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Abstract

Disruptions in speech, language and vocal communication are hallmarks of several 

neuropsychiatric disorders, most notably autism spectrum disorders. Historically, the use of 

animal models to dissect molecular pathways and connect them to behavioral endophenotypes in 

cognitive disorders has proven to be an effective approach for developing and testing disease-

relevant therapeutics. The unique aspects of human language when compared to vocal behaviors 

in other animals make such an approach potentially more challenging. However, the study of 

vocal learning in species with analogous brain circuits to humans may provide entry points for 

understanding this human-specific phenotype and diseases. Here, we review animal models of 

vocal learning and vocal communication, and specifically link phenotypes of psychiatric disorders 

to relevant model systems. Evolutionary constraints in the organization of neural circuits and 

synaptic plasticity result in similarities in the brain mechanisms for vocal learning and vocal 

communication. Comparative approaches and careful consideration of the behavioral limitations 

among different animal models can provide critical avenues for dissecting the molecular pathways 

underlying cognitive disorders that disrupt speech, language and vocal communication.
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Introduction

Speech and language phenotypes are defining hallmarks of several psychiatric disorders 

including autism spectrum disorders (ASD) and schizophrenia. The incidence of ASD in the 

US is currently estimated at 1 in 68 children (1), and approximately 30-50% of these 

patients with ASD only achieve phrase-level command of language (2). Moreover, the 

prevalence of schizophrenia is 1% worldwide, and disordered speech is one of three 

“positive” symptoms of schizophrenia that is diagnostic (3). Specific language impairment 
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(SLI) affects approximately 7% of young children (4). This disorder occurs in the absence of 

other neurodevelopmental symptoms and is limited to general problems with language 

syntax and/or phonology. Interestingly, SLI has a genetic component and there appears to be 

some convergence of genes involved in SLI and ASD (5). The prevalence of sustained 

stuttering worldwide is almost 1% (6), similar to schizophrenia, resulting in approximately 3 

million people in the US exhibiting stuttering. Together, these statistics underscore the 

importance of understanding the basic brain, molecular, and genetic mechanisms underlying 

speech and language. Besetting this goal is the availability of animal models that have 

conserved brain circuitry underlying phenotypes akin to speech.

As we rely upon animal models for developing and testing drugs for the treatment of ASD 

or other psychiatric disorders, it is important to understand the uses and limitations of such 

models as they pertain to the speech-relevant aspects of these disorders. In this review, we 

will address the definition of speech and language and how forms of vocal learning in 

animal models can be appropriated for gaining insights into evolutionarily conserved brain 

circuits that form the basis for speech learning. We will discuss the use of specific species as 

well as salient candidate gene models that have provided the most insight into language-

related pathways to date. Finally, we will consider which available animal models seem 

most relevant to specific psychiatric disorders.

Vocal Learning: what is it and who has it?

The use of vocalizations for signaling and social communication is common among 

vertebrates and the structure, complexity and plasticity associated with vocal behaviors 

ranges widely among species (7-12). Most forms of vocal communication involve innate 

emotive vocalizations (10). Although innate, these vocal behaviors are often context 

dependent and used to signal specific meaning(s) to the receiver (7, 13-15). For example, the 

purr and hiss of a cat are innate vocalizations produced under different contexts and used to 

convey very different signals. In contrast to these innate vocalizations, some species learn to 

produce complex vocalizations through imitation (9, 12, 13, 16). This form of vocal 

production learning relies on auditory feedback and substantial specialized neural and 

peripheral motor circuitry that have not evolved in non-vocal learning species (11). Here, we 

distinguish between three forms of vocal learning (13): production learning, in which 

animals learn their vocalizations by imitation, usage learning, in which animals learn to use 

vocalizations in appropriate contexts, and receptive learning, in which receivers learn 

appropriate behavioral responses to specific vocal signals. Although many species engage in 

usage and receptive learning, few species have also evolved central and peripheral apparatus 

for vocal imitation (11). For example, humans are the only primates that learn vocalizations 

through imitation (8). Indeed, vocal imitation is rare in extant mammals and has only been 

identified in humans, cetaceans (whales, dolphins and porpoises), elephants, pinnepeds, and 

bats (11, 12, 16). In addition to these mammals, out of over 36 bird lineages vocal learning 

has also evolved in three lineages, songbirds, hummingbirds and parrots, which together 

comprise over 4,800 species (11).

How we define language may have implications for whether language is ultimately a 

uniquely human trait, but there is little argument that human language is a complex 
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referential system of signaling that relies upon specialized brain and vocal motor structures 

that evolved through natural selection. The referential capacity and syntax that define 

language allow ideas and thoughts to be constructed in an almost infinite number of ways (9, 

17, 18). This magnitude of differential output to convey a matched number of exceedingly 

large associations, inferences, or meanings sets humans apart from other species. As such, 

human language can convey a wide range of information from the practical to the abstract. 

The output of human language can be in the form of vocal output (speech) or manual output 

(i.e. sign language or writing/typing). For relevance to psychiatric disorders, we will strictly 

focus on vocal output. In addition, while there are the many animals mentioned above that 

exhibit vocal learning, here, we will focus on those animals that are likely to be studied in 

the laboratory for the purposes of understanding psychiatric disorders either at the 

behavioral or neuroanatomical level.

Non-human primates

Investigations into vocal learning in non-human primates have revealed the extensive usage 

and receptive learning of vocal behaviors, but little evidence of vocal imitation (8, 11, 12, 

19-22). The cognitive abilities of non-human primates, including the potential capacity for 

vocal learning, have fascinated scientists for decades. Extreme examples of this interest have 

been the integration of baby chimpanzees into human homes and the teaching of sign 

language to chimpanzees and gorillas. While these animals are able to make associations 

between signs and objects (symbolic reference) and basic syntax, in none of these cases have 

the primates achieved a level of complex syntax indicative of language (23). Marmosets 

exhibit vocal communication that has a strong social component in that they will take turns 

in calling to one another, reminiscent of the back and forth in conversational speech (24). 

Indeed, there are some data supporting the idea that marmosets learn this behavior over 

time, suggesting that usage dependent learning may be involved in these vocal signals (25).

Rodents

There are two major types of rodent vocalizations: pup isolation calls and adult social and 

mating calls. All of these calls are in the ultrasonic range (hence the term “ultrasonic 

vocalizations,” or USVs) (26). USVs have been primarily observed in the laboratory setting 

in either mice or rats. Pup isolation calls are experimentally elicited by isolating the pup 

from the dam, and although still debatable may be used as a means of social communication 

between pup and dam (27, 28). It is possible that the structure of the pup call may inform the 

dam as to the state of the pup and direct her retrieval behavior, however, such a correlation 

between isolation USV structure and behavior has yet to be directly examined. Adult USVs 

are frequently used to facilitate mating by males, although same sex USVs also occur in 

non-aggressive social interactions (29). The structure of USVs change with development 

from isolation to adult calls, as more complex calls are produced by adult animals than pups 

(see Figure 1) (30). Again though, the interpretation of what kind of information these 

complex calls may be conveying compared to simple calls is currently debated (14, 15). 

Perhaps the most controversial aspect of rodent USVs is whether this form of 

communication is innate or involves some learning component (14, 31, 32). While the pup 

USVs are almost certainly innate due to their early postnatal emergence before the ears even 

open, there is some evidence that adult mouse USVs can be modified by auditory feedback 
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or social experience suggesting a limited learning component (33). However, studies using 

genetically engineered deaf mice clearly indicate adult USVs develop normally in the 

absence of audition, indicating that mice do not learn their vocalizations through imitation 

(32, 34). Studies of USVs in wild strains of mice have opened up yet another interesting 

twist to research in rodent vocalizations. Recent work has demonstrated that in a mating 

paradigm, wild female mice do extensively vocalize unlike what has been observed in 

laboratory strains (35). Other work has shown that USVs of wild mice exhibit patterns of 

individuality, which the authors postulate might be due to a genetic or epigenetic signature 

(36). In general, more work needs to be done across many strains of mice both inbred and 

wild to assess the behavioral contexts in which rodent USVs might be relevant to psychiatric 

disorders. Again, with the availability of genome editing it will be possible to manipulate 

disease-relevant genes in whichever strain(s) prove to exhibit the appropriate behaviors.

Cetaceans & Pinnipeds

There is evidence that whales (e.g. Orcinus orca (37)), dolphins and pinnipeds exhibit vocal 

learning (38, 39). While these individual reports are generally from small numbers of 

animals and alternative explanations for the observed calls (e.g. usage learning) cannot be 

completely ruled out without further experiments, the aggregate data from these studies 

indicate that cetaceans and pinnipeds do exhibit vocal learning. Interestingly, recent data 

suggest that killer whales can alter their vocalizations to match those of dolphins when the 

two species socialize (40, 41), and dolphin calls do not appear to be “copied” from a tutor 

like songbird vocal learning, but rather appear to be unique to each animal (40). Even more 

remarkable is the evidence that cetaceans that spend time with humans can mimic human 

speech (42). These results attribute a level of complexity to vocal learning in cetaceans and 

pinnipeds that is lacking in the usage learning of innate sounds found in other mammals 

such as rodents. Similar to the great apes, experimental studies in cetaceans are both 

technically and ethically challenging. Although in vivo neurobiological manipulations are 

unlikely to be conducted in cetaceans and pinnipeds, post-mortem neuroanatomical studies 

could be carried out (43) once specific genomic and molecular pathways are identified in 

humans and other animal models.

Bats

Bats have documented vocal learning, and are potentially suitable for modeling circuit 

abnormalities associated with brain disorders. Bats may indeed represent an important future 

model due to the feasibility of working with bats in the laboratory and the conservation of 

mammalian brain architecture. Thus far there is very little known about role of social 

communication calls in bats or about the circuits involved in controlling these calls (44-46). 

Some species of bats use a form of ultrasonic laryngeal echolocation for finding prey and 

maneuvering through the environment (47). However, it is unclear whether learning is 

required for these vocalizations beyond auditory feedback control and whether such calls 

have a social component. Interestingly, while the FoxP2 gene (discussed below) has 

undergone accelerated diversification in bats, there does not appear to be a correlation 

between changes in FoxP2 sequence and the evolution of laryngeal echolocation (47, 48). 

This suggests that unlike the correlation with human FOXP2 amino acid evolution and 

language (49, 50), the evolution of laryngeal echolocation is not directly correlated with 
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FoxP2 amino acid composition. Although the laboratory study of bats is not simple, 

manipulation of gene expression can now be achieved in bats. With the advance of genetic 

modification techniques it may be possible to employ bats as useful models to study the 

links between vocal learning and psychiatric disease (51).

Birds

Aside from humans, songbirds and parrots are the two primary terrestrial vertebrates that 

have been well-studied for vocal learning behavior and brain pathways (9, 16, 52, 53). 

Oscine songbirds make up a large group of ∼4,000 species of birds that learn their complex 

songs by imitating other birds, their parents or other sounds that they hear (see (54, 55) and 

references therein). These vocalizations are primarily used to attract mates and defend 

nesting sites (53, 56). However, the complexity of song learning and the contexts in which 

songs are produced is varied across species. In addition, some songbirds are superb mimics 

and can accurately imitate many sounds, including human speech. Some songbirds can 

exhibit repertoires of several hundred learned vocalizations, while still other songbird 

species learn only a single song during their life. In some species of songbird only males 

learn to sing in order to attract mates, while in other species both male and female birds 

learn to sing and even learn to sing intricate duets.

Parrots are perhaps the most widely acknowledged vocalists among birds. Parrots also use 

their vocalization for group affiliation and pair bonding (57, 58). Often, male and female 

parrots learn their vocalizations and share vocalizations to indicate group identity or pair 

bonding. Parrots as a group also exhibit tremendous flexibility in their vocal learning ability 

and are often able to imitate human speech (59-62).

Common behavioral, molecular and neurobiological features make vocal learning in birds an 

important model for human speech learning and an emerging model for psychiatric disorders 

that disrupt vocal communication in people (11). Like humans, birds learn their 

vocalizations during a developmental sensitive period and the details of song and speech 

development have strong behavioral parallels, including similar transitions through discrete 

babbling phases and the stepwise acquisition of syllable sequences (63, 64) (see Figure 2). 

The acquisition and maintenance of song and speech are also dependent on audition and in 

many songbird species initial learning depends on direct tutoring from adult birds and social 

interaction (65). Moreover, speech and birdsong are both dependent on analogous 

interconnected brain structures spanning from the forebrain to the brainstem for accurate 

vocal learning (11, 12, 21, 66-68) (see Figure 3). In general, the avian brain and the 

mammalian brain are very similar and there are several reasons to expect that research in 

birds can reveal general principles about learning, memory and the brain circuits involved in 

vocal communication in humans (66, 69-74). Although the distinctive nomenclature of the 

avian brain suggests dissimilarity, organization and structure of the brainstem, midbrain and 

forebrain.are largely equivalent among birds and mammals, including the input and output 

cell types of the cortex (71, 72, 75, 76), underscoring the idea that cellular and synaptic 

plasticity mechanisms for learning and memory are highly conserved. In addition, forebrain 

regions involved in producing and learning song are analogous to those involved in 

producing and learning speech (12, 66). Humans and songbird also depend on the expression 
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of FoxP2, a transcription factor highly expressed in the striatum, for accurate vocal learning. 

Knockdown of FoxP2 disrupts song development in a manner that phenocopies disruptions 

seen in humans, indicating analogous circuit and gene regulatory mechanisms for song and 

speech development (77-83).

Recent comparative genomic studies have confirmed conserved brain pathways at the 

molecular level between songbirds and humans (66), thus strengthening the utility of 

songbird models for understanding human disorders. In particular, data from zebra finch 

demonstrated robust overlap of genes in two song areas (Area X and RA) with human 

speech areas (striatum and laryngeal motor cortex). In addition, specific genes were 

identified that demonstrate convergent expression in the songbird and human brain, opening 

up possibilities for studying the effects of manipulating these genes in the songbird on vocal 

learning and song production. These genes also have some links to brain disorders and 

future disease gene discoveries may uncover additional relevance of these genes to cognitive 

disorders.

Speech deficits in psychiatric diseases and developmental disorders

Communication disorders

The recently released DSM-5 diagnostic criteria places several previously separate 

communication disorders under one umbrella. These include language disorders (both 

expressive and receptive), speech sound disorders, childhood-onset fluency disorder (i.e. 

stuttering), and social communication disorder (in the absence of other ASD-relevant 

symptoms) (84, 85). We will first review recent advances in our understanding of speech 

disorders that fall under this umbrella, including stuttering and oral facial dyspraxia, and 

then turn to social communication disorders associated with ASD and schizophrenia.

A few genes have been identified as playing a role in stuttering: GNPTAB (N-

acetylglucosamine-1-phosphate transferase, alpha and beta subunits), GNPTG (N-

acetylglucosamine-1-phosphate transferase, gamma subunit), and NAGPA (N-

acetylglucosamine-1-phosphodiester alpha-N-acetylglucosaminidase) (86). Strikingly, all 

three of these genes converge on a common biological pathway, as they are enzymes 

involved in lysosome function. Transgenic mouse models may be able to provide valuable 

insights into the roles of these pathways in vocal control. Also, further genetic studies to 

identify additional genes need to be undertaken. Recent work in songbirds have described 

the emergence of syllable repetitions following lesions of portions of the striatopallidal 

circuits involved in song learning (87). This work may have relevance to neurogenic 

stuttering, which has been reported following basal ganglia lesions in humans (88).

Unlike other communication disorders, significant biological insights have been made 

toward understanding language disorders, specifically orofacial dyspraxia. Orofacial 

dyspraxia is characterized by ineffective coordination and/or immobility of the face and 

mouth that results in unintelligible speech (89). Significant insights were made into this 

isolated speech disorder upon the identification of a causative gene, FOXP2 (forkhead box 

P2), in a large family with an inherited form of the disorder (KE family) (82). Interestingly, 

while the affected KE family members as well as other individuals with FOXP2 mutations 
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do not exhibit strong cognitive deficit phenotypes there is evidence for these individuals to 

have lower than average cognitive performances as well as evidence for FOXP2 regulating 

genes implicated in ASD and/or schizophrenia (26, 90, 91).

FOXP2 is a transcription factor with brain expression that peaks during embryonic 

development (92). A number of animal models have been developed to study FoxP2 

function. Foxp2 knockout (KO) mice are neonatal lethal. Within the first postnatal week, 

these mice exhibit severe motor deficits, with specific reductions in USVs (93, 94). Mice 

containing a point mutation that mimics that of the KE family (Foxp2KE/+ mice) also exhibit 

reduced USVs (95). The reduced number of USVs in the Foxp2KE/+ heterozygous mice can 

be rescued by expression of wild type FOXP2 in cerebellar Purkinje neurons (95, 96). In line 

with this, MRI studies of the KE family have indicated grey matter volumetric deficits in the 

cerebellum (as well as the caudate nucleus, Broca's area, temporal pole and precentral gyrus) 

(97). Interestingly, a different line of Foxp2 mice homozygous for the KE family point 

mutation, not only exhibit altered USVs but also demonstrate striatal-based motor deficits 

(98), suggesting a potential link between striatal dysfunction and altered USVs.

Studies in vocal learning songbirds have also found links between FoxP2, striatal circuits 

and vocal communication (77-80, 99). FoxP2 is highly expressed in the songbird basal 

ganglia circuit. In particular FoxP2 is prominently expressed in a specialized portion of the 

striatopallidum, termed Area X, involved in song learning and song production in birds (79, 

99). Knockdown of FoxP2 specifically in Area X disrupts song learning in juvenile birds 

and social context dependent modulation of song variability in adult birds (78, 80). 

Intriguingly, these FoxP2 associated disruptions in song learning result from noisy 

production of song syllables, increased levels of vocal variability and repetition or dropping 

of song syllables. These behavioral disruptions in vocal production parallel disruptions 

associated with oral facial dyspraxia and are associated with disruptions in dopaminergic 

sensitivity in striatal circuits (78).

Based on the molecular evolution of FOXP2, “humanized” Foxp2 mice have been generated 

containing two human-specific amino acids (100). These mice have changes in the 

complexity of USVs and also exhibit faster switching between declarative and procedural 

learning (100, 101). Such changes could be clues to the evolution of language. For instance, 

the ability to more quickly incorporate procedural learning could have been instrumental for 

the emergence of language to co-opt existing brain learning circuitry for language. Further 

detailed analysis of all of these Foxp2 mutant mice as well as analysis of potential brain 

region-specific Foxp2 conditional KO mice (94) should provide additional details about 

correlations between affected brain regions in rodent models and specific behavioral 

deficits.

ASD and associated syndromes

Advances in genome editing have allowed for the generation of rat models relevant to ASD. 

Recently published models include knockout of Fmr1, Nlgn3 (neuroligin 3), and Nrxn1-α 

(Neurexin-1 alpha) (102-104). While Fmr1 or Nlgn3 knockout rats exhibit some altered 

ASD-relevant behaviors, USVs are not significantly different during juvenile social 

interactions (104). In contrast, Fmr1 KO rats exhibit diminished responses to auditory 
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stimuli in line with altered auditory processing in patients with fragile X syndrome (102). 

These studies in genetically modified rats are just a beginning for using these animals for the 

study of ASD and related syndromes. More models are being generated and further work 

needs to be done to examine vocal behaviors in these animals.

There is significant co-morbidity of ASD with both epilepsy and intellectual disability (105, 

106). Mutations in the gene SRPX2 (sushi-repeat containing protein X-linked 2), which 

encodes a secreted protein involved in synapse formation, have been linked to a 

constellation of phenotypes including temporal lobe seizures, oral and speech dyspraxia, and 

intellectual disability (107, 108). Further work has demonstrated that FOXP2 regulates 

expression of SRPX2 in cells and a patient-relevant mutation in FOXP2 could specifically 

affect FOXP2 regulation of SRPX2 (109). To directly assess the in vivo importance of this 

signaling pathway, knockdown of SRPX2 in the cortex of rodents was carried out (108). 

Reduction of SRPX2 leads to decreases in synapse formation and USVs through a Foxp2-

dependent mechanism (108). Together, these data suggest that FoxP2 regulation of SRPX2 

may be important for both temporal lobe function at risk in epilepsy as well as vocal 

behavior linked to ASD. Further characterization of SRPX2 function downstream of FoxP2 

compared to FoxP2 regulation of other genes should begin to parse out in detail the 

molecular pathways at risk in ASD.

Many mouse models of ASD demonstrate altered USVs, however, a clear pattern has not 

emerged in terms of consistent changes in either pup or adult USVs with ASD-relevant 

models (110). Recent MRI data of 26 ASD mouse models uncovered at least 3 groups of 

mice that could be clustered based on neuroanatomical changes (111), and some of these 

models have been tested for USV deficits (110). Further studies correlating anatomical and 

vocal abnormalities in ASD mouse models are needed, but this recent work hints that with 

further research more general patterns may emerge. Mouse models of syndromic forms of 

ASD (i.e. Rett's syndrome and Fragile X syndrome) illustrate this as both Mecp2 and Fmr1 

mouse models have decreased USVs and striatal volumes (110, 111).

Schizophrenia

While disordered language is a clinically defining aspect of schizophrenia, this symptom is 

debated as either a specific deficit in language functions such as impairment in syntactic 

comprehension accuracy that cannot be accounted for by global cognitive deficits (112, 

113), or as an indication of disordered thought in general, rather than a specific deficit in 

speech or language (114). With the exception of a few genes, the field of schizophrenia has 

suffered from a lack of genetic models for studying the biology and brain circuitry involved 

in this disorder. However, a recent large-scale genome-wide association study has identified 

108 robust loci in schizophrenia corresponding to association with roughly 90 genes (115). 

This may represent a manageable number of genes to model in animals across the entire 

research community. A few pharmacological models that induce schizophrenia-like 

symptoms in rats have been used in the investigation of effects on vocalizations. 

Administration of methylazoxymethanol acetate (MAM), which methylates DNA, leads to 

an increased stress response including more USVs in an acute foot shock paradigm (116). 

Similar effects were also found in a maternal immune activation model using prenatal 
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exposure to polyinosinic:polycytidylic acid (poly I:C) in that rats had increased USVs in a 

fear conditioning paradigm (117). Thus, these results suggest that USVs in rodents can be 

altered together with other behavioral and neuroanatomical deficits reminiscent of 

schizophrenia. It will be very informative to initiate future studies that utilize alterations of 

novel schizophrenia related genes to determine whether specific aspects of vocalizations are 

affected in this disorder.

Conclusions and future directions

There is no perfect animal model for human speech and language disorders. However, 

comparative approaches can be used to provide insights into how genetic disorders disrupt 

conserved brain processing for complex communicative behaviors and by implication 

inform us as to how humans learn speech and language. As greater insights are made into 

the genes and molecular pathways at risk in human psychiatric disorders, such information 

can be used to more directly model these mechanisms in animal models and ultimately 

develop targeted therapies.
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Figure 1. Rodent ultrasonic vocalizations
Top panel: rodents exhibit USVs as pups when isolated from the dam, and these calls assist 

in retrieval of the pups. Bottom panel: adult male rodents emit USVs when attracting a 

female for mating. Not shown are instances when males or females emit USVs in the 

presence of a rodent of the same sex. Example sonograms are depicted for each type of 

behavior. A representative complex call containing a frequency “jump” is boxed in each 

example. Adult USVs or songs typically have greater numbers of complex calls than seen in 

pup isolation calls.
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Figure 2. Vocal imitation in songbirds
Left panel (a): Developmental timeline for zebra finch song learning. Zebra finches are a 

commonly studied species of songbird that learn a single song during a developmental 

critical period that extends from 30 to 90 days post-hatching. This critical period is 

composed of three phases. During the first phase young birds memorize the song of an adult 

model. During the second phase young birds use auditory feedback to evaluate their song 

imitation and slowly learn to produce a nearly perfect copy of the memorized song. During 

this period young birds may practice their song as much as 3,000 times a day. After 90 days 

of age birds begin to crystallize this adult song, leading to a highly stereotyped adult song 

pattern. Right panel (b): These panels show sonograms (frequency versus time plots) of an 

adult bird's song and imitation of the song by another bird. The song contains 4 syllables, 

indicated by the four separate acoustic elements and is 600 milliseconds long. Comparison 

of the timing and acoustic features of the songs shows clear patterns of vocal imitation. 

Figure modified from Roberts et al., 2012 (Fig 1a and Fig 2e) (118).
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Figure 3. Conserved brain pathways between songbird and human
Left panel: schematic of songbird brain. Right panel: schematic of human brain. 

Abbreviations: Area X, area X of the striatum; DLM, medial nucleus of the dorsolateral 

thalamus; DM, dorsal medial nucleus of the midbrain; HVC, nidopallial vocal nucleus; 

lMAN, lateral magnocellular nucleus of anterior nidopallium; nXIIts, tracheosyringeal 

subdivision of the hypoglossal nucleus; RA, arcopallial vocal nucleus; aC, anterior caudate 

nucleus; aP, anterior putamen; FMC, facial motor cortex; GPi, inferior globus pallidus; 

NAmb, nucleus ambiguous; PAG, periaqueductal gray matter; VT, ventral thalamus. Figure 

modified from Miller and Konopka, 2013 and based on Pfenning et al., 2014 (21, 66).
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