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ABSTRACT

Songbirds, long of interest to basic neuroscientists, have great potential as a
model system for translational neuroscience. Songbirds learn their complex
vocal behavior in a manner that exemplifies general processes of perceptual and
motor skill learning, and more specifically resembles human speech learning.
Song is subserved by circuitry that is specialized for vocal learning and
production, but that has strong similarities to mammalian brain pathways. The
combination of a highly quantifiable behavior and discrete neural substrates
facilitates understanding links between brain and behavior, both normally and in
disease. Here we highlight 1) behavioral and mechanistic parallels between
birdsong and aspects of speech and social communication, including insights into
mirror neurons, the function of auditory feedback, and genes underlying social
communication disorders, and 2) contributions of songbirds to understanding
cortical-basal ganglia circuit function and dysfunction, including the possibility of
harnessing adult neurogenesis for brain repair.

INTRODUCTION

Humans are experts at vocal learning, an ability shared by few other
vertebrates. No non-human primates or rodents have been shown to learn their
vocal behavior, and there are only a few other known mammalian vocal learners
- cetaceans, elephants, and some bats. Songbirds therefore represent an almost
unique animal model: song learning has remarkable parallels to human speech
learning (Fig. 1; Brenowitz et al. 2012, Doupe & Kuhl 1999, Marler 1970, Mooney
2009) and provides an opportunity for mechanistic investigation of vocal learning
and its disorders.

Because vocal learning involves both perceptual learning and motor skill
learning, birdsong also provides a model for investigating these general learning
processes and their disturbances. Additionally, song learning is shaped potently
by social interactions and is limited to a ‘critical’ period during which experience
plays an especially crucial role in nervous system development. Such factors
similarly shape and constrain many aspects of behavior in other vertebrates
including humans, making song learning an attractive system for understanding
these constraints and how they might be overcome to enable nervous system
repair in disease and injury.



Birdsong is a complex motor sequence that is readily quantified, making it
a sensitive assay for investigating the effects of behavioral and neural
manipulations. Moreover, song depends on dedicated and accessible brain
nuclei (Fig. 2, ‘the song system’; Nottebohm et al. 1976) that have strong
homologies to mammalian circuits (see sidebar ‘Avian and mammalian brains’).
The specialization of this circuitry for a quantifiable, learned behavior facilitates
investigation of links between brain and behavior, and offers the opportunity to
control experience and manipulate brain function in a manner impossible in
humans. Thus, animal models like songbirds can reveal basic mechanisms
underlying normal and abnormal function. Accordingly, in this review, we take a
‘translational’ stance and discuss ways in which birdsong can contribute to
biomedical research and ultimately human medicine.

We focus here on contributions of songbird research to studies of 1)
speech and social communication, and 2) cortical-basal ganglia circuitry and
motor and reward learning. We refer the reader to recent reviews of additional
areas of basic and translational relevance of birdsong, including general auditory
processing (Knudsen & Gentner 2010, Theunissen & Shaevitz 2006, Woolley
2012), central and peripheral vocal motor production (Fee & Scharff 2010,
Schmidt et al. 2012, Riede & Goller 2010), and the effects of steroid hormones
on brain and behavior (Ball & Balthazart 2010, Pinaud & Tremere 2012,
Remage-Healey et al. 2010).

Background

Song, like speech, is learned in two, sometimes overlapping phases (Fig.
1). During a critical period for ‘sensory learning’, birds hear and form a memory
of a specific adult vocal model (the 'tutor song') (see Doupe & Kuhl 1999,
Mooney 2009 for reviews). Similarly, human infants progress from universal
perception of speech sounds to perception that reflects exposure to a specific
language. During subsequent ‘sensorimotor learning', birds gradually shape their
initial rambling, immature ‘subsong’ into mature song resembling that of the tutor,
while humans turn their initial ‘babbling’ into the mature adult sounds of the
language surrounding them. Both birds and humans must be able to hear
themselves to refine their vocalizations. In songbirds, the tutor no longer needs
to be present during this phase, indicating that a memory of the adult model,
often called the ‘template’, can guide learning. For song, as for speech, there
must be circuitry for producing vocalizations, circuitry for hearing and learning
sounds of self and others, and linkage between the two.

The motor control of both song and speech involves high-level structures
that ultimately coordinate the patterned breathing and vocal muscle activity
necessary for vocalization. In songbirds, these areas are collectively known as
the ‘song system’, and include a ‘motor pathway’ for song, and a cortical-basal
ganglia circuit for song, the anterior forebrain pathway (AFP) (Fig. 2). The motor
pathway includes the premotor cortical nucleus HVC (abbreviation used as



proper name) and the robust nucleus of the arcopallium (RA), which is
functionally equivalent to vocal motor cortex (we use the term 'cortical’ to refer to
song system nuclei that are equivalent to mammalian cortex; see sidebar ‘Avian
and Mammalian Brains’). HVC is involved in generating the timing and
sequencing of song (Fee & Scharff 2010, Hahnloser et al. 2002, Long & Fee
2008; see sidebar ‘Motor sequence generation’). RA receives inputs from HVC
and projects directly to respiratory centers and to brainstem motor neurons
controlling the vocal organ; the respiratory centers send recurrent information
back to HVC via the thalamus, reflecting the importance of bidirectional
coordination between telencephalic and brainstem structures in vocal control
(Fig. 2; Schmidt et al. 2012). HVC and RA are required for normal song
production throughout life; complete bilateral lesions of either of these nuclei
cause song disruptions or even muteness, akin to human aphasias (Nottebohm
et al. 1976). The AFP indirectly connects HVC and RA (Fig. 2), and like cortical-
basal ganglia circuitry in mammals, functions importantly in motor learning (see
Cortical Basal Ganglia Circuits and Reward and Motor Learning).

The songbird Field L, which is analogous to the primary auditory cortex of
mammals, projects to a complex set of higher auditory areas known broadly as
NCM (caudo-medial nidopallium) and CM (caudal mesopallium), and these high-
level areas are the likely source of auditory inputs to the song system. Enhanced
immediate early gene expression and neurophysiological activity in response to
songs in CM/NCM suggest that they, in addition to the song system, are sites of
operations critical to vocal learning, with analogies to speech-related regions of
the human superior temporal gyrus (Knudsen & Gentner 2010, Moorman et al.
2012, Woolley 2012).

SPEECH AND SOCIAL COMMUNICATION
Influence of sensory exposure on vocal learning and the brain.

Both humans and birds must hear adult vocal models in order to learn
normal vocalizations. The requirement to imitate others results in different
languages, dialects, and individual accents in humans, and in dialects within
species of birds, as well as individual differences between birds tutored by
different adults. The amount of early exposure to adult vocalizations contributes
critically to vocal development. In humans, these data are largely correlative
(Hurtado et al. 2008). In birds, controlled manipulations of experience
demonstrate that insufficient exposure to vocal models can impair subsequent
vocal learning (Catchpole & Slater 2008, Marler 1970). Interestingly, too much
song model exposure can also impair learning (Tchernichovski et al. 1999). This
suggests there may be an optimal balance between different kinds of experience
(for example between listening to others and listening to self). These effects of
early experience can be remarkably rapid. In songbirds, after the first exposure
to a tutor, vocal performance can improve in less than a day (Derégnaucourt et
al. 2005, Shank & Margoliash 2009). This is analogous to the almost immediate



appearance of new speech sounds in infants exposed to novel sounds (Kuhl &
Meltzoff 1996).

The quality of acoustic features heard during this early period additionally
shapes learning. For humans, exaggerated features adopted by adults in
speaking to infants, such as slowing of speech or increased pitch (‘infant-directed
speech’), may preferentially shape perceptual learning for speech (Fernald 1985,
Kuhl 2010). Similarly, for songbirds, some songs are more readily learned than
others (Marler 1990), and key features within songs may enhance learning of
associated sounds (Catchpole & Slater 2008; Soha & Marler 2000). Song
learning also can be enhanced by factors such as hearing a greater variety of
tutor songs (Tchernichovski et al. 1999), and impeded for instance by hearing
tutor songs that are sung at too fast a tempo (Podos 1996). The controlled
studies possible in songbirds enable investigation of such behavioral variables
that may also be relevant to normal speech development and rehabilitation.

In songbirds it is possible to investigate directly how and where sensory
exposure influences the brain. For example, brain activity can be locally and
reversibly disrupted specifically when young birds are hearing auditory models
(and not when they are actively rehearsing). Such experiments have identified
several areas required for learning of the tutor song. These include not only
high-level auditory areas (London & Clayton 2008), but also the song
sensorimotor nuclei HYC and LMAN (Basham et al. 1996, Roberts et al. 2012).
Consistent with the importance of vocal premotor regions to sensory learning,
exposure to the tutor song can drive rapid changes in these regions, including
dramatic changes to patterns of neural activity and to the structure and motility of
dendritic spines (Roberts et al. 2010, Shank & Margoliash 2009). These findings
suggest that perceptual learning for vocal production both shapes neural
selectivity in auditory areas and organizes sensorimotor structures involved in
production. These data reinforce that for song, and likely for speech, there is an
intimate link between the mechanisms that contribute to sensory learning of vocal
models and learning to produce those sounds.

Songbirds provide a particularly clear example of learning that is limited to
a critical or sensitive period early in life, with special relevance to the human
critical period for language acquisition (Kuhl 2010). Many species of birds must
hear a tutor song while young, and will not learn songs to which they are
subsequently exposed (see Doupe & Kuhl 1999, Mooney 2009 for reviews).
Many of the neuronal factors also implicated in mammalian development and
critical period regulation change around the time that the song sensitive period
normally closes, including spine density, axonal arborization, NMDA receptor
current decay, and peri-neuronal nets (e.g. Balmer et al. 2009, Heinrich et al.
2005; Livingston et al. 2000, Roberts et al. 2010, Miller-Sims & Bottjer 2012).
Because the critical period for tutor song memorization can be altered or
extended by manipulations of experience, it should be possible to identify neural
mechanisms that are causally linked to its regulation.



Bidirectional links between perception and production

Although perceptual learning guides the development of vocal production,
it can also constrain our ability to perceive communication sounds. For example,
in humans, exposure to a specific language can result in 'categorical perception’,
in which acoustically distinct versions of a single phoneme become grouped so
that the capacity to distinguish between them is reduced. Songbirds also
develop categorical perception of song elements, for instance for a particular
range of interval times between elements of song (Fig. 3A,B; Nelson & Marler
1989, Prather et al. 2009). Such categorical perception is adaptive in creating an
abstracted representation of sounds that enables recognition despite acoustic
variation in production. However, in humans, such perceptual shaping also
contributes to difficulty in perceiving or producing non-native phonemes. Indeed,
the difficulty in changing speech, both normally and in vocal pathologies, may
stem primarily from the stability of perceptual targets, rather than inflexibility of
production mechanisms. Similarly, stability of perceptual targets contributes to
the normal stability of adult song (Sober & Brainard 2009), suggesting that
songbirds provide a useful model for investigating the neural basis of perceptual
constraints on learning.

The tight, bi-directional link between perception and production is evident
in the nervous system. Human imaging studies indicate that sensorimotor
structures for speech, such as Broca’s area, are active both during production
and perception. Damage or disruption of these areas, as well as of structures
linked to comprehension, such as Wernicke’'s area, can cause both productive
and receptive deficits (e.g. Hickok et al. 2011). Similarly, in adult birds, playback
of the tutor song and the bird’s own song can activate both high-level auditory
areas and neurons throughout the song system (Dave & Margoliash 2000,
Moorman et al. 2012, Prather et al. 2008, 2010; Solis & Doupe 1999). Moreover,
damage to sensorimotor song nuclei (such as HVC, LMAN, and Area X) can
cause difficulty in discriminating songs (Burt et al. 2000, Gentner et al. 2000,
Scharff et al. 1998).

A particularly compelling example of the neural link between production
and perception is provided by ‘mirror’ neurons, which are found in human and
non-human primate cortical motor areas, including speech areas. These
neurons are active during production of movements, but also exhibit similar firing
patterns during observation or hearing of the same movements (Rizzolatti &
Fabbri-Destro 2010). This sensorimotor correspondence suggests that mirror
neurons have been shaped both by the production of gestures and by the
sensory stimuli that these same gestures produce. Such a correspondence may
contribute to a subject’s understanding of sensory inputs from others, based on
his or her own production of gestures. Thus, mirroring may be important not only
in learning but also in subsequent mimicry and other social communication, and



in disorders of the ability to understand and produce social gestures, such as
autism (Rizzolatti & Fabbri-Destro 2010).

Songbirds provide striking examples of the kind of behavioral coordination
and imitation that may require mirroring. Some species, such as lyrebirds and
mockingbirds, can immediately produce imitations of newly heard sounds. Many
species also engage in countersinging, in which birds sing songs in alternation,
or duetting, in which two individuals cooperate to produce the alternating
syllables of a single song (Catchpole & Slater 2008, Fortune et al. 2011). These
behaviors indicate that songbirds can rapidly translate sensory inputs into the
motor actions necessary to produce an imitation or the next gesture in a learned
motor sequence.

At the neural level, the song system possesses song mirror neurons well-
suited to subserve learning, mimicry, and social coordination (Dave & Margoliash
2000, Fortune et al. 2011, Prather et al. 2008). In adult birds, these mirror
neurons exhibit motor-related activity during song production, and also fire
strongly in response to playback of the sound of the bird's own song (BOS),
much more than to other songs. The auditory activity of these ‘BOS-selective’
neurons exhibits precise and complex feature selectivity for the spectral
structure, relative ordering and timing of song elements of the bird’s own song
(Dave & Margoliash 2000, Solis & Doupe 1999). For example, in swamp
sparrows, HVC neurons fire most strongly for playback of song that matches the
bird’s behavioral boundaries for categorical perception of the same song (Fig. 3;
Prather et al. 2009). Strikingly, in a duetting species, HVC neurons fire most
when songs of both partners, in their normal alternation, are played back, and
much less when either song is played alone (Fortune et al. 2011). This suggests
that neurons have encoded not only BOS but also the duetting birds’ combined,
cooperative sensory output.

In birds, it is straightforward to study the development and learning-related
properties of these mirror neurons. Many aspects of BOS selectivity clearly
emerge only during vocal production learning (Solis & Doupe 1999, Volman
1993). Damage to the vocal periphery in both adult and juvenile birds results in
altered auditory tuning of BOS-selective neurons (Roy & Mooney 2007, Solis &
Doupe 2000), and birds prevented from developing normal song by peripheral
muting, but otherwise exposed to a normal acoustic environment, exhibit
degraded song perception (Pytte & Suthers 1999). Intriguingly, songbird mirror
neurons can encode more than the sound of the BOS. In both LMAN and HVC,
some neurons also respond to the songs of tutors that have been heard, and
thus may be involved in encoding the tutor song memory or in matching of BOS
to the tutor (Nick & Konishi 2005, Prather et al. 2010, Solis & Doupe 1999, 2000).
The presence of such precise sensorimotor tuning in song-selective neurons
provides an opportunity for investigating the mechanistic basis of interactions
between perception and production, as well as what happens when this
interaction is disrupted.



Behavioral and brain mechanisms of auditory feedback

Speech and song are both motor skills that rely crucially on auditory
feedback. Congenitally deaf individuals have extreme difficulty developing normal
patterns of articulation, and hearing loss even in adulthood can lead to gradual
deterioration of speech, suggesting that auditory feedback continues to play an
important role in calibrating vocal output. Moreover, perturbation of feedback, by
altering loudness, timing, or pitch, can drive both online disruptions and
compensatory adaptations of speech (see Houde & Nagarajan 2011 for review).
Correspondingly, deficits in central feedback processing mechanisms may
contribute to a variety of speech abnormalities, including deficits in speech
acquisition and in control of phonation and sequencing of speech sounds, as in
stuttering.

Auditory feedback is equally important in birds for learning, controlling,
and maintaining production. Juvenile birds that are deafened after exposure to a
tutor song fail to develop normal songs, and adult birds deafened or subjected to
disruption of auditory feedback exhibit gradual song deterioration (Konishi 1965,
Leonardo & Konishi 1999, Nordeen & Nordeen 1992). As in humans, delayed
auditory feedback results in slowing and mis-sequencing of syllables, with the
most disruptive delay corresponding approximately to the duration of a single
syllable (Cynx & von Rad 2001, Sakata & Brainard 2006). Likewise, birds make
gradual compensatory adjustments to the pitch at which they produce song to
correct perceived errors in production (Sober & Brainard 2009).

Despite the importance of auditory feedback, we have relatively little
understanding of the neural processes whereby information derived from auditory
feedback is used to evaluate and adjust speech or song. Studies in humans
suggest there are specialized substrates within vocal control and associated
auditory regions that are specifically gated or modulated by the act of vocalizing.
For example, responses in human superior temporal gyrus are decreased when
a speaker hears himself during speaking versus when the same speech sounds
are played back during quiescence (Ford & Mathalon 2012, Hickok et al. 2011,
Price 2012). This could represent damping of the responsiveness of auditory
neurons by motor preparatory or ‘efference copy’ signals, in advance of the
predictable loud stimulus associated with vocalizing, a phenomenon widely
observed across species (Ford & Mathalon 2012). However, in humans,
alteration of the sound of the speaker’s voice can increase neural activity during
speaking to the level seen in response to playback (Price 2012). This suggests
that efferent activity may specifically attenuate the expected sensory
consequences of speech motor commands and thus enhance sensitivity to
deviations from that expectation.

Several related phenomena are present in birds. First, in some species,
the responses to playback of the bird’s own song within premotor nuclei are



strongest in sleeping or anesthetized birds and attenuated or absent in awake
birds (Cardin & Schmidt 2004, Castelino & Schmidt 2010, Coleman et al. 2007).
Such context-dependent modulation is one indication that auditory feedback from
vocalizations is processed differently than other sounds, and is linked to
mechanisms that control production. Second, transient perturbation of feedback
during singing results in changes to the timing and sequencing of syllables at
latencies of only a few tens of milliseconds. This indicates that sensory inputs
must have rapid ‘online’ access to song premotor circuitry (Sakata & Brainard
2006). One locus where such neural responses to feedback perturbation have
been observed is the premotor nucleus HVC of the Bengalese finch (Sakata &
Brainard 2008; but see also Kozhevnikov & Fee 2007, Leonardo 2004, Prather
et al. 2008), supporting the possibility that auditory signals within premotor
circuitry may normally contribute to online control of song production and to song
learning. Finally, in areas conventionally thought of as primarily auditory regions
of the brain, some neurons exhibit strong responses only when feedback is
perturbed (Keller & Hahnloser 2009). Such responses, like those in HVC and in
human auditory cortex, could indicate that the actual sensory input differs from
the expected consequences of vocalizing, and provide ideal signals for correcting
vocal performance.

In songbirds, it is possible to test experimentally both how the brain
encodes sensory feedback and how it uses feedback to shape vocal production.
For example, the state-dependent neural mechanisms that engage or disengage
auditory responsiveness in song control regions include neuromodulatory tone.
Direct manipulation of neuromodulators can enhance or eliminate auditory
responses in central vocal control structures (Cardin & Schmidt 2004; Shea &
Margoliash 2010). Moreover, at a behavioral level, the presence of a female bird
renders male song less sensitive to perturbations of auditory feedback (Sakata &
Brainard 2009), perhaps also reflecting shifts in attentional and motivational
systems arising from altered neuromodulatory tone.

For humans, some non-speech disorders also involve abnormal
processing of auditory signals both of others and of self. For instance,
schizophrenic patients may have impaired ‘efference copy’ mechanisms, evident
as less damping of self-generated feedback. Similarly, these patients may mis-
attribute delayed auditory feedback of their own voice to others (Ford & Mathalon
2012, Frith et al. 2000). These abnormalities are hypothesized to contribute to
the generation of symptoms such as hallucinations and delusions. A mechanistic
understanding of efference copy function during vocal behavior, and of how
neuromodulatory systems act to alter neural and behavioral sensitivity to sensory
feedback, may thus provide insights into self-monitoring systems relevant not
only to speech but more generally to neuropsychiatric disorders.

Importance of social factors in vocal learning and brain organization



Both speech and birdsong are highly social behaviors, and social
interactions can strongly influence multiple phases of vocal learning. For
instance, social factors can determine what models juveniles choose to learn.
For human infants, live exposure to foreign language phonemes preserves
children’s discriminatory ability for those phonemes, while exposure via video or
audiotape does not (Kuhl 2010). Similarly, for highly social birds, like the zebra
finch, song is better learned from live models than from passive playback of
acoustic models (Catchpole & Slater 2008). However, if a young bird must press
a key to interactively elicit song playback, the bird can learn well (Adret 1993;
Tchernichovski et al. 2001). Moreover, birds will learn from interacting tutors
beyond the age at which taped playback of song becomes ineffective, and will
learn normally non-preferred (heterospecific) song if the heterospecific tutor is
interactive tutor (Catchpole & Slater 2008).

Social cues are also important in vocal motor learning. Juvenile white-
crowned sparrows singing a variety of almost mature songs stabilize and retain
the variants that elicit counter-singing from other males (Nelson & Marler 1994),
while young male cowbirds preferentially retain song variants that trigger visual
courtship responses from females (West & King 1988).

Social factors in songbirds likely act in a variety of ways, including via
changes in neuromodulators and steroid hormone levels (Riters 2011, Sasaki et
al. 2006, White & Livingston 1999), and can exert influences regardless of
acoustic experience. For example, starlings prevented from forming social
bonds, even if they can hear normal songs, develop highly abnormal auditory
cortices (Cousillas et al. 2008).

Mechanistic and neurophysiological studies in songbirds have identified
many brain areas affected by social signals. The familiarity and social relevance
of songs can affect the degree of expression of immediate early genes (IEG) in a
number of high-level auditory areas (Knudsen & Gentner 2010, Moorman et al.
2012, Woolley & Doupe 2008), and in some cases, this induction can be
prevented by blockade of norepinephrine receptors (Velho et al. 2012). The
cortical basal ganglia circuit for song (the AFP; see Fig. 2) is also strongly
affected by social cues. IEG induction, which is high in Area X and LMAN when
birds sing alone, is dramatically decreased when birds sing to a female (Jarvis et
al. 1998), and this is accompanied by marked changes in neuronal firing
properties (Hessler & Doupe 1999a,b; Kao et al. 2008). Midbrain
neuromodulatory areas that project strongly to the AFP, such as the
noradrenergic locus coeruleus and the dopaminergic ventral tegmental area
(VTA), likely mediate these social influences. Lesions of the locus coeruleus
eliminate the social modulation of IEG induction in Area X (Castelino & Schmidt
2010). VTA neurons, which project strongly to the AFP, increase their firing in
the presence of a female, and the amount of this increase correlates with the
amount of female-directed singing (Hara et al. 2007, Huang & Hessler 2008,
Riters 2011, Yanagihara & Hessler 2006). Intriguingly, VTA neurons in young



birds also show enhanced IEG induction in response to tutor song versus that of
unfamiliar males, which may reflect social salience of this signal or a possible
function of the VTA in song memorization or evaluation during learning (Nordeen
et al. 2009).

Interactions between social and vocal behavior are central to human
disorders, such as autism spectrum disorders and fronto-temporal dementias, in
which disruptions of social and linguistic capacities frequently co-occur.
Songbirds provide an opportunity to directly manipulate the relevant behavioral
and neural variables to understand their role in normal learning, as well as the
nature of social and vocal deficits that arise when experience or activation of
neural circuitry is abnormal. Moreover, many bird species have complex social
structures and strong social bonds, which are subject to modification and
disruption by experience (Elie et al. 2011). This makes songbirds potentially
informative not just for social-vocal interaction but also for general brain
mechanisms of social interaction, attention, and bonding.

Genetics of speech and social communication

Numerous genes that are implicated in human diseases are enriched in
song system nuclei and exhibit differential expression both at specific points in
development and during behaviors such as listening to song or singing (Fee &
Scharff 2010, Wada et al. 2006, White 2010). This suggests that such genes
play conserved roles in circuitry that underlies complex behaviors such as vocal
learning, and that songbirds can provide insights into the functions of these
genes both normally and in disease.

The gene FoxP2 provides a compelling example of parallels between
songbirds and humans. FoxP2 codes for a transcription factor that when mutant
in humans, leads to abnormalities in basal ganglia, cerebellum, and cortex,
including Broca’'s area, and resultant language impairment with disordered
sequencing of orofacial movements. In songbirds, as in humans, FoxP2 is
expressed strongly in the striatum (Haesler et al. 2004, Teramitsu, et al. 2004).
In addition, it is dynamically regulated during development and by adult
behavioral state (Fee & Scharff 2010, White 2010). Knockdown of FoxP2 in song
striatum impairs song learning, is accompanied by decreased spine density of
striatal spiny neurons, and results in a highly variable song reminiscent of the
abnormal speech of humans with mutant FoxP2 (Haesler et al. 2007, Schulz et
al., 2010). Furthermore, the strong expression in several song nuclei of FoxP1,
which dimerizes with FoxP2, led to the correct prediction that FoxP1 would also
play a role in human speech (Teramitsu et al. 2004).

Many additional genes relevant to speech or other human disorders are
differentially expressed in the song system. For example, one of FoxP2’s
interaction targets is contactin-associated protein2 (CNTNAP-2), a gene linked to
autism and language impairment. In rodents, CNTNAP-2 expression is broad
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and relatively uniform, but in both human fetuses and songbirds, its expression is
differentially enhanced in cortico-basal ganglia circuits (Panatoif et al. 2010),
suggesting a specialized function in vocal learners. In addition, an analysis of
genes based on patterns of coexpression during singing identified ~2000 genes
in Area X that are regulated by singing, including known regulators of synaptic
plasticity as well as novel genes (Hilliard et al. 2012). The investigation of these
genes will be further aided by the recent sequencing of the zebra finch genome
(Warren et al. 2010) and by the generation of songbird brain gene expression
libraries (http://www.zebrafinchatlas.org). Thus, songbirds can contribute to
human research both by identifying novel genes of translational relevance and by
enabling disruption of such genes via transgenesis or viral transfection (Agate et
al. 2009, Haesler et al. 2007), in a system with sensitive behavioral and neural
assays of vocal and social communication.

CORTICO-BASAL GANGLIA CIRCUITS AND REWARD AND MOTOR
LEARNING

Cortical-basal ganglia (CBG) circuits are critical for motor and cognitive
processes, including control of movements and reward and reinforcement based
learning. Accordingly, damage to CBG circuits can contribute to dysfunctions
ranging from movement disorders to neuropsychiatric diseases. Yet a detailed
understanding of how these circuits function normally and are disrupted in
disease is lacking. This may in part be attributable to the very importance of
CBG circuits to multiple functions, and the correspondingly complex and
heterogeneous properties of neurons and subcircuits within the basal ganglia.

The anterior forebrain pathway (AFP; Fig. 2), is an avian CBG circuit that
preserves core features of mammalian CBG circuits but is simplified and
dedicated to song control and learning (see sidebar ‘Homology of avian and
mammalian cortico-basal ganglia circuitry’). Cortico-striatal neurons in HVC
project to Area X (Fig. 2), which has both striatal and pallidal components, and
Area X pallidal neurons send inhibitory projections to the thalamic nucleus DLM.
These thalamic neurons project onwards to the frontal cortical nucleus LMAN,
thus completing a cortical-basal-ganglia thalamo-cortical loop. LMAN projects
both to the song motor cortical nucleus RA and back to Area X. One simplified
but advantageous feature of this architecture is that the output of the AFP flows
primarily through LMAN en route to song premotor nucleus RA. Hence, the
output of the song-related basal ganglia circuitry can be monitored and
manipulated at a single bottleneck for behaviorally relevant signals.

The role of cortico-basal ganglia circuitry in motor and reinforcement
learning
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The specific contributions of basal ganglia circuits to learning are
particularly evident in songbirds. In juvenile zebra finches, lesions of the cortical
outflow nucleus of this circuit, LMAN, cause an abrupt reduction in song
variability, and a failure of song to progress towards a good match with the tutor
song (Bottjer et al. 1984, Scharff & Nottebohm 1991). Lesions of the striato-
pallidal Area X also disrupt song learning, but leave song structure highly
variable (Scharff & Nottebohm 1991, Sohrabji et al. 1990). In adult finches,
lesions of LMAN or Area X have little gross effect on song structure, but subtly
reduce rendition-by-rendition variation in song and prevent a variety of forms of
adult song plasticity (Brainard & Doupe 2000, Kao et al. 2005, Thompson &
Johnson 2007, Williams & Mehta 1999). Similarly, for humans and mammalian
models, disruptions of CBG circuits can cause more conspicuous deficits during
learning than during execution of well-learned skills (Graybiel 2008).

In motor skill learning, which includes both song and speech, initially
variable actions are refined over an extended period of rehearsal, during which
sensory feedback is used to gradually improve performance relative to a goal.
While multiple processes may contribute to such learning, these likely include
reinforcement learning using ‘'trial-and-error' (Sutton & Barto 1998). Such
reinforcement learning involves 1) the generation of behavioral variation,
sometimes referred to as 'motor exploration', 2) the evaluation of which
behavioral variants result in better versus worse outcomes, and 3) modifications
to preferentially produce those variants that result in better outcomes. Studies in
songbirds are helping to reveal the neural mechanisms that underlie these
different processes.

Contributions of basal ganglia circuitry to the generation and regulation of
behavioral variation.

Motor exploration is a crucial substrate for learning, yet how such
variability is generated has received relatively little attention from a biological
perspective. Studies in songbirds indicate that such variability is actively
generated by CBG circuitry. The observation that lesions of LMAN cause an
abrupt reduction in song variability prompted speculation that one function of
basal ganglia circuitry might be to introduce variability or 'motor exploration’ into
motor output for trial-and-error learning (Bottjer et al. 1984, Doya & Sejnowski
2000, Fiete et al. 2007, Kao & Brainard 2006, Kao et al. 2005, Olveczky et al.
2005, Scharff & Nottebohm 1991). For example, reversible inactivation of LMAN
in singing birds, or interfering with LMAN synaptic inputs to RA, decreases
variability of both RA activity and song structure within minutes (Olveczky et al.
2005, 2011; Stepanek & Doupe 2010, Warren et al. 2011). This suggests that
LMAN introduces variability via synaptic influences on RA target neurons
(Mooney 1992, Stark & Perkel 1999).

12



The ability to modulate behavioral variability is critical for trial-and-error
learning, as too little variation can limit learning, and excess variability can
interfere with performance. In songbirds, both behavioral and neural variability
can be rapidly modulated by the social context in which a bird produces song.
When a male sings courtship song (‘directed' song) to a female, variability in
syllable sequencing and in syllable structure is reduced relative to when males
sing 'undirected’ song alone (Kao et al. 2005, Kao & Brainard 2006, Sakata et al.
2008, Sossinka & Bohner 1980). This is especially striking in juveniles, where an
immature and variable undirected song can be immediately transformed into
nearly perfect adult song by the presence of a female (Kojima & Doupe 2011).
These context-dependent changes in song variability are accompanied by
dramatic changes in singing-related neural activity within LMAN of adult birds.
During undirected song, neural activity is greater, more variable and more likely
to occur in bursts than during directed song (Fig. 4; Hessler & Doupe 1999a,b;
Kao et al. 2008). In young birds singing alone, LMAN activity is also dominated
by bursts, and these are correlated with sound production (Aronov et al. 2008,
Olveczky et al. 2005). Interestingly, immediate early gene expression within the
AFP is also greater following periods of undirected song than periods of directed
song (Jarvis et al. 1998). The elevated activity and variable bursting during
undirected song are consistent with the idea that LMAN actively introduces
variability into the motor pathway. Indeed, lesions or inactivation of LMAN
reduce the variability normally present in undirected song to the level present in
directed song (Hampton et al. 2009, Kao et al. 2005, Kao & Brainard 2006,
Stepanek & Doupe 2010), suggesting that the 'default' state of the adult motor
pathway (in the absence of extrinsic perturbations from LMAN) is to produce the
low variability songs characteristic of directed singing.

The active generation of behavioral variation during undirected singing
could reflect 'purposeful' motor exploration. In principle, such motor exploration
might enable trial-and-error refinement of vocalizations to match an acoustic
target. While the importance of such variability to juvenile song learning remains
to be tested, this variability can indeed subserve trial-and-error learning in adult
birds. In particular, while the acoustic structure of 'crystallized' adult finch song
normally remains very stereotyped, differential reinforcement of subtle variations
in adult song can drive rapid changes in song (Andalman & Fee 2009,
Charlesworth et al. 2011, Tumer & Brainard 2007). For example, if an aversive
white noise burst is played each time a bird sings a particular syllable at a lower
pitch (fundamental frequency) but not when the syllable is produced at a higher
pitch, the bird gradually adjusts the pitch of the targeted syllable upwards so as
to 'escape’ the white noise (Fig. 5). These data reveal that even the very subtle
rendition-to-rendition variations that are present in adult song can be utilized to
enable adaptive changes to song structure, and support the idea that undirected
song in adult birds may reflect a state of motor 'practice’ in which motor
exploration enables continuing optimization of song. In the case of explicit
reinforcement with white noise, this optimization entails shifting song to avoid a
disruptive stimulus. Under normal circumstances, this optimization might entail
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the adjustment of premotor commands to maintain a close match to the tutor
song, despite central and peripheral changes to components of the song system
that occur during aging or injury.

A corollary of the idea that undirected song reflects a practice state, during
which AFP-dependent motor exploration enables fine-tuning of song, is the
possibility that directed song reflects a performance state in which variability is
reduced to produce the current 'best version' of song (in the context of courtship).
Consistent with this possibility, males are less sensitive to altered auditory
feedback when singing directed song than when singing alone (Sakata &
Brainard 2009). Moreover, female birds tested with playback of recorded songs,
without any additional cues, prefer directed songs over undirected songs
(Woolley & Doupe 2008).

In mammalian systems, dopamine (DA) is hypothesized to play a role in
the stability versus flexibility of behaviors. In songbirds, DA is one likely
modulator of song variability via its actions on the AFP. Dopaminergic neurons
send a strong projection to Area X (Gale et al. 2008, Person et al. 2008), and DA
release in the AFP is enhanced by the presence of a female, as in rodent
striatum (Sasaki et al. 2006). Moreover, both IEG induction and neural activity in
the VTA are altered during directed singing, and VTA neurons show physiological
changes following directed singing that are consistent with an elevated release of
DA within VTA, (Hara et al. 2007, Huang & Hessler 2008, Riters 2011,
Yanagihara & Hessler 2006). These data indicate that directed singing, which
reduces song variability, engages neuromodulatory circuitry that encodes
salience and reward. Finally, blockade of D1 receptors in the AFP decreases the
excitability of Area X neurons and the strength of the synaptic inputs onto them
(Ding & Perkel 2002, Ding et al. 2003), and correspondingly interferes with
modulation of variability by social context, pointing to a causal role of DA in
modulating song variability (Leblois et al. 2010).

Together, these data suggest that the AFP is a useful model both for
understanding how cortical basal ganglia circuits contribute to behavioral
variation important to learning, and for how such variability is dynamically
regulated, for example between practice and performance states. More broadly,
the context-dependent changes that are readily apparent in songbirds may
provide insights into human behavioral disruptions such as tremor, stuttering and
other speech disorders, “choking” during performance, and difficulties with
movement initiation, each of which can exhibit strong context-dependence in the
severity of their manifestations.

Contributions of basal ganglia circuits to implementing adaptive changes to
behavior

In mammalian systems, CBG circuits are broadly linked to reward based
action selection and learning (Graybiel 2008). In songbirds, studies indicate a
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central role of the AFP not only in generating variability but also in the
subsequent selection and implementation of more successful behavioral variants.
These studies generally support an 'actor-critic' model of basal ganglia function
(Sutton & Barto 1998), schematized in Figure 6 in the context of reinforcement-
driven changes to fundamental frequency. According to this model, at baseline
(prior to learning), varying patterns of activity from LMAN 'act' to drive rendition-
to-rendition variation in RA activity and song structure (Andalman & Fee 2009,
Doya & Sejnowski 2000, Kao et al. 2005, Olveczky et al. 2005, 2011; Sober et al.
2008, Warren et al. 2011). During initial stages of learning, some patterns of
LMAN activity cause syllable renditions that elicit more favorable feedback (i.e.
escape from white noise bursts). These adaptive patterns of LMAN activity then
are reinforced by favorable feedback from a ‘critic' so that over time they become
more prevalent. Hence, LMAN activity is altered over the course of learning to
bias vocal output in an adaptive direction.

Multiple lines of evidence support this model. First, lesion experiments
indicate that signals from LMAN are necessary for learning and can influence
song structure (Bottjer et al. 1984, Brainard & Doupe 2000, Kao & Brainard 2006,
Thompson & Johnson 2007, Williams & Mehta 1999). Second, recording
experiments indicate that LMAN activity during singing is temporally patterned,
consistent with the possibility that LMAN provides input to RA that implements
changes to song structure at specific times in song (Hessler & Doupe 1999a,b;
Kao et al. 2008, Leonardo 2004). Third, lesions of adult Area X strip LMAN of its
patterned bursting during singing without decreasing its overall firing rate, and
simultaneously eliminate song plasticity in response to altered auditory feedback
(Kojima et al. 2013). Finally, alterations in LMAN activity elicited by local
microstimulation can acutely alter features of song, including the fundamental
frequency and amplitude of individual syllables, indicating that signals from
LMAN can acutely bias vocal output in a directed fashion (Kao et al. 2005).

Experiments in adult birds in which explicit reinforcement is used to direct
changes to fundamental frequency provide further evidence that such biasing
contributes to the initial expression of learning (Andalman & Fee 2009, Warren et
al. 2011). During baseline singing (prior to learning), inactivation of LMAN
causes a reduction in rendition-to-rendition variability of fundamental frequency
for individual syllables, with little shift in the mean fundamental frequency.
However, after the fundamental frequency of a targeted syllable is driven
upwards by differential reinforcement (Fig. 7), inactivation of LMAN causes not
only a reduction in variability but also a reversion of the mean fundamental
frequency towards the original baseline (Andalman & Fee 2009, Warren et al.
2011). Infusions of NMDA receptor antagonists into RA, which preferentially
block LMAN synapses onto RA neurons, cause a quantitatively matched
reversion of fundamental frequency towards baseline (Warren et al. 2011).
Hence, a parsimonious account for these findings is that during initial stages of
learning, specific patterns of LMAN activity direct adaptive changes to song
structure via their action on targets in RA, and reversion following LMAN

15



inactivation reflects the removal of this biasing signal.

While important aspects of this model remain to be tested, including
whether and how LMAN activity changes during adult reinforcement learning,
these findings indicate crucial contributions of LMAN to the initial expression of
such learning. It remains unclear whether similar contributions obtain for juvenile
sensorimotor learning, in which auditory feedback guides developing
vocalizations towards an acoustic target. However, in adults, vocal error
correction in the absence of external instruction similarly depends on
contributions of LMAN to the initial expression of learning (Warren et al. 2011).
This suggests that the AFP plays a general role in directing adaptive changes to
behavior during initial stages of learning.

This model of AFP contributions to the initial expression of learning implies
that there is adaptive plasticity within the AFP or its upstream inputs. To achieve
such adaptive plasticity, the nervous system must integrate information about
neural activity patterns during a particular syllable rendition with feedback about
resultant consequences (i.e. the presence or absence of reinforcement). In
particular, because learned changes to song structure are precisely localized to
reinforced features of song, there must be a correspondingly detailed record of
the timing and structure of associated neural activity (Charlesworth et al. 2011,
Tumer & Brainard 2007). The AFP is well-positioned to receive information both
about motor actions (an efference copy) from HVC and RA (Goldberg & Fee
2012, Kozhevnikov & Fee 2007, Prather et al. 2008), and feedback about the
outcomes resulting from those actions, either as auditory inputs via HVC, or from
neuromodulatory centers, such as the VTA, that may provide signals reflecting
an evaluation of outcomes relative to expectation. Indeed, synaptic mechanisms
of plasticity in Area X are modulated by dopaminergic tone, rendering Area X one
likely locus for plasticity underlying initial learning (Ding & Perkel 2004, Fee &
Goldberg 2011).

Basal ganglia dependent learning without basal ganglia dependent variation.

The actor-critic model outlined above posits that basal ganglia circuitry
monitors the consequences of behavioral variations that it generates, and then
implements those variations that result in better outcomes. However,
experiments in adult songbirds indicate that basal ganglia circuitry can contribute
to learning even when it is prevented from generating behavioral variation
(Charlesworth et al. 2012). The AFP can be prevented from contributing to song
variation by infusing NMDA receptor blockers into RA, which interrupts LMAN to
RA synapses (Mooney 1992, Olveczky et al. 2005, Stark & Perkel 1999). During
this interruption, variation in the pitch of individual syllables is reduced, but there
is still some residual variation that arises from elsewhere, most likely the motor
pathway itself. If this residual variation is differentially reinforced, by playing
white noise in response to lower versus higher pitched syllables, there is no
expression of learning as long as the input from LMAN to RA remains
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interrupted.  Surprisingly, however, as soon as input from LMAN to RA is
restored, there is an immediate appearance of appropriate learned changes to
song - an upward shift in pitch that is as large as would have occurred if AFP
input to RA had remained intact. In contrast, if activity within the AFP itself is
disrupted during differential reinforcement, no learning develops. These data
indicate that the AFP is required for the acquisition and expression of learning,
but that this learning does not require that the AFP act as the source of motor
exploration for learning. While normally the AFP may generate variation in song,
it can also integrate information about variation arising from elsewhere.

The immediate appearance of learning that is specific to reinforced features
of song when the output of the AFP is unblocked indicates the importance of
precise and bi-directional coordination between the AFP and the motor pathway
in learning (Charlesworth et al. 2012). First, the specificity of this learning implies
that the AFP receives detailed information about the song features produced by
the motor pathway during reinforcement, likely as a copy of premotor commands
in HVC and RA (Fee & Goldberg 2011, Goldberg & Fee 2012; Troyer & Doupe
2000a). Hence, these findings support the suggestion that efference copy
signals from motor cortex to basal ganglia circuitry may play a fundamental role
in mammalian skill learning (Crapse & Sommer 2008). Second, these results
imply that the AFP is able to change its output to specifically implement the song
features that were reinforced. Anatomically defined topographic loops that could
mediate interactions between cortex and basal ganglia are well-described in both
mammals and songbirds (Johnson et al. 1995, Luo et al. 2001, Vates et al.
1997). However, the capacity of the AFP to precisely direct activity within the
motor pathway indicates surprisingly fine-scale functional coordination both in the
projections from the motor pathway to the AFP and in the projections from the
AFP back to the motor pathway. These might be mediated by segregated
functional loops between the AFP and the motor pathway, each encoding a
particular feature of song, such as high fundamental frequency in a particular
syllable. Under normal conditions, with AFP output intact, such functional loops
could enable the AFP to amplify and bias specific behavioral features, functions
that have been attributed to mammalian basal ganglia circuits (Turner &
Desmurget 2010). More generally, these results suggest that CBG circuits such
as the AFP can act as a specialized hub that can both regulate and monitor
variability in other brain regions and then direct those regions to produce patterns
of variation that result in better outcomes.

Consolidation of motor skill learning.

Numerous forms of learning, including motor skill learning, are stabilized
or ‘consolidated’ over time, often involving a shift in behavioral control from one
region to another (Censor et al. 2012). Adult reinforcement learning in the
songbird provides a clear example of such consolidation. Although the cortical
outflow of the AFP, LMAN, must be active for the initial expression of adult
learning, the degree to which learned changes revert towards baseline during
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LMAN inactivation gradually decreases over time (Andalman & Fee 2009,
Warren et al. 2011). Thus, learning that initially requires the AFP is transferred to
downstream structures in the motor pathway. One likely locus for this more
slowly developing component of learning is at HVC-RA synapses within the
motor pathway. These synapses influence the activity of RA neurons (Hahnloser
et al. 2002, Long & Fee 2008; see sidebar ‘Motor sequence generation’) and
thereby shape the spectral structure of ongoing song (Leonardo & Fee 2005,
Sober et al. 2008), and they are a site where LMAN inputs to RA are well-poised
to drive synaptic plasticity (Mooney 1992, Sizemore & Perkel 2011). LMAN could
instruct adaptive changes in motor circuitry by persistently imposing patterns of
RA activity that eventually become engrained by spike timing dependent
plasticity mechanisms acting on HVC to RA synapses (Troyer & Doupe 2000b,
Swinehart & Abbott, 2005). In this case, LMAN would be a source of signals that
drive the formation of longer lasting 'habits' but need not be the repository of
those habits. Such song consolidation is consistent with other cases in which
mammalian striatal activity initially implements adaptive changes in behavior but
ultimately drives downstream consolidation of those changes (e.g. Pasupathy &
Miller 2005, Censor et al. 2012).

Disorders of basal ganglia circuitry

Given the importance of CBG circuits in motor and reinforcement learning,
these pathways are also a locus of many neurological and psychiatric diseases.
These include movement disorders, such as Parkinson’s and Huntington’s
diseases, as well as psychiatric disorders, including obsessive-compulsive
disorder, psychoses, and addictions. As outlined above, the simplified CBG
circuit for song has facilitated identification of ways in which such circuits
contribute to normal learning. By extension, the avian CBG circuit may also be
useful for investigating disorders of such circuits.

In Parkinson’s disease and other human diseases of basal ganglia,
disruptions of movement control (and perhaps also of cognitive function) do not
reflect merely the absence of adaptive contributions of CBG activity to behavior,
but also the addition of abnormal signals that actively corrupt behavior. In
Parkinson’s disease, neural activity in CBG circuits is excessively synchronized
and is dominated by highly abnormal burst-firing (e.g. Hammond et al. 2007).
Correspondingly, surgical elimination or alteration (via electrical stimulation) of
components of human CBG circuitry can dramatically improve symptoms.
Despite the clinical importance of these observations, how abnormal patterns of
activity within CBG circuits interfere with normal function and how interventions
such as deep brain stimulation exert their beneficial effects (and deleterious side
effects) are difficult to investigate in the human brain.

In songbirds, the consequences of abnormal activity within CBG circuits

may similarly be much more disruptive than the complete absence of activity.
Lesions of LMAN or Area X have relatively modest effects on the structure of
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adult song (though acute effects can be more disruptive in juvenile birds or in
cases where song structure is more variable) (Aronov et al. 2008, Bottjer et al.,
Kobayashi et al. 2001, Nordeen & Nordeen 1993, Scharff & Nottebohm 1991,
Sohrabji et al. 1990). However, if abnormal patterns of activity are artificially
introduced into LMAN by electrical or pharmacological perturbations, song is
more dramatically disrupted (Hamaguchi & Mooney 2012, Kao et al. 2005). Most
strikingly, abnormalities of adult song that develop in response to a variety of
insults to the nervous system (including peripheral damage to hearing or
production mechanisms, as well as central damage to HVC) can be prevented or
even reversed by lesion or inactivation of LMAN (Brainard & Doupe 2000,
Nordeen & Nordeen 2010, Thompson et al. 2007, Williams & Mehta 1999).

The importance of CBG circuitry in songbirds for regulating behavioral
variability supports a view that aberrant regulation of variability may be an
important component of many cortical-basal ganglia diseases. For example,
Huntington’s disease is characterized by excessive and uncontrolled movement
variability. Similarly, Parkinson's disease, which is characterized by decreased
movement amplitude and speed, also includes abnormalities in movement
variability. Abnormalities of speech in Parkinsons' disease can include low
volume and reduced amplitude of articulation, but also include increased
variability of articulation, which can contribute significantly to loss of intelligibility
(Skodda 2011). Similarly, freezing of gait in Parkinson's disease may follow
steps that have increased variability in their size and timing (e.g. Hausdorff et al.
2003). At the neuropsychiatric level, cognitive disturbances that may reflect
abnormal basal ganglia and frontal function similarly can be construed as
expressing too little variability (as in obsessive compulsive disorder and
depression) or too much variability (psychosis or attention deficit disorders).

Parkinson's disease and other basal ganglia disorders are also
characerized by difficulty in initiating movements, which can depend strongly on
the context of movement generation. Parkinsonian patients who are impaired in
spontaneous movement generation are often much better at movements elicited
by a sensory cue or an arousing stimulus (Berardelli et al. 2001, Carlson et al.
2012). Parkinson's disease reflects in part a loss of dopaminergic inputs to
striatum. In this regard, the bird’s normal switch in performance between social
contexts resembles the patients' switch between spontaneously generated and
cued movements. While birds can sing in isolation (uncued), presentation of a
female often elicits immediate initiation of song (cued), consistent with the idea
that neuromodulatory changes, such as elevation of dopamine release in Area X,
may act to promote movement initiation.

These similarities to findings in human diseases suggest that studies in
the songbird can help reveal how pathological activity arising from CBG circuits
contributes to movement and neuropsychiatric symptoms, and provide insights
into mechanisms whereby these signals can be controlled or corrected.
Moreover, as for speech and communication, songbirds can provide a sensitive
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assay for the cellular, circuit, and behavioral effects of the expression of genes
identified in human neurodegenerative and neuropsychiatric diseases.

Adult neurogenesis

One impediment to brain repair in the case of disease or injury, both in
CBG circuits and more broadly, is our inability to replace neurons that are lost or
damaged. Correspondingly, an increasingly promising approach to enabling
adult brain repair is leveraging and extending the capacity for adult neurogenesis
and the functional incorporation of new neurons into the adult brain. In songbirds
the phenomenon of adult neurogenesis is especially robust, with large-scale
neurogenesis in HVC, as well as in high-level auditory structures, striatum, and
hippocampus (Nottebohm 2004), and played a key role in overturning the dogma
that the adult nervous system does not generate or incorporate new neurons.

There are numerous similarities between avian and mammalian adult
neurogenesis, including lifespan and fate restrictions, progenitor cell types, and
sensitivity to hormones and other experiential factors, but songbird neurogenesis
also exhibits several differences that might be usefully harnessed for human
health (Gould 2007, Nottebohm 2004). These include much greater levels of
neurogenesis, distributed over more brain regions, than observed in mammals.
Comparative molecular and genetic studies in mammals and birds could reveal
how to upregulate cell division, migration and functional incorporation rates in
mammals in key additional areas. For instance, striatal spiny neurons that are
the targets of neurodegenerative diseases such as Huntington’'s disease are
specifically replaced in adult songbirds, raising the possibility that they could be
renewed therapeutically (Rochefort et al. 2007). In addition, HVC neurons
replaced in adult songbirds are premotor neurons that grow long projections into
RA, through a heavily myelinated tract, and insert without disrupting already
learned song (Kirn et al. 1991). Understanding the molecular and cellular
processes that enable this incorporation in adult songbirds has clear relevance to
brain and spinal cord repair in humans.

Finally, songbirds are well-suited to test how new neurons link to learning
and behavior. The amount of neurogenesis in songbirds is correlated with
periods of learning and repair (Nottebohm 2004), but there is also marked
turnover and insertion of new neurons in birds that do not change their song
(Tramontin & Brenowitz 1999, Pytte et al. 2012). Manipulating neurogenesis in
songbirds could provide sensitive behavioral and neural tests of the role of new
neurons. An understanding of how new neurons contribute to sensory and
sensorimotor learning might be particularly clear in birds, and will be relevant to
understanding and therapeutically manipulating neurogenesis in mammals.

CONCLUSIONS
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No single animal model is likely to recapitulate all the features of complex
neurological and psychiatric diseases, but we argue here that songbirds, with
their easily quantifiable learned behavior and dedicated circuit, are a uniquely
useful addition to more traditional model systems. Songbirds show remarkable
parallels to humans in their links between sensory processing and motor output,
their use and regulation of auditory feedback, their neural sensitivity to social
signals, and the genes and circuits underlying vocal and motor skill learning.
They have provided new insights into cortical-basal ganglia circuitry, a major
locus of human neural disease, including into the function of such circuitry in
reinforcement learning and the social modulation of behavior. Finally, they
provide striking examples of time-limited neural plasticity and of functional
insertion of newborn adult neurons into brain circuits, with great potential for
mechanistic understanding of these phenomena. It is our hope that enhanced
dialogue between songbird and human researchers, with attention to both the
similarities and differences between systems, can provide new therapeutic
insights.
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Figure 1. Similarities between human speech and birdsong learning. In
both humans and birds, there is an early period of purely perceptual learning,
when the brain is shaped by experiencing the sounds of others. This results in
‘categorical perception’ of the sounds of one’s own language or species and in
‘accents’, and is hard to reverse after the critical period closes. Once youngsters
begin to produce speech- or song-like sounds, sensorimotor learning has also
begun, and the vocalizing animal must pay attention to its own sounds, and
gradually improve them to match the internal goal. This gradual process of
vocal-motor shaping is dramatically disrupted by abnormal or absent auditory
feedback. After the adult language or song has stabilized, it is still acutely
sensitive to disrupted auditory feedback, such as delayed auditory feedback, and
slowly decays over time if auditory feedback is absent.

Figure 2. The song system. A. Simplified schematic diagram of the song
system. The motor pathway (red lines) includes nuclei HVC and RA as well as
downstream midbrain and brainstem centers (not shown) that control patterned
respiration and the bird’s syringeal vocal musculature. Also not shown in A but
illustrated in B are recurrent projections from these respiratory centers back to
HVC, which participate importantly in song control, including bilateral
coordination of the two hemispheres (Schmidt et al. 2012). The Anterior
Forebrain Pathway (black lines, AFP) is a cortical basal ganglia loop that
includes the basal ganglia homologue, Area X, a thalamic nucleus, DLM, and a
frontal cortical nucleus, LMAN. B. Block diagram highlighting parallels between
mammalian and birdsong circuitry. Modified by S. Kojima from Fee & Goldberg
2011, Gale & Perkel 2010, and Schmidt et al. 2012.

Figure 3. Behavioral and neural manifestations of categorical perception in
songbirds. A. Spectrogram of swamp sparrow song composed of syllables
ABCD. Across a local NY dialect of swamp sparrow song, the naturally occurring
durations of syllable C ranged up to ~13ms, suggesting that this might
correspond with a categorical boundary for perception. To test this possibility,
behavioral and neural sensitivity to changes in the duration of syllable C were
tested for transitions in duration that were either within the hypothesized
categories (1-blue and 3-red) or that spanned the boundary (2-green). B. Birds
were largely insensitive to transitions in durations that remained within category
(1 and 3) but responded strongly (with aggressive displays) to transitions that
spanned the categorical boundary (2). C. Neurons within HVC responded
similarly to playback of different stimuli that had syllable durations within the
naturally occurring range (‘within category'), but responded little to stimuli that
had durations outside this range (‘outside category'). Modified from Prather et al.
2009.

Figure 4. Rapid modulation of behavioral and neural variability by social
context. A. Spectrograms of song motifs produced by a male zebra finch
singing directed song to a female (top) or undirected song alone (bottom). At a
gross level, the acoustic structure of song is unaltered between these social



contexts. B. Neural activity recorded from a single neuron in LMAN during
repeated renditions of the motif shown in A. When the male sings directed song
(top) the pattern of neural activity is more stereotyped and less likely to occur in
bursts than when the male sings undirected song (bottom). Recordings are from
interleaved renditions of directed versus undirected song, indicating that a single
neuron can rapidly switch its firing pattern depending on social context. C.
Distributions of fundamental frequency (FF) for renditions of syllable 'a' (shown in
box in panel A) during directed (top) or undirected (bottom) songs. While
changes in social context do not grossly alter song structure, they consistently
reduce the variability of FF across renditions of directed song. Modified from Kao
et al. 2005, 2008.

Figure 5. Trial-and-error learning in adult birdsong. A, B, Spectrogram of a
target syllable (A) and song (B) from an experiment in which white noise (WN)
was delivered to targeted syllable renditions with low fundamental frequency (FF)
('hit') but not high FF (‘escape'). C, Delivering WN to syllables with low FF (below
dashed line) elicited increases in FF. Each small point corresponds to one
syllable rendition; black symbols indicate the mean and standard deviation of the
FF on each day of the experiment. Significant adaptive changes to FF could be
driven within hours, and were maintained as long as differential reinforcement
with WN continued. Modified from Warren et al. 2012.

Figure 6. Actor-critic model of AFP contributions to reinforcement learning.
A, The AFP generates variation in performance (motor exploration); red and light
blue indicate distinct activity patterns in the AFP that lead to distinct FF values
on different renditions of the same syllable. B, The AFP receives feedback about
the behavioral variants that it generates, and this feedback strengthens patterns
of AFP activity yielding better outcomes (light blue, feedback shown) and
weakens patterns of AFP activity yielding worse outcomes (red). C, This changes
the output of the AFP so that it selectively implements more successful
behaviors. Modified from Charlesworth et al. 2012.

Figure 7. Contributions of LMAN to the expression of learning in adult song.
A. Dialysis probes were used to reversibly inactivate LMAN over the course of
learning by periodically infusing the GABA agonist muscimol. B. Spectrograms
show little gross difference in the structure of songs produced under control
conditions (ACSF) versus during LMAN inactivation (muscimol). C. Effects of
LMAN inactivation during different stages of learning in which differential
reinforcement was used to drive an upward shift in FF of the target syllable
shown in B. Black points indicate the mean and standard deviation of FF across
renditions of the target syllable on each day of the experiment under conditions
of saline infusion; red points indicate the mean FF during several hour periods
when LMAN was inactivated. At baseline, prior to learning, LMAN inactivation
reduced variability without altering mean fundamental frequency. During initial
learning, LMAN inactivation not only reduced variability, but also caused a large
reversion of FF towards the baseline value. During a period of maintained



learning, the effects of LMAN inactivation on the expression of learning
progressively declined. Modified from Warren et al. 2011.



humans: learn language-specific sounds critical period closes
songbirds: learn a specific tutor song

|

sensory learning: listen to
others

sensorimotor learning:
listen to self

humans: babbling ->listen, practice -> adult speech
songbirds: subsong -> listen, practice -> adult song \

auditory feedback-dependent
maintenance of stable
vocal behavior

Figure 1. Similarities between human speech and birdsong learning.
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Figure 7. Contributions of LMAN to the expression of learning in adult song



Avian and mammalian brains

Many brain nuclei in avian telencephalon are derived from the pallial layer
of embryos, which also gives rise to mammalian cortex. Basic connectivity and
molecular markers specific to layer 4 input and layer 5 output cells of cortex are
also conserved across reptiles, birds, and mammals, supporting the idea that
many telencephalic nuclei in birds correspond to different cortical layers (Dugas-
Ford et al. 2012, Wang et al. 2010), despite differences in organization and
laminar structure. As in mammals, these functionally ‘cortical’ regions lie above
and adjacent to subpallial structures, including basal ganglia. A revised
terminology, introduced in 2004, accurately reflects these homologies and
eliminates the historical naming of most of the avian telencephalon as basal
ganglia (Reiner et al. 2004). These data all strengthen the parallels that can be
drawn between the brains of birds and mammals. For simplicity in this article we
will mostly use the term cortical to refer to the pallial, cortical-equivalent
structures that are part of the song circuit.



Motor sequence generation

Because song is a complex yet often stereotyped sequence of motor
gestures, it provides an attractive opportunity for understanding neural
mechanisms of sequence learning and production. Studies of the motor pathway
for song suggest a simple model for sequence generation. HVC premotor
neurons projecting to RA each fire sparsely at distinct times in song, thus setting
up a sequence of firing across the population that tiles the song (Hahnloser et al.
2002, Long & Fee 2008, Long et al. 2010). These neurons shape the moment-
by-moment pattern of activity of RA neurons (Dave & Margoliash 2000, Leonardo
& Fee 2005, Sober et al. 2008), which in turn determine the spectro-temporal
features of song via their projections to syringeal and respiratory premotor
centers. Hence, HVC -> RA synapses are one likely locus for plasticity underlying
learned changes to syllable structure. These findings were facilitated by
specializations of the song system, but similar principles likely operate in
mammalian systems. In particular, there are multiple examples of neurons, in
mammalian prefrontal, parietal, and hippocampal cortices, that each fire at
discrete times during a sequence of movements but collectively 'tile' the entire
movement trajectory (e.g. Harvey et al. 2012).



Homology of avian and mammalian cortico-basal ganglia circuitry

The anterior forebrain pathway or AFP is an avian cortical-basal ganglia
circuit, with the special feature that most neurons within the AFP are specifically
engaged during song production. There is an additional medial cortico-basal
ganglia loop with song-related activity, and ‘shell’ structures around each of the
AFP nuclei, which have been implicated in song production or learning (Jarvis et
al. 1998, Bottjer & Altenau 2010), but the AFP has been most extensively
investigated. It sits within more 'generalist' cortical-basal ganglia circuitry that
likely subserves other non-song aspects of motor control and learning (Feenders
et al. 2008).

Area X is particularly well established as a homologue of mammalian
striatum and pallidum, although there are some important differences (see Fee &
Scharff 2010, Gale & Perkel 2010 for more complete references and review of
parallels). Area X receives strong midbrain dopamine projections, and contains
the 4 major cell classes found in mammalian striatum, including spiny neurons
(SNs); these classes resemble their mammalian homologues both
neurochemically and neurophysiologically. The pallidal targets of Area X SNs
are intermingled with striatal neurons, and include two classes of high firing rate
neurons akin to the internal and external pallidal segments of mammals. Pallido-
recipient thalamic (DLM) neurons in the AFP also exhibit properties typical of
mammalian thalamus, including inputs from motor cortical areas (RA) and
rebound burst firing from hyperpolarized potentials (Goldberg & Fee 2012,
Person and Perkel 2005).

Hence, the AFP preserves core features that enable investigation of broad
issues relevant to cortical-basal ganglia contributions to motor control and
learning.
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