animals
and sensory systems17, is typified by shifts in the topography of primary cortical receptive
fields18-21. In the auditory system, this plasticity leads to over-representation of the spectral
and temporal properties of the stimulus22. Thus, in a hierarchical scheme of sensory
processing, plasticity at primary levels should influence higher-order regions, such as cmHV,
so that the neuronal response properties and organization are expressly determined by an
animal’s unique experience on behaviourally relevant tasks. These higher-order regions could
contribute to species-specific vocal recognition, and could influence motor tasks such as
counter-singing and vocal learning.

Neural correlates of learned object recognition have also been reported in the extrastriate visual
cortex, where cells are broadly tuned23,24, and in the prefrontal cortex25, where selectivity
for familiar objects is generally evidenced by a decrease in the numbers of neurons responding
to a given object — an effect taken to indicate sharpening of the tuning for such objects26. By
contrast, the proportion of cmHV cells selective for familiar songs was much larger than that
for unfamiliar songs, and many cells were sharply tuned. For vocal recognition, the
predictability imparted by species-specific characteristics of vocalizations, and the constraints
imposed by evolutionary history and experience, probably yield a population of neurons
predisposed to represent those vocalizations2. We argue that the response properties of cmHV
neurons are elaborated continuously towards new functional representations depending on the
specific songs and behavioural contingencies an animal encounters. As in juvenile song
learning27, the rules by which functional representations arise from biased populations may
be complex, and are unlikely to be well predicted by simple spectrotemporal similarities
between the target songs and the initial representations of cmHV neurons. The learned
representation of auditory objects provides starlings, and perhaps other higher vertebrates, with
an efficient mechanism for recognizing a wide and changing array of behaviourally important
natural stimuli.
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Methods
Stimuli

Training and testing song stimuli were made from recordings of three adult male starlings,
from which we drew three sets of song samples. Each set contained five samples of continuous
song from one male (mean sample length, 9.72 ± 0.18 s). Two sets served as operant-training
stimuli; the third set served as unfamiliar stimuli during electrophysiological testing.

Assignment of each set as either ‘training’ or ‘unfamiliar’, and numbers of songs used from
each set were counterbalanced across subjects. Subjects were naive to all of the song stimuli
before operant training. No motifs were shared between sets, and very few or none within a
set. We also presented synthetic noise and frequency-modulated stimuli.

Behavioural training
Six male and two female wild-caught European starlings learned to discriminate between two
of the three sets of songs using one of two standard operant-conditioning procedures: a two-
alternative choice procedure3,4,7 or a go/no-go procedure (see Fig. 1b and Supplementary
Information). In each procedure, subjects learned (n = 4 per procedure) to recognize the songs
in the two training sets using different reward contingencies. All correct responses were
positively reinforced in the two-alternative choice procedure, whereas correct responses to only
half of the training stimuli (S+) were positively reinforced in the go/no-go procedure (see
Supplementary Information).

Electrophysiology
Electrophysiological recordings were conducted using standard extracellular techniques, with
free-field stimuli presented to restrained animals inside a sound-isolation chamber. The 45
neurons reported here reflect all the cmHV single neurons that showed significant auditory
responses to at least one test stimulus, and for which responses to at least five repetitions (mean,
11.47 ± 0.16) of each test stimulus were obtained. No neurons exhibited only suppression of
activity. On the basis of the numbers of cells that did not meet the criterion of five-repetitions
per stimulus or show significant auditory responses, we estimate, as an upper bound, that 50%
of cmHV cells responded to our stimulus set. We observed no systematic differences between
recordings from either hemisphere or sex.

Data analysis
For each neuron, we calculated the mean and variance of the firing rate (spikes s-1) over the
duration of each song sample and motif, and during spontaneous activity. We calculated the
response strength, RS, associated with each stimulus, as the ratio of stimulus-driven spike-rate
variance to the spontaneous spike-rate variance, and used RS as the basis for subsequent
analyses. To compare RS values across cells (see, for example, Fig. 2) we converted them to
z-scores. Unless noted otherwise, we used a repeated-measures ANOVA (analysis of variance
with Greenhouse-Geisser correction) to examine differences in RS z-scores between various
stimulus classes (after correcting any deviations from normality). Corrected and uncorrected
data yielded statistically identical results.

We quantified each cell’s stimulus selectivity using the selectivity index,

, where RSmax is the maximum response strength
associated with a stimulus,  is the mean response strength across all N test stimuli presented
to that cell, and RSi is the response strength associated with the ith test stimulus for that cell.
SI ranges from N-1 to 1, with maximal selectivity (SI = 1) in the case in which a cell responds
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to only a single test stimulus. We determined the significance threshold for each cell’s SI by
simulating (1,000 times) the random response of that cell to the same number of test stimuli
and repetitions presented during testing, with RS modelled as a gaussian-distributed random
variable (mean = 0, variance = 1), or by the real distribution of RS scores (see Supplementary
Information). From the simulated RS data, we compiled a distribution of SI scores for each
cell and used the value at the 95th percentile of the simulated SI distribution as the threshold
for calling a cell ‘selective’.

We compared the proportions of cells selective for familiar songs, unfamiliar songs and
artificial stimuli using the chi-squared test. The expected proportions of cells selective for a
given stimulus type were equal to the means of the proportions of familiar and unfamiliar
stimuli presented to each cell. Mean SI for the population was 0.497 ± 0.033 (mean ± s.e.m.).
Similar analyses using different selectivity thresholds, and with SI scores derived from the
mean and variance of the spike rate (rather than RS) produced results qualitatively similar to
those reported here (see Supplementary Information).

For the wavelet-decomposition analysis, the proportion of significant multiple regressions for
the song-selective cells (17 out of 28, 60.1%) was significantly larger than that for the non-
selective cells (3 out of 16, 18.8%; chi-squared test, P < 0.01). Identical effects are observed
using R2 values adjusted for the large number of regressors in each model.

Complete descriptions of the stimuli, training, methods and data analyses are provided in the
Supplementary Information.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Background and behaviour. a, Schematic of the songbird forebrain auditory system (in blue;
Ov, nucleus ovoidalis; L1-L3: field L complex; NCM, caudomedial neostriatum; cHV,
caudoventral hyperstriatum). The cmHV is outlined in red. Nuclei in the adjacent vocal ‘song’
system are shown in grey. b, Schematic of the operant apparatus. Animals probed openings in
the panel in response to different songs to receive a food reward. c, Acquisition curves showing
mean performance (as the proportion of correct responses) for all subjects over the first 60
blocks of training (100 trials per block). Acquisition rates differed significantly between
training regimes (F(59,354) = 1.597, P < 0.01). d, Mean proportion of correct responses over
the last 500 trials before recording, plotted separately for the two sets of training stimuli (light
and dark bars) within each regime. The mean (±s.e.m.) proportion of correct responses at
asymptote (0.93 ± 0.01) was significantly above chance (chi-squared test, P ≪ 0.0001), and
did not vary significantly between the two training regimes, or within regimes between stimulus
sets.
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Figure 2.
cmHV response strengths. a, RS z-scores (see Methods) for familiar (red and green) and
unfamiliar (blue) songs, split by training regime (two-alternative choice, squares; go/no-go,
circles). b, RS z-scores as in a but with the two sets of training stimuli and their accompanying
responses shown separately (two-alternative choice, green; go/no-go, red). The differences
between all three classes for the go/no-go regime were significant (see text). c, Rank-ordered
RS z-scores for the three most potent familiar (red) and unfamiliar (blue) stimuli for song-
selective (filled symbols) and non-selective neurons (open symbols). The interaction between
stimulus rank-order and response selectivity among the familiar songs (red symbols) is
significant (F(2,72) = 23.16, P < 0.0001) and shows the strong bias in the song-selective cells
for a single stimulus. The difference between the red and blue curves shows the population-
level bias for familiar songs. d, RS z-scores for song-selective (filled symbols) and non-
selective (open symbols) neurons, with the response to the preferred stimulus (the stimulus
that elicited the strongest response) removed from the analysis. The differences are highly
significant (see main text). All values are reported as mean ± s.e.m.
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Figure 3.
Neuronal responses in the cmHV. a, Response of a selective cmHV unit to nine different song
stimuli. Familiar songs are outlined in red, unfamiliar songs in blue. The peri-stimulus time
histogram (PSTH) of the response is superimposed over the sonogram of each stimulus. The
selectivity index, SI, for this cell was the closest to the mean for selective cells (0.497). An
example of a single motif is outlined in green. b, Detailed view of the response of the unit in
a to the song stimulus denoted by the red star. Traces from top to bottom show the raw spike
waveform for a single stimulus presentation (showing excellent single-unit isolation), the
PSTH, spike raster plots for several stimulus presentations (showing the reliability of the
response), and the stimulus sonogram. The response strength, RS, for this song was 8.93. c,
Example of another selective cmHV neuron responding to six different song stimuli, organized
as in a. The SI for this cell was 0.259, near the lower limit for selective cells. Horizontal and
vertical scale bars show 5 kHz and 1 s, respectively, for a and c.
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Figure 4.
Response scattergrams. a, Scatter plot showing the distribution of phasic responses (PR) across
the population of selective (filled symbols) and non-selective (open symbols) cmHV neurons,
as a function of spontaneous firing rate (spikes s-1). The means (±s.e.m.) for each class are
shown as the green crosses. The line shows the significant linear regression (Fisher’s r to z, r
= -0.65, P < 0.0001). The PR is a normalized measure of the tendency of a cell’s discharges
to occur in bursts, quantified using the stimulus-driven interspike interval such that the PR for
a maximally tonic response is zero, and that for maximally phasic response is 1. The PR of
cells depicted in Fig. 3a, c were 0.86 and 0.40, respectively. b, Asin a but with PR plotted as
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a function of the proportion of motifs that elicited RS values significantly above chance (see
Methods). The line shows the significant linear regression (Fisher’s r to z, r = -0.57, P < 0.0001).

Gentner and Margoliash Page 12

Nature. Author manuscript; available in PMC 2009 January 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


