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Abstract

Vocalizations are an important medium for sexual and social signaling in mammals and birds. In 

most mammals other than humans, vocalizations are specified by innate mechanisms and develop 

normally in the absence of auditory experience. By contrast, juvenile songbirds memorize and 

copy the songs of adult tutors, a process with many parallels to human speech learning. Despite 

the centrality of vocal learning to human speech, vocal production in humans as well as in 

songbirds exploits ancestral circuitry for innate vocalizations, and effective vocal communication 

depends on the fluent blending of innate and learned elements. This review covers recent advances 

in our understanding of central mechanisms for learned and innate vocalizations in birds and mice, 

including brainstem mechanisms that help to ‘gate’ vocalizations on or off, cortical involvement in 

learned and innate vocalizations, and the delineation of circuits that evaluate and reinforce song 

performance to facilitate vocal learning.

Introduction

Learned versus innate courtship vocalizations

Vocalizations are produced in many different contexts, ranging from social and sexual 

encounters to painful stimuli and physical threat. Here the focus is confined to courtship 

vocalizations, or songs, which are often produced by males to attract and court females and 

to defend territory from other males. Songbirds produce courtship songs comprising several 

to tens of individual syllables, each 50–150 ms in duration, and organized into stereotyped 

sequences referred to as a phrase, or motif, that lasts from several hundreds of milliseconds 

to tens of seconds [1,2]. Juvenile songbirds learn the acoustic pattern and order of syllables 

in their motif by memorizing and copying songs produced by one or more tutors, 

constituting a paradigmatic example of a sensitive period-limited form of vocal learning 

[2-8]. As adults, males (and in some species, females) sing in response to visual and 

auditory cues provided by other birds, and also as a function of the singer’s reproductive 

state. Although many features of birdsong are learned, innate vocal elements can figure 

prominently in the song display, serving as introductory notes at the onset of song or as 
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passing notes that link together several renditions of the song motif within a longer song 

bout [2,9].

Mice produce an extensive vocal repertoire including both audible (<20 kHz) and ultrasonic 

elements. In response to the presence of nearby females or female odorants, adult male mice 

produce ultrasonic vocalizations (USVs) comprising individual syllables of 5–200 ms 

duration, organized into highly variable sequences lasting one to several seconds [10,11]. 

Unlike birdsong, the acoustic patterns of these ‘songs’ are specified by innate mechanisms, 

as shown by the finding that mice genetically engineered to be deaf produce a normal USV 

repertoire [12,13]. Furthermore, whereas male birdsong is necessary for successful courtship 

and mating, the USVs produced by male mice may render him more attractive to the female 

but appear to be unnecessary for successful mating, at least in a laboratory setting [14,15]. 

Thus, the courtship songs of bird and mice differ in their learned versus innate qualities and 

the extent to which they serve a crucial role in courtship.

Peripheral mechanisms of song production: voiced versus whistled

In addition to their learned versus innate qualities, the songs of bird and mice also differ in 

their peripheral mechanisms of production. Similar to the vocal cord vibrations that give rise 

to human speech, birdsong arises from ‘voiced’ oscillatory vibrations of membranes in the 

syrinx, a bipartite structure situated caudal to the larynx and where the trachea bifurcates 

into the two bronchial tubes [16]. By contrast, mouse and other rodent USVs result from an 

aerodynamic whistle formed in the larynx [17]. Indeed, a recent structural MRI analysis 

revealed that muroid rodents that produce USVs possess a specialized ventral laryngeal 

pouch that is the likely source of this whistle [18]. Despite their contrasting peripheral 

mechanics, both birdsong and rodent USVs require precise integration of respiratory and 

vocal muscle activity, and in either case respiratory pressure must be carefully regulated to 

maintain either voiced or whistled outputs [19-21]. Thus, central mechanisms for producing 

courtship vocalizations in birds and mice are likely to share many features and ultimately 

must solve similar problems to control and integrate respiratory and vocal muscle activity.

Neural mechanisms for singing and countersinging in birds and mice

Because vocalization requires integrated activity of vocal and respiratory muscles, the 

terminal neurons in central circuits for vocalization are the respiratory and vocal motor 

neuron pools in the spinal cord and brainstem. The production of innate vocalizations in 

birds and mammals is under the control of pattern generating circuitry in the rostroventral 

lateral medulla (RVL) that accesses these motor neuron pools and that in turn is gated by 

descending projections from neurons in the caudolateral part of the midbrain periaqueductal 

gray (PAG) [22-25]. In many mammals, these brainstem pathways are sufficient to produce a 

normal vocal repertoire [26,27]. In mammals, descending pathways from the cingulate 

cortex and from subcortical structures, including the hypothalamus, act via the PAG to 

regulate vocalization as a function of social context and reproductive state [24]. Bilateral 

lesions of the PAG abolish innate vocalizations in non-human primates and other mammals, 

and damage to a similar region in human subjects results in the loss of speech as well as 

innate emotional vocalizations, such as laughter and crying [24,28]. (Although an early 

study found that ‘vocal’ PAG lesions in canaries did not prevent singing [29], whether the 
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PAG serves an obligatory role for vocalization in songbirds warrants further investigation.) 

As the PAG is a complex structure that serves a wide variety of functions, including 

nociception, reproduction, defense, and autonomic regulation [30-33], a longstanding 

challenge has been to determine whether vocalization-specific neurons exist in the PAG and, 

if so, to disentangle them from the heterogeneous network of other PAG neurons, in which 

they are embedded. In fact, the recent application of genetic tagging methods has identified a 

population of PAG neurons in the mouse specifically involved in gating USVs, enabling 

genetic tracing and manipulation experiments that will provide new light into how the PAG 

integrates a wide variety of information and gates downstream vocal pattern generator 

circuitry [34•].

Given that most mammals can produce vocalizations without cortical input [24], an 

exceptional quality of birdsong (and human speech) is the remarkable degree to which 

cortical circuits contribute to vocal patterning. In songbirds, the telencephalic nucleus HVC, 

which may be considered as an analogue to either the primary or premotor motor cortex in 

mammals, is essential to the production of learned but not innate vocalizations [9,29]. A 

variety of correlative and causal studies support the idea that HVC neurons that project to 

the song motor nucleus RA (HVCRA neurons) encode temporal aspects of song by firing in a 

temporally precise sequence during song [35-38]. In fact, bilaterally cooling HVC slows 

song timing without altering song’s spectral features [37,39], which has been interpreted as 

evidence that HVCRA neurons form a synfire chain that encodes both global and local 

aspects of song timing. While other regions outside of HVC also contribute to song timing 

[39-41], there is widespread consensus that the sequential activity of HVCRA neurons is an 

essential component of the song timing mechanism.

Of course, sequential activity emanating from HVC must be read out by downstream 

elements of the vocal respiratory network, including the RVL. Moreover, just as the capacity 

to vocalize is built on a more ancient capacity to breathe, the capacity for producing learned 

vocalizations is presumably built upon more ancestral circuitry for producing innate 

vocalizations. Indeed, in addition to containing respiratory premotor neurons, the RVL 

contains neurons that give rise to a recurrent pathway that ultimately innervates HVC [42]. 

Presumably, this pathway allows respiratory and possibly vocal pattern generating circuits in 

the brainstem to modulate HVC activity during singing. Given this recurrent circuitry, 

current debate has centered on the extent to which birdsong results from a strict top-down 

influence of HVC on ‘subservient’ brainstem machinery, or instead involves more of a 

reciprocal interaction between HVC and the brainstem.

Part of the answer to this debate rests on obtaining a more complete picture of how HVCRA 

neurons function at a population level during singing. Experimental constraints are that 

HVCRA neurons are notoriously difficult to isolate and ‘hold’ with an electrode in singing 

birds and that there are ~40 000 of them in each HVC. A recent study using widefield 

calcium imaging from identified populations of HVCRA neurons has proven to be a game-

changer, not only confirming the canonical sequential activity of a subset of HVCRA neurons 

during song production but also revealing that other HVCRA cells undergo prolonged 

ramping activity beginning hundreds of milliseconds or even seconds before song onset 

[43•]. Moreover, similar pre-song increases in activity are also detected in RA and in the 
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respiratory system, suggesting that increased activity in HVCRA ‘pre-song’ neurons prepares 

the respiratory system for the transition from silence to song, which may then act via 

recurrent projections to trigger sequential firing in HVCRA ‘song’ neurons. Whether HVCRA 

‘pre-song’ neurons are necessary to singing remains to be determined, but their existence 

suggests that they sit at or near the point where the decision to sing is being made in the 

brain. The rich and complex convergence of sensory, sensorimotor, and neuromodulatory 

inputs to HVC provide numerous candidates for providing information salient to that 

decision.

Consistent with the idea that complex networks give rise to neurons with complex 

properties, some HVC neurons that display song premotor activity also respond to playback 

of the bird’s own song and other acoustically similar songs [44-46]. In certain cases, the 

playback-evoked and premotor activity patterns of individual HVC neurons are highly 

similar, suggesting that HVC functions as part of an inverse model to convert auditory 

stimuli into a song ‘action.’ In support of this idea, prior studies in anesthetized or sleeping 

birds established that song playback can sufficiently excite HVC so as to entrain respiration 

and syringeal motor neurons and muscles [47,48], hinting that auditory stimulation can 

effectively engage the song motor machinery. A recent study by Bush et al. provides direct 

support for this idea, showing that playback-evoked syringeal EMGs recorded during sleep 

are highly similar to the syringeal EMGs recorded from the same bird during singing [49••]. 

Furthermore, their clever use of synthetic stimuli showed that even acoustically degraded 

songs could drive syringeal EMG response patterns in an all or none fashion, albeit with a 

lower response probability, behavior that is consistent with an attractor network [50].

Such robust auditory to motor transformations are especially well-suited to the antiphonal 

(call and response) vocal behaviors exhibited by many songbirds, primates, and even certain 

rodent species, because they can help trigger vocal production in response to a partner’s 

vocalizations, thus avoiding temporal overlap between the two signals. This capacity may 

seem simple, but it is essential to our own spoken conversation and requires careful 

monitoring of the partner’s vocal signal as well as the auditory feedback created by one’s 

own voice. The duet songs of male and female white-browed sparrow weavers involve a 

series of introductory notes produced by one partner followed by a rapid and precise 

alternating exchange of duetting syllables between the partners [51]. In a heroic field study 

conducted in the African savannah, Hoffman et al. fitted male and female sparrow weavers 

with radio transmitter backpacks, head-fixed miniature microphones and microelectrodes in 

HVC [52•]. The acoustic recordings reveal that the rate at which introductory notes are sung 

(~4 Hz) are highly similar to the rate at which the duetting syllables are produced, requiring 

the initiating bird to halve its syllable rate once the other bird joins the duet, and also 

requiring the responding partner to join the duet at a rate half of that produced by the 

initiator. An attractive idea is that this is accomplished by auditory entrainment of HVC 

premotor activity, and in fact sparrow weavers will duet in response to song playback. 

Furthermore, when one bird produces an introductory note sequence, its HVC neurons burst 

~4 Hz, but then drop to ~2 Hz once the other bird sings, possibly because auditory 

stimulation generated by the responding partner entrains the timing of HVC premotor 

activity in the initiating bird.
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In contrast to songbirds and humans, where cortical lesions can completely abolish learned 

vocalizations, decorticate male laboratory mice still produce a normal USV repertoire in 

response to a nearby female [53]. Thus for USVs produced by mice, as with vocalizations 

produced by most other mammals including non-human primates, the motor cortex does not 

play any obvious role in vocal patterning. Nonetheless, classical studies in monkeys have 

highlighted a pathway from the anterior cingulate cortex to the periaqueductal gray that is 

important in the volitional control of vocalization as a function of social motivation [24]. 

This pathway appears to be a well-conserved feature of the mammalian brain as a recent 

study established that electrical stimulation in the posterior prelimbic cortex (PLC) of the rat 

(a region that includes the cingulate cortex) can reliably trigger USVs as well as other 

vocalizations [54]. Moreover, transynaptic tracing revealed that PLC neurons in this vocal 

hotspot project to regions of the PAG that in turn innervate the RVL, providing a route via 

which the cortex could modulate vocalization. While the behavioral relevance of this 

pathway remains uncertain, an intriguing recent study in another muroid rodent, the central 

American singing mouse, reveals a prominent role for the orofacial motor cortex (OFC) in 

regulating vocalization as a function of social and auditory context [55••]. In this species, 

males sing either spontaneously when socially isolated or antiphonally when they encounter 

each other, and these antiphonal songs are precisely controlled to minimize temporal 

overlap. Notably, this antiphonal singing can also be elicited by song playback, underscoring 

that auditory rather than social cues play a prominent role in triggering the antiphonal 

behavior. When the OFC is inactivated with muscimol, males continue to sing spontaneously 

but not in response to playback, pointing to the cortex as a key element that helps to recruit 

subcortical vocal pattern generators to facilitate antiphonal singing. As the birdsong nucleus 

RA plays a similar role in regulating the timing of innate antiphonal calls [56], a likely idea 

is that cortical neurons that provide input to brainstem vocal gating and patterning networks 

also help to bridge auditory and motor systems to enable adaptive and flexible forms of 

vocalization, as required for antiphonal vocal behaviors.

Circuit mechanisms for birdsong learning

A related idea is that such an auditory to motor bridge provides the foundation for the even 

more flexible sensorimotor interactions necessary to vocal learning. In songbirds, HVC is a 

major site where auditory and motor systems for song converge. Prior studies established 

that exposure to a singing tutor rapidly potentiates and stabilizes synapses onto HVC 

neurons in a juvenile "pupil" [57,58], supporting the idea that auditory synapses on HVC 

neurons provide part of the substrate for encoding tutor song memories. An innovative 

recent study directly tested this idea by optogenetically stimulating sensorimotor inputs to 

HVC in tutor-naïve juvenile zebra finches in different temporal patterns [59••]. Different 

juveniles ‘trained’ with different patterns grew up to produce songs with temporal 

characteristics similar to the pattern of stimulation they were subjected to when young, 

consistent with the idea that artificial stimulation of the sensorimotor input to HVC is 

sufficient to drive song copying in the absence of any tutor.

In nature, however, juvenile zebra finches learn most readily by socializing with singing 

tutors, and copy little or not at all from songs played through a speaker [60,61]. Thus, the 

songbird’s brain presumably integrates both social and auditory cues from the singing tutor, 
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providing a failsafe mechanism to ensure that copying is made from a socially suitable 

model. Part of this integrator involves dopamine neurons in the midbrain A11 cell group that 

provide input to HVC: In juveniles, these neurons are strongly activated during encounters 

with a singing tutor, but not when the juvenile encounters non-singing birds or simply listens 

to song playback [62••]. Furthermore, dopamine release into the pupil’s HVC is necessary 

for song copying from a live tutor and pairing dopamine terminal stimulation with song 

playback promotes copying even in the absence of a live tutor. Lastly, during an initial 

tutoring session, dopamine acts in HVC to promote temporally precise auditory-evoked 

responses to the tutor song, similar to the temporally precise premotor activity that typifies 

HVC neuron activity in singing birds. Therefore, the integration of social and auditory 

information in HVC rapidly builds a circuit that translates auditory stimuli into a motor 

framework, ultimately promoting song copying (Figure 1).

Forming an auditory memory of a tutor song is only half the battle, though, as the juvenile 

must then translate this memory into a suitable vocal copy. A decades-old idea is that 

dopamine inputs from the ventral tegmental area and substantia nigra pars compacts (VTA/

SNc) to a song-specialized region of the basal ganglia (Area X) adaptively reinforce song 

renditions that more closely match the ong memory [63]. This longstanding idea has finally 

gained solid experimental support, primarily from studies using adult birds exposed to 

syllable-triggered noise. In this protocol, noise delivered as a function of a target syllable’s 

pitch (i.e. fundamental frequency) slowly drives a shift in the syllable’s pitch away from the 

region targeted by noise, a process referred to as pitch learning [64]. Importantly, in a regime 

where singing triggers intermittent noise, VTA neurons that project to Area X (VTAX 

neurons) ‘learn’ to encode reward prediction error, a key element in reinforcement learning 

mechanisms [65]. Moreover, optogenetic manipulation of VTAX terminal activity is 

sufficient to drive pitch learning, with optogenetic excitation increasing the probability that a 

syllable paired with stimulation will be retained in the repertoire and with suppression 

decreasing this probability [66,67]. An important caveat is that these studies were performed 

in adult birds that sing otherwise stable songs, not in juveniles in the process of copying a 

tutor song. However, both juvenile copying and pitch learning depend on VTA/SNc neurons 

and dopamine release into Area X [66,68], suggesting that they do involve a common 

underlying mechanism.

A remaining issue is how VTAX neurons ‘know’ which song renditions are good copies and 

thus should be reinforced, and which renditions are poor copies and should be discarded. 

Ultimately, this evaluation depends on the juvenile’s ability to compare singing-related 

auditory feedback with a memory of the tutor song. Although the circuit basis for this 

comparison remains a mystery, a reasonable guess is that the circuit spans the region 

between HVC and the VTA/SNc complex. Two structures immediately upstream of the VTA 

are the ventral pallidum (VP) and the intermediate ventral arcopallium (Aiv) [69,70], the 

latter of which may be analogous to higher levels of the auditory cortex [71]. In fact, an 

elegant prior study established that Aiv neurons that project to the VTA (AivVTA neurons) 

detect distortions in singing-related auditory feedback, and thus are well suited to detect 

vocal errors [72]. A recent study tested this idea by combining noise-evoked pitch learning 

with optogenetic stimulation of AivVTA terminals, revealing that rendition-by-rendition 

variations in AivVTA terminal activity during auditory feedback but not premotor windows 
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associated with the target syllable were necessary to drive pitch learning [73••]. Moreover, 

pitch-contingent optogenetic stimulation of AivVTA terminals was sufficient to negatively 

reinforce syllable pitch, similar to the effects of pitch-contingent noise. This same study 

established that VPVTA terminals also function as part of the auditory feedback-dependent 

evaluation circuit, but that their activity positively reinforced syllable pitch, paralleling 

another recent finding that a subset of VPVTA neurons can respond to ‘good’ performances 

and some also encode positive reward prediction error [74••]. These various findings advance 

a model, in which Aiv and VP provide information that collectively steers the VTA to 

reinforce song performance, an arrangement that may optimize song learning rates (Figure 

2). Consistent with the idea that Aiv and VP function cooperatively to drive learning, the 

learning rates achieved with pitch contingent optogenetic stimulation of AivVTA or VPVTA 

terminals, or by optogenetic excitation of VTAX terminals, are approximately half that 

measured in response to pitch-contingent noise [66,73••]. Thus, the fastest learning 

presumably occurs when VTAX neuron activity can be bidirectionally modulated, a process 

that most likely requires the coordinated and possibly parallel actions of both Aiv and VP.
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Summary and future directions

Over the past two years, many important advances have been made in understanding 

mechanisms of vocal gating, cortical contributions to innate and learned vocalizations, 

neural mechanisms underlying the formation of song memories, and mechanisms that 

evaluate and reinforce vocal performance. Going forward, major goals include:

1. In both rodents and songbirds, exploring how the PAG gates vocal and 

respiratory pattern generating networks and how it also integrates disparate 

sources of information to help determine when and what type of vocalizations 

should be produced.

2. In rodents, exploring how frontal cortical regions enable vocalizations to be 

regulated flexibly and adaptively as a function of social context and in 

response to auditory stimulation, a capacity that may have ultimately enabled 

the evolution of vocal learning.

3. In songbirds, exploring how circuits upstream of the VTA function compare 

auditory feedback with song memories to evaluate vocal performance.

4. In songbirds, to more broadly and agnostically map circuits for song learning; 

the recent evidence [75,76] of cerebellar connections to song nuclei that 

contribute song learning underscores that such a broader perspective will be 

necessary.
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Figure 1. 
Integration of social and auditory cues in the juvenile songbird’s brain. (a) A sagittal view of 

the songbird brain emphasizing the convergence in HVC of dopaminergic inputs (from the 

midbrain cell group A11) and auditory inputs from the sensorimotor nucleus NIf. (b) The 

juvenile’s encounter with a signing tutor triggers coincident activity of auditory and 

dopamine inputs to HVC, promoting song memorization, burst firing in the motor network, 

and song imitation. Reproduced from Tanaka et al. [62••].
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Figure 2. 
Neural circuits for song production, vocal exploration, reinforcement, and auditory 

feedback-dependent performance evaluation in the songbird. (a) A sagittal view of the 

songbird brain showing some of the structures important to song learning. These include a 

song production pathway (HVC (used as a proper name), RA (robust nucleus of the 

arcopallium), and RA’s descending inputs to the vocal-respiratory brainstem (shown as a 

dashed line)); a cortico-basal ganglia loop that enables vocal exploration important to song 

motor learning (Area X (a song specialized region of the basal ganglia), DLM (dorsolateral 

thalamic nucleus) and LMAN (lateral magnocellular nucleus of the anterior nidopallium)); 

reinforcing dopamine signals from the VTA; and circuits interposed between HVC and VTA 

that evaluate song performance (AV (avalanche), Aiv (ventral part of intermediate 

acropallium), VP (ventral pallidum)). Major brain divisions are colored: pallium = gray; 

basal ganglia = cyan; thalamus = green; midbrain = purple. (b) A block diagram 

summarizing the organization of the portions of the song circuit important to song motor 
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exploration, reinforcement, and performance evaluation. IN = interneurons. DA = dopamine. 

Modified from Kearney et al. [73••].
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