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Chapter 8
Linking Features of Genomic Function 
to Fundamental Features of Learned Vocal 
Communication

Sarah E. London

Abstract  Learned vocal communication emerges from the coordination of sensory 
and motor learning, reflects the function of a distributed but integrated neural cir-
cuit, and unfolds across several timescales, often occurring in maturing animals. 
Because nearly all brain organization and function originates from patterns of 
genomic activation, it is crucial to understand principles of how the genome works 
in order to understand how learned vocal communication arises. In this chapter, the 
fact that genome functions have high evolutionary conservation will be leveraged to 
provide a conceptual guide for how research using a species of songbird, the zebra 
finch, can deepen and expand clinical findings from humans. Additionally, this 
chapter provides examples for how studies in the zebra finch can uncover funda-
mental processes of learned vocal communication that are of value for understand-
ing human speech and language. Examples include the organization of specialized 
neural circuits, responses to social communication experiences, activation of motor 
plans, and consideration of how the age and sex of the individual intersect with 
vocal communication skills, all of which have potential to inform on vocal learning 
mechanisms in humans. Together, our current state of knowledge advances the idea 
that humans and songbirds do not simply share superficial parallels; rather, they 
share deep biological properties to accomplish the complex, multi-level processes 
required for learning and producing meaningful communication patterns.
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8.1  �Introduction

This chapter relates the dynamics occurring at the genomic and whole-animal levels 
to deepen the appreciation for how complex and important natural behaviors, such 
as learned vocal communication, emerge from biological substrates (also see 
Sakata and Woolley, Chap. 1). Here, several dimensions of genomic function, 
which include the sequence, regulation, and function of RNA, protein products, 
and epigenetic modifications, are considered in the context of learned vocal 
communication.

The genome is not static, thus the relationships between the genome, the brain, 
and behavior are interdependent. This chapter does not comprehensively describe 
any specific example of the genome-brain-behavior interrelationship but does con-
sider vocal learning mechanisms in light of biological dimensions that influence 
vocal communication. Those major dimensions include sex, age, prior experience, 
social context, individual brain areas, and neural circuits. The stories presented 
herein demonstrate how to initiate discoveries to deepen mechanistic understanding 
of what biological and experiential factors influence vocal learning across species. 
Examples come almost exclusively from one species of songbird, the zebra finch 
(Taeniopygia guttata), as it shares multiple key features of vocal learning with 
humans and has the most comprehensive data across biological dimensions.

8.2  �Parallels in Human and Zebra Finch Vocal Learning

8.2.1  �Behavioral Similarities

The behavioral similarities between human speech and language acquisition and 
song learning in songbirds have been described before (Doupe and Kuhl 1999) 
and in this volume (Sakata and Woolley, Chap. 1; Sakata and Yazaki-Sugiyama, 
Chap. 2). A few broad strokes describing the process of zebra finch developmental 
song learning here will serve to ground later discussions of the genome within this 
context (Fig. 8.1).

Zebra finches live in a rich social environment throughout their lives; multi-family 
colonies can have over one-hundred members (Zann 1996). Song is a tool to com-
municate in this complex environment. Only male zebra finches can sing. Each male 
sings one stereotyped song his entire adult life, which can be 80% similar to another 
bird’s song but is unique. The combination of song uniqueness and stability facili-
tates individual recognition within the colony across time. Males sing as part of their 
courtship display (called directed song) and after a female chooses a male, the pair 
forms a tight, exclusive, and long-lasting mate bond. Interestingly, male zebra finches 
also sing in nonreproductive contexts. This undirected song is thought to function as 
rehearsal to maintain song stereotypy (see Podos and Sung, Chap. 9).
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Males acquire their song during posthatch development. They have one critical 
period, defined as a restricted phase when a specific experience has profound and 
lasting effects on a particular brain system and behavior (more on critical periods in 
Sect. 8.6). During the critical period for song, they can form an auditory representa-
tion of an adult tutor song in a process termed tutor song memorization. Using their 
memory of the tutor’s song as a kind of template, young males undergo a process of 
sensory-motor error correction during which they alter their initial, immature vocal-
izations such that they come to resemble the syllable structure and order of the 
tutor’s song. From the multi-modal integration of sensory, sensorimotor, and motor 
learning, each male enters adulthood with a single, unique, and highly stereotyped 
song (Gobes et al. 2017; London 2017).

8.2.2  �Functional Similarities in Neural Circuits

The neural circuitry for learned vocal communication does not superficially appear 
equivalent in songbirds and humans. The human cortex has a typical mammalian 
laminar structure whereas songbird brains are organized into nuclei. However, the 
differences in macroscopic organization belie the remarkable conservation in both 
form and function of neural circuits across the species.

Like humans, songbirds have brain areas specialized for the learning and pro-
duction of vocal communication (Fig.  8.2) (Petkov and Jarvis 2012; Pfenning 
et al. 2014). This includes brain areas for processing complex auditory stimuli that 
are integrated with the social context (the auditory forebrain or auditory lobule, AL; 
see Table 8.1 for all abbreviations) (details in Woolley and Woolley, Chap. 5), 

Fig. 8.1  Juvenile zebra finches learn to produce song much like humans acquire speech. Shown is 
a timeline of post-hatch (P) development in the zebra finch. Birds hatch on P1 and are considered 
adults at P90. Male zebra finches memorize the song of an adult tutor during social interactions; 
the ability for tutor song memorization is normally restricted to a critical period that spans P30–65. 
There is a period of ~30 days when the young males can memorize tutor song. Through a process 
of sensorimotor error correction, the young males use feedback to shape their own song to eventu-
ally largely resemble the tutor’s song structure. As adults, each male sings one crystalized song that 
is based on his experiences with the tutor but is unique to him. In this way, song is culturally trans-
mitted. (also see Sakata and Woolley, Chap. 1; Sakata and Yazaki-Sugiyama, Chap. 2)
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a cortico-basal ganglia-thalamic-cortical loop for fine-grained sensorimotor 
practice and performance (HVC, Area X, DLM, LMAN)(see Murphy, Lawley, 
Smith, and Prather, Chap. 3; Leblois and Perkel, Chap. 4), and areas that drive 
precise syringeal motor outputs coordinated with tongue and respiratory patterns 
(HVC, RA, nXIIts, nRA)(see Elie and Theunissen, Chap. 7). Indeed, direct func-
tional analogies between song and language areas have been proposed (Bolhuis 
et al. 2010; Phenning et al. 2014), and patterns of gene expression have revealed 
that, although laminar structure is not a characteristic of avian brains, the genes 
that characterize cortical layers in mammals are expressed in songbird brains 
(Dugas-Ford et al. 2012; Karten 2013). Thus, songbirds and humans may share 
deeper features for vocal learning than the word “parallel” suggests. Future dis-
cussions may find a more suitable word that moves beyond the implication that 
vocal learning in humans and songbirds is outwardly similar but occurs without 
any shared mechanistic underpinnings.

Fig. 8.2  Songbirds have a specialized neural circuit for learned vocal communication that has 
equivalencies in humans. Shown is a schematic of a pseudosagittal section through an adult male 
zebra finch brain. Gray outlines large regions of the brain and the regional names are labeled in 
gray. Colored circles and arrows depict the location and connections among major nodes of the 
song circuit. These avian brain areas function as in human circuits for speech and language. Dark 
red nodes are telencephalic nuclei similar to human cortical regions, the blue node designates the 
basal ganglia (Area X), purple outlines a thalamic relay nucleus, and green denotes hindbrain 
nuclei (nXIIts for syringeal control). The circuit is interconnected, and commonly divided into the 
posterior motor pathway (solid arrows), the anterior forebrain pathway (dashed arrows), and the 
auditory forebrain pathway (dotted arrows)(see Sakata and Yazaki-Sugiyama, Chap. 2; Woolley 
and Woolley, Chap. 5 for further discussions of these circuits) AL, the auditory forebrain, also 
called the auditory lobule; DLM, medial portion of the dorsolateral thalamic nucleus; HVC (used 
as a proper name); LMAN, lateral magnocellular nucleus of the anterior nidopallium; nXIIts, 
tracheosyringeal nucleus of the twelfth cranial nerve; RA, robust nucleus of the arcopallium
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8.3  �Why Study Genomes?

What are the elements of the genome that provide both the program to reliably orga-
nize neural systems receptive to experience and the dynamic, experience-triggered 
responses required for processes like learned vocal communication? One of the 

Table 8.1  Abbreviations

AL Auditory lobule, auditory forebrain
ASW (gene) avian sex-specific w-linked
Cas9 CRISPR-associated protein 9
CM Caudal mesopallium
CNO Clozapine N-oxide
CNTNAP2 Contactin associated protein like 2
CRISPR Clustered regularly interspaced short palindromic repeats
DLM Medial portion of the dorsolateral thalamic nucleus
DNA Deoxyribonucleic acid
DREADDS Designer receptors exclusively activated by designer drugs
ERK Extracellular signal regulated kinase
FoxP2 (protein) forkhead box P2
FoxP2 (gene) forkhead box P2
GFP Green fluorescent protein
HDAC Histone deacetylase
HTT (gene) Huntington gene
HVC Used as proper noun for vocal motor nucleus in the nidopallium
IEG Immediate early gene
LMAN Lateral magnocellular nucleus of the anterior nidopallium
TOR Mechanistic target of rapamycin
mRNA Messenger RNA
NCM Caudomedial nidopallium
ncRNA Noncoding RNA
nRA Nucleus retroambigualis
nXIIts Tracheosyringeal nucleus of the twelfth cranial nerve
P Posthatch day
PKCi (gene) protein kinase C iota
PTM Post-translational modification
RA Robust nucleus of the arcopallium
RNA Ribonucleic acid
rRNA Ribosomal RNA
tRNA Transfer RNA
ZEBrA Zebra finch expression brain atlas
ZENK Acronym for zif268, egr-1, ngfi-a, krox-24
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fascinating features of the genome is that there are multiple timescales that influ-
ence how it functions. On the longest scale, there are evolutionary pressures. 
Evolutionary influences are reflected in the genomic DNA as sequence changes in 
specific regions of stability that can give clues to function when compared across 
generations or species. On the shortest scale, transcription can be regulated within 
minutes of an experience, and experiences accumulate in epigenetic modifications 
to the DNA and histones (proteins around which the genomic DNA wraps). 
Collectively, these features of the genomic DNA and histone proteins serve as a 
kind of biological archive of an individual, representing selection pressures placed 
on prior generations and the accumulation of lifetime experiences to date. The fol-
lowing section provides a brief overview of chromatin, the combination of genomic 
DNA and histone proteins, spanning the time frames relevant to the emergence of 
complex learned behavior (Fig. 8.3).

8.3.1  �Genomic Sequence as the Central Dogma  
of Molecular Biology

The sequence of genomic DNA describes the genetics of an individual. Evolutionary-
scale selection pressures influence DNA sequence, which manifests in signatures 
specific to particular species and even individuals of a particular familial lineage. 
DNA sequence is important because it encodes the RNAs and proteins that con-
struct the cells that comprise brain areas and networks; the set of RNAs and proteins 
required for cellular structure and function is one way to define the output of the 
genome (Fig. 8.3).

Fig. 8.3  Chromatin (the combination of genomic DNA and histone proteins) is a significant 
bridge between patterns of behavior and their neurobiological substrates. The role of natural selec-
tion in shaping the genetics of an individual (the nucleotides that comprise the sequence of genomic 
DNA) is well-appreciated. Genomic DNA codes for proteins and RNAs that create neural systems 
that support behavior (receptivity, green arrows). Genomic function can also be altered via neural 
responses to the environment (responsiveness, blue arrows). These same interdependencies exist 
on the timescale of a lifetime (dashed arrows)
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The Central Dogma of Molecular Biology states that genomic DNA is tran-
scribed into messenger RNA (mRNA), which is transported from the nucleus to the 
cytoplasm for translation into protein (Fig. 8.4). The Central Dogma explains pro-
duction of proteins that include the building blocks of cell morphology, the enzymes 
for cellular metabolism, and creation of signaling molecules, including neurotrans-
mitters, the receptors for cell-cell signaling, the transcription factor proteins that 
regulate gene expression, and the hormones that can signal whole-body states to the 
brain. The focus on protein-coding portions of the genome has led to major break-
throughs in how brains are organized during maturation, how experience can be 
rapidly signaled through neural circuits, and how cells and synapses are remodeled 
to encode experience as memory. Researchers are collecting massive datasets of 
mRNAs with the aim of profiling sets of processes that occur in the brain, and 
experiments guided by the Central Dogma continue to elucidate neural processes. 
Much of the sequence of the genome, however, does not code for proteins, suggest-
ing that research must look beyond coding regions to understand genome function.

8.3.2  �Moving Beyond the Central Dogma to a More Complex 
View of the Genome

The sequencing and assembly of whole animal genomes, including those of the 
human and zebra finch (Venter et al. 2001; Warren et al. 2010), forced the revelation 
that the sequence of an individual’s protein-coding DNA alone would not elucidate 

Fig. 8.4  The multilevel and interdependent regulation of genomic function provides the com-
plement of proteins for the organization of neural circuits and for their ability to respond after 
experience. A major output of the genome is various proteins. The top row shows the linear 
relationship between genomic DNA, mRNA, and protein as described in the central dogma of 
molecular biology. In part because of whole genome sequencing, the number of interacting fea-
tures of the process of regulating the genome has grown in complexity. The bottom row shows 
examples of our more advanced understanding of genomic activation at the level of DNA, RNA, 
and protein. Amino acids: D, aspartic acid; H, histidine; L, leucine; M, methionine; S, serine; V, 
valine (portions modified from Genome Research Limited; https://www.yourgenome.org/facts/
what-is-the-central-dogma)
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the causal relationships between an individual’s genetics and how his/her brain 
functions to support behavior. DNA sequence that does not code for a protein, once 
considered “junk” DNA, is also important because much of this DNA is essential to 
regulate transcription (Fig.  8.4) (The ENCODE Project Consortium, 2012). For 
example, regulatory regions of the genomic DNA that do not get synthesized into 
proteins are essential for understanding how transcription is directed and can have 
species-specific functional consequences without significant alteration in the pro-
tein-coding sequence (Hammock and Young 2005; Gilad et al. 2006).

There are also many types of RNAs that are categorized as noncoding because, 
unlike mRNAs, they are not translated into proteins. The most abundant noncoding 
RNAs (ncRNAs) are ribosomal RNAs (rRNAs) and transfer RNAs (tRNAs) that 
directly contribute to protein translation. There are also small and large ncRNAs 
that specifically and combinatorially regulate the availability of mRNAs and, there-
fore, the population of proteins (Wang et  al. 2012; Hollins and Cairns 2016). 
Understanding the diversity and functional roles of ncRNAs in the brain continues 
to grow rapidly. New discoveries will likely be essential for understanding how the 
genome organizes the neural circuits for vocal learning and regulates the dynamic 
genomic response to sensory and motor experiences that shape vocal communica-
tion patterns (Nguyen et al. 2018; Marty and Cavaillé 2019)

Further, we now know that an individual’s environment works through the brain to 
alter the structure–not the sequence–of the genome. Structural changes in the genome 
are mediated by epigenetic mechanisms (see Sect. 8.5.3). Epigenetic modifications 
include methylation of the genomic DNA itself, methylation of RNA, and post-trans-
lational modifications (PTMs) of histone proteins (Strahl and Allis 2000; Fu et al. 
2014a; Allis and Jenuwein 2016). Both DNA and histone modifications locally alter 
the probability that the associated protein-coding gene will be transcribed and, there-
fore, meaningfully shift the output of the genome. RNA methylation alters the stabil-
ity and structure of RNAs that influence how available they are for function (Zhao 
et al. 2016). Epigenetic modifications are almost exclusively accumulated within an 
individual’s lifetime and thus represent a more immediate process than natural selec-
tion to affect the relationship between genomic function, brain, and behavior. 
Additionally, the effects of chromatin modifications are known to alter long-distance 
three-dimensional conformations of genomic DNA. This three-dimensional folding 
provides another way that chromatin structure influences transcription by bringing 
distal portions of genomic DNA, for example a regulatory region, in close proximity 
to a protein-coding gene where it can alter transcription (Lin et al. 2018).

8.3.3  �Chromatin Is the Biological Hinge Point for Neural 
Receptivity and Responsivity

Learned behaviors such as vocal communication require an organized neural cir-
cuit that can be remodeled; the brain must be receptive to, and properly respon-
sive to, experience. Chromatin can be regarded as a master regulator of cellular 
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function and, therefore, is a hub for mechanisms of receptivity and responsive-
ness (Fig. 8.3). Chromatin regulates the synthesis of sets of RNAs and proteins, 
which build cells that assemble into circuits that form nodes in neural systems 
that can drive learned behavior. Receptivity results from the establishment of 
those neural systems. Responses to environmental stimuli or signals generated by 
the individual’s own behavior trigger receptive neural systems, and the neural 
plasticity required for learning and memory results from chromatin function. 
Sections 8.3.1 and 8.3.2 provided a brief overview of some of the major chroma-
tin components that are currently understand as regulators of the output of the 
genome. An integrated view of the response from cell membrane signaling to the 
nucleus and the mechanisms by which the genome’s response remodels cells for 
plasticity has been well-conceptualized as a “genomic action potential” 
(Clayton 2000).

8.3.4  �Summary of Chromatin in Brain and Behavior

Understanding of the complexity of genomic regulation continues to grow. As 
described in Sect. 8.1, the genome is the basis for nearly all of the structural and 
functional components of a brain, and genomic features are highly conserved evo-
lutionarily. Each new discovery provides additional power to meaningfully investi-
gate what makes songbirds and humans capable of the complex behavior of vocal 
learning as bound by shared chromatin-related processes. No one chromatin feature 
is likely to explain how an individual acquires learned vocalizations. Rather, vocal 
learning is almost certainly a combination of genes, molecular signaling activation 
patterns, ncRNAs, and epigenetic mechanisms that determine neural organization 
and function. There is an obvious need to keep investigating each of these features 
independently and how they may interact.

8.4  �The Case of FoxP2

Given the features common to both human speech acquisition and zebra finch song 
learning, discoveries linking genomic features with speech abilities in humans can 
be mechanistically dissected in zebra finches. The ability to perform invasive mea-
sures and manipulations in the zebra finch is invaluable for uncovering fundamental 
features of vocal learning in humans, too. Investigations into the function of the 
gene for the Forkhead box protein P2 (FoxP2) demonstrate how fruitful such inter-
species investigations can be.

8  Genomic Function and Learned Vocal Communication
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8.4.1  �Identification and Analysis of Human FoxP2

Mutations in the FoxP2 gene were first discovered through classic pedigree analysis 
of a family known as KE. Members of the KE family displayed a speech disorder 
characterized by language disruptions and deficits in controlling the fine movements 
of the tongue and lips needed to produce speech clearly. Pedigree inspection sug-
gested a single-gene etiology with autosomal dominance, and subsequent genetic 
analysis identified a narrow genomic region that contained the FoxP2 gene (Fisher 
et al. 1998; Lai et al. 2001). An independent case of speech disruption convincingly 
connected mutations in FoxP2 to disorders in speech (MacDermot et al. 2005).

The type of gene mutation that affected KE family members was a single point 
mutation, which alters one amino acid in the entire protein structure. The human 
FoxP2 protein is over 700 amino acids long, so one change seems to have a dispro-
portionate impact. The reason such a small genetic change can have such a dramatic 
effect on complex behavior is because the FoxP2 protein is a transcription factor. 
Transcription factors bind to gene regulatory regions of the DNA to influence the 
expression level of the associated genes. Each transcription factor can regulate 
many protein-coding genes. The KE family’s FoxP2 mutation was in the segment of 
the gene that codes for its DNA-binding domain; therefore, the transcriptional regu-
latory function of FoxP2 amplifies the impact of its mutation in the KE family 
(Nudel and Newbury 2013).

Curiously, the FoxP2 protein sequence is almost 100% conserved across species. 
That fact made the discovery of two amino acids that were seemingly unique to 
humans compared to nonhuman primates even more compelling (Enard et al. 2002). 
The species difference raised the possibility that these two changes conferred lan-
guage ability to humans. Notably, these amino acids are not the same as those associ-
ated with speech disorders. Instead, the human-specific amino acids are found within 
coding exon 7. This region of exon 7 does not encode for a known protein functional 
domain, suggesting that the effect of the amino acid changes may broadly influence 
the three-dimensional structure of FoxP2 in ways that affect its function other than 
its direct ability to bind DNA. Despite the insights gained from the myriad of clinical 
and comparative FoxP2 studies, a number of questions about the importance and 
mechanisms of FoxP2 function remained unanswered from these endeavors.

8.4.2  �Mechanistic Questions About FoxP2 Function 
Addressed in Songbirds

Findings in humans set up three big research questions about FoxP2 functions in 
vocal communication that are best answered with a nonhuman animal model:

	1.	 Do species-typical FoxP2 sequences dictate the ability for learned vocal 
communication?

S. E. London
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	2.	 What does the pattern of FoxP2expression tell us about its function in learned 
vocal communication?

	3.	 What are the downstream genes regulated by FoxP2 that may explain its influ-
ence on learned vocal communication?

The first question was tackled by doing a comparative analysis of FoxP2 tran-
script sequences across multiple species, including vocal learners (humans and 
songbirds) and vocal nonlearners (mice and birds that are not songbirds) (Haesler 
et  al. 2004; Scharff and Haesler 2005). These analyses yielded two important 
insights. First, sequence comparison showed a remarkably high degree of predicted 
protein sequence conservation across species: >98% (Teramitsu et al. 2004; Haesler 
et al. 2004). In comparative analyses, greater sequence similarity provides evidence 
that a specific stretch of sequence has functional significance. Data indicate that 
mammals and birds last shared a common ancestor more than 300 million years 
ago; thus, the nearly identical protein sequence across the four groups of vertebrates 
tested suggests that the function of FoxP2 is also unchanged (O’Leary et al. 2013; 
Prum et al. 2016). Second, the amino acids that distinguished human FoxP2 from 
other primate gene sequences—the individual changes that were postulated to con-
fer vocal learning capability—were not observed in songbirds. In other words, the 
sequence of the FoxP2 gene does not systematically sort with vocal learning ability; 
genetics did not indicate that specific variants of the FoxP2 gene predict vocal learn-
ing in a species.

The second question focuses on ways to infer the function of FoxP2  in vocal 
learning by examining its gene expression patterns in brain areas required for song. 
For example, one of the structural brain differences in affected KE members com-
pared to other members was found in the basal ganglia (Vargha-Khadem et al. 1998). 
The basal ganglia have several functions, including the learning and production of 
finely tuned motor skills like those required for speech (see Leblois and Perkel, 
Chap. 4). In humans, it is not possible to definitively determine if neural differences 
in affected KE family members were the cause of the speech impairments or if they 
arose after years of impaired speech production. However, it is possible to construct 
an argument for a causal relationship in zebra finches. Indeed, FoxP2 is expressed in 
the songbird basal ganglia (Area X; Fig. 8.2), starting at the earliest stages of neural 
development (Teramitsu et al. 2004). It is expressed in the major cell type of the 
striatal portion of the basal ganglia in humans and songbirds: the medium spiny 
neurons (Haesler et  al. 2004; Kreitzer 2009). Further, its transcription is rapidly 
reduced in Area X when males sing (Scharff and Adam 2013), indicating that FoxP2 
may be involved in the process of developmental song learning.

These studies laid essential groundwork to implicate FoxP2 in the same compo-
nent of vocal communication in zebra finches as was affected in the KE family. One 
causal test would be to reduce FoxP2 production in Area X and ask if the resulting 
song phenotype was disrupted; reducing the abundance FoxP2 in the zebra finch 
would be functionally akin to a human gene mutation that minimizes the function of 
FoxP2. FoxP2 knockdown was first reported in 2007 and, indeed, reducing FoxP2 
levels in Area X of juvenile males during the phase of song learning when they 
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depend on it for sensorimotor learning led to deficits in song structure (Haesler 
et al. 2007).

In addition, because of the patterns of regulated transcription when birds sing, 
overexpression could disrupt vocal learning (Murugan et al. 2013; Heston et  al. 
2018) as there are multiple systems that follow a “Goldilocks scenario” whereby too 
much or too little of a cellular process prevents the signal-to-noise ratio required to 
convey information. With expression of designer receptors exclusively activated by 
designer drugs (DREADDs), it is possible to inhibit or potentiate cell firing using a 
nonbiological ligand (Urban and Roth 2015; Roth 2016). For existing DREADDs, 
the intended ligand was an antibiotic called clozapine N-oxide (CNO), although it 
can be reverse metabolized into clozapine, resulting in unintended effects that were 
not always accounted for in early studies. However, DREADDs expressed in Area 
X revealed a complicated relationship with LMAN in the execution of moment-to-
moment variability in adult song production (Heston et al. 2018). Generally, these 
types of manipulations, which cannot be done in humans, were essential to support 
the hypothesis that FoxP2 mutations can have causal effects on basal ganglia func-
tion that lead to deficits in vocal production patterns.

The baseline and singing-regulated pattern of FoxP2 transcription, as well as 
results from its manipulated expression patterns and data on Area X function, were 
consistent with the notion that FoxP2 contributes to vocal production. Thus, it was 
necessary to address the third question that requires identification of the genes that 
FoxP2 transcriptionally regulates. This is important because perturbations in the 
availability of these factors would be most directly related to deficits in basal gan-
glia function and vocal production.

Several experimental strategies can be employed to discover individual genes or 
sets of genes regulated by a transcription factor. One strategy is to survey the 
genome for the short DNA regulatory sequences that FoxP2 proteins recognize as 
locations for binding and then determine which protein-coding genes are associated 
with those regulatory regions. One of the individual genes identified in this way was 
Contactin Associated Protein Like 2 (CNTNAP2)(Fisher and Scharff 2009). 
CNTNAP2 is an intriguing protein because it is an adhesion molecule that affects 
cellular properties that direct cell-to-cell communication (Fisher and Scharff 2009). 
In the zebra finch, the FoxP2-CNTNAP2 interaction was confirmed in brain areas 
relevant to vocal communication and was regulated in ways consistent with a role in 
song production (Panaitof et al. 2010; Condro and White 2014; Adam et al. 2017). 
A second strategy is to manipulate FoxP2 in zebra finches and identify genes dif-
ferentially expressed as a result. Using a combination of experimental conditions, 
testable hypotheses regarding the shifting gene networks can be formulated. This 
strategy has revealed transcriptional networks in Area X that are perturbed by altera-
tions in FoxP2 DNA binding and that may be specifically involved in developmental 
song-motor learning (Burkett et al. 2018). Other strategies that revealed miRNAs 
that regulate FoxP2 mRNAs (see Sect. 8.7 for more information) added an epigen-
etic layer of modulation onto the genetic and genomic processes by which FoxP2 
influences vocal learning (Shi et al. 2013; Fu et al. 2014b).
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8.4.3  �FoxP2 Summary

As the case study of FoxP2 demonstrates, studies in songbirds provide integrative 
mechanistic data on a variety of questions that would be difficult to acquire in 
humans. For example, work in songbirds can reveal when a gene is expressed during 
development, if its expression is restricted to specific cell types, and how its expres-
sion is localized across the neural network for vocal learning. Songbird research 
also allows causal manipulations that link gene expression to behavior. Each of 
these general advantages are part of the FoxP2 story. In short, studies in zebra 
finches can confirm but also expand our knowledge base of how genes can affect the 
acquisition and regulation of complex behaviors such as vocal communication.

8.5  �Genome-Brain-Behavior Interdependencies in Songbirds 
Inform On Human Communication

Songbirds have demonstrated value for identifying neural and experiential mecha-
nisms that influence learned vocal communication. For example, the zebra finch 
model permits meaningful investigation into both developmental and adult pro-
cesses and the separation of auditory and motor components of learned vocal com-
munication. Importantly, these studies can be combined with different readouts of 
genomic function in the context of cells, circuits, and the whole animal. Further, the 
nuclear structure of the songbird brain confers advantages for investigation because 
functional areas can be identified with the naked eye. Visible structures allow for 
specific and reliable anatomical localization of genomic features to test how they 
segregate among behavioral components of vocal learning. The following subsec-
tions describe the difference between genetics, the static DNA sequence, and 
genomics, the dynamic regulation of transcriptional output of the genome. In the 
following subsections, chromatin is positioned as the center of both upstream and 
downstream molecular processes that regulate genome function. In addition, sex 
differences, epigenetics, and immediate early gene expression are used as a back-
drop to understand the interplay between genes, brain, and behavior in vocal 
learning.

8.5.1  �Sex Differences as a Path to Mechanism (Receptivity)

Behaviors typically acquired during development, such as vocal communication, 
depend on the construction of a neural network that is sufficiently organized to 
encode the experiences that guide vocal output patterns. Biological sex is one orga-
nizing process that affects the brain and begins very early in maturation; therefore, 
biological sex may provide some key insights into mechanisms that create the neu-
ral network for vocal learning.
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In humans, sex differences in language disorders are documented, although they 
are more difficult to parse mechanistically than in songbirds. Often speech and lan-
guage deficits are associated with broader syndromes, such as autism spectrum dis-
orders (Halladay et al. 2015), attention deficit hyperactivity disorder (Cohen et al. 
2000), and schizophrenia (Walder et al. 2006), which can complicate investigation. 
Further, sex differences can be blurred by the broad range of individual variation 
and can be influenced by environmental factors such as differential application of 
special education intervention measures (Barbu et al. 2015; Kvande et al. 2018). 
These factors mean that differences in speech and language abilities between boys 
and girls are often difficult to parse by gender alone. Additionally, there are some 
distinctions in how language function is represented in the brains of adult men and 
women, but determining if the structural distinctions are a cause or effect of poten-
tial sex differences in speech and language is nearly impossible (Wallentin 2009; 
Etchell et al. 2018). Ultimately, the effect of sex on vocal communication pheno-
types is not clear.

In zebra finches, however, there is one of the starkest sex differences described in 
brains. The sex difference is apparent with the naked eye, and it encompasses the 
motor and sensorimotor nuclei of the song circuit (remember, females cannot pro-
duce song, but males can) (Nottebohm and Arnold 1976; Wade and Arnold 2004). 
These differences make zebra finches valuable for discovering mechanistic under-
pinnings of sex differences with the potential to uncover organizational principles of 
vocal learning circuits.

The dogma of sexual differentiation, as defined from mammalian studies, is 
essentially that gonadal steroids do it all: a gene on the sex chromosomes deter-
mines whether or not testes develop, and testicular secretions form a masculine 
brain and body (Arnold and Schlinger 1993; Arnold et al. 2004). Gonadally derived 
steroids are undoubtedly powerful mediators of maturation, but they do not explain 
all of sexual differentiation. In fact, understanding how the genome is regulated in 
the brain has revealed how the dogma fails to fully explain how brains are orga-
nized. Notably, steroids can be locally synthesized in the brain to influence specific 
functions (see Remage-Healey, Chap. 6), and the complement of sex chromosomes 
themselves alter the phenotype of brain cells, in part because sex chromosome-
linked genes are transcribed in the brain (Arnold et al. 2004; London et al. 2009b). 
Because extreme differences can be useful for initial discovery steps, the zebra finch 
affords a unique opportunity to consider mechanisms of vocal circuit organization 
that can then be applied to more subtle systems like those in humans.

8.5.1.1  �Direct Genetic Effects: Sex Chromosome Gene Expression

Each sex chromosome can code for unique protein variants of the same gene. 
Because males and females differ in their complement of sex chromosomes—mam-
malian males are XY and females are XX; avian males are ZZ and females are 
ZW—genetic differences can directly influence the brain via neural expression of 
genes localized to sex chromosomes. Importantly, the sex chromosome complement 
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that is expressed in rodent brains affects essential cellular features, including the 
abundance of neurons with specific neurochemical phenotypes (Carruth et al. 2002; 
Arnold and Chen 2009). Quite possibly, similar processes occur in humans.

Perhaps the most striking demonstration of sex chromosome gene expression in 
the brain comes from a naturally occurring gynandromorphy: an individual that is 
nearly perfectly split hemispherically as male and female (Agate et al. 2003). In a 
zebra finch gynandromorph, transcription of a gene variant found on the W chromo-
some, ASW, was restricted to the side of the bird that matched the female plumage. 
Further, the version of the protein kinase gene PKCi localized to the Z chromosome 
was more highly expressed in the right hemisphere, matching the side where male-
typical plumage was present (there is minimal Z-inactivation and therefore 
male:female dosage of Z-linked genes is typically close to 2:1) (Agate et al. 2003; 
Itoh et al. 2007).

Because the entirety of the gynandromorph’s brain would have been exposed to 
the same environment of circulating gonadal hormones, this individual provided a 
rare opportunity to test for direct genetic effects on song circuit sexual dimorphism. 
Indeed, when the volumes of major singing nuclei were measured, they were larger 
in the right hemisphere (greater Z gene-expressing and male typical plumage) than 
in the left, as compared to the more symmetrical volumes found in normal males. 
Interestingly, however, nuclei in the left (W gene-expressing female hemisphere) 
were also partially masculinized, indicating that while direct genetic effects likely 
determined the majority of the song nuclei volumes, there may be additional, local 
signaling molecules such as neurally synthesized steroids (see Sect. 8.5.1.2) that 
could act on both hemispheres.

8.5.1.2  �Effects of Regulated Gene Expression: Autosomal Chromosomes

The singing circuitry is masculinized by the steroid estradiol. All steroids are syn-
thesized from cholesterol molecules through a series of enzymatic conversions. The 
spatiotemporal distribution of steroidogenic enzymes, therefore, determines the 
steroid-producing capacity of particular regions. In developing and adult zebra 
finches, circulating levels of estradiol are indistinguishable in males and females, 
and estradiol is produced within the brain, indicating that the enzyme required for 
the last step of estrogen synthesis is present in the brain (Adkins-Regan et al. 1990; 
Schlinger and Arnold 1992). However, the song circuitry is still masculinized in 
genetic males gonadectomized early in development, leading to the hypothesis that 
all five major enzymes needed to convert cholesterol to estradiol are in the brain 
(Arnold 1975; Arnold and Schlinger 1993). Steroids synthesized from enzymes 
expressed within the brain itself are termed neurosteroids to distinguish them from 
steroids originating in the periphery (London et al. 2009b).

Sex differences in the zebra finch song circuit are detectable as early as nine 
days after hatching (posthatch day 9, P9)(Gahr and Metzdorf 1999; Kim et  al. 
2004), and estradiol is most masculinizing during the first week of posthatch life 
(Adkins-Regan et  al. 1994). Consistent with neurosteroid contributions to these 
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early processes of sexual differentiation, the genes for steroidogenic enzymes are 
expressed at P1 and P5 (London and Schlinger 2007). Interestingly, transcription 
occurs within the cells along the lateral ventricle, especially where neurogenesis is 
particularly prolific (Dewulf and Bottjer 2005), indicating that neurosteroids may 
be affecting brain organization at its earliest stages. Genes for steroidogenic 
enzymes continue to be expressed in song nuclei at later developmental ages and 
are transcribed in different combinations across brain areas (London et al. 2006). 
Each steroid can have multiple effects and drive fundamental elements of brain 
organization in other systems (London 2016); thus, control of neurosteroid produc-
tion via genomic regulation may influence sex differences in vocal communication 
abilities and may hold some potential for understanding sex differences in com-
munication disorders in humans.

8.5.2  �Dynamic Experience-Dependent Processes for Vocal 
Learning

Learning is by definition a dynamic process and, therefore, cannot be completely 
explained by the static genetic sequence of an individual. Long term memory for-
mation requires new transcription and translation as a result of an experience. There 
are several ways to examine mechanisms that modulate patterns of transcription and 
translation and to detect patterns of genomic activation that correspond to experi-
ence-dependent neural processing. The following subsections provide an overview 
for how two of these strategies, immediate early gene (IEG) expression and patterns 
of epigenetic modifications, can promote our understanding of gene, brain, and 
behavioral interdependencies.

8.5.2.1  �Immediate Early Genes as a Tool for Anatomical and Functional 
Discovery

Transcription of IEGs is regulated by pre-existing transcription factor proteins that 
can be activated within milliseconds after cell firing. Immediate early genes, there-
fore, are among the first new mRNAs and proteins generated after a cell has fired, 
and they can be used to identify cells and brain areas that were active during an 
experience. Their transcription depends on cellular activation, but the absence of 
IEG expression does not mean that a cell has not fired. Instead, IEGs represent the 
activation of selective molecular processes triggered by cell firing. Their expression 
provides two levels of information: the cell has fired and a specific molecular pro-
cess was initiated (Tischmeyer and Grimm 1999; Minatohara et al. 2016). ZENK, 
an IEG with multiple names (zif268, egr-1, ngfi-a, krox-24) has been most compre-
hensively studied in zebra finches (Mello et al. 2004). This gene was described as a 
necessary component of behavioral learning in other animal systems and has been 
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leveraged to probe features of vocal learning and production (Bozon et al. 2002; 
Alberini 2009). Sections 8.5.2.1.1 and 8.5.2.1.2 provide an overview of adult song-
recognition learning and developmental song learning in the zebra finch and how 
IEG expression studies lend insight into the molecular cascades initiated in learning 
and plasticity.

8.5.2.1.1  Sensory Learning in Adults: Song Recognition Learning

Male and female adult zebra finches learn to recognize the songs of others, which 
helps them to distinguish individuals within their colony. In adults, IEGs such as 
ZENK are rapidly transcribed after a bird hears songs of other zebra finches that are 
unfamiliar to them (Mello et al. 2004). Interestingly, the numbers of cells that induce 
ZENK transcription are reduced as exposure to the same song is repeated (Dong and 
Clayton 2008, 2009). The characteristics of this process are consistent with canoni-
cal definitions of habituation, which is a form of nonassociative learning (Thompson 
and Spencer 1966; Rankin et al. 2009).

Two regions in the brain show ZENK transcription upon hearing novel conspe-
cific songs: the caudomedial nidopallium (NCM) and caudal mesopallium (CM). 
Both NCM and CM are major components of the auditory forebrain, which is a 
composite brain area outside of the traditional song circuit for motor control (Vates 
et al. 1996). Interestingly, NCM and CM are tightly interconnected with an adjacent 
primary auditory cortical area, Field L. However, unlike NCM and CM, neurons in 
Field L do not express ZENK in response to hearing novel conspecific songs (Mello 
et al. 2004). This underscores the molecular specificity of the IEG response. Because 
NCM and CM receive their information from Field L, neurons in Field L must be 
firing for NCM and CM to be activated, yet the molecular cascade to transcribe 
ZENK is not triggered in Field L cells. With one exception, dusp-1, data to date 
indicate that hearing complex and biologically meaningful sounds initiates genomic 
regulation in NCM and CM, but not Field L (Horita et al. 2010). Of course, future 
studies may provide additional examples of IEGs transcribed in primary auditory 
areas and greater complexity of IEG-mediated auditory processing will be revealed.

The initial discovery of song-induced IEG expression led to further insights 
about the mechanistic complexity of sensory song learning in adults. For example, 
the numbers of cells in NCM and CM expressing IEGs positively correlate with the 
biological relevance of the particular song being heard, including directed versus 
undirected song (Mello et  al. 2004), mate versus unfamiliar male (Woolley and 
Doupe 2008), and higher-order structural song complexity (Lin et al. 2014). All of 
these findings were consistent with the idea that IEG activation was a feature of 
NCM and CM neurons responding to higher-order features of the song, not simply 
responding to the basic acoustic features. This was confirmed by studies that dem-
onstrated that changing the physical and social contexts in which song was experi-
enced could alter the magnitude of the genomic response in NCM and CM (Kruse 
et  al. 2004; Vignal et  al. 2005) and by experiments that demonstrated how prior 
social contacts influenced the response to hearing song (Woolley and Doupe 2008; 
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Lin et al. 2014). These findings also indicated that NCM and CM processing is more 
complicated than pure auditory processing. Instead, contextual features modulate 
the processing of song stimuli (see Woolley and Woolley, Chap. 5). How and why 
this can occur is unknown.

8.5.2.1.2  Sensory Learning in Juveniles: Tutor Song Memorization

As juveniles, males memorize their tutor’s song, and this sensory learning serves as 
the foundation of their own song structure (see Sakata and Yazaki-Sugiyama, 
Chap. 2). There is also evidence that young females learn the song of their dad, 
though this is more difficult to assess because females cannot sing (Braaten et al. 
2006; Braaten et al. 2008).

The baseline density of ZENK expression in NCM and CM was as high at the 
age of onset of the critical period for tutor song memorization as it was in adults 
who had heard biologically relevant song (Jin and Clayton 1997; Roper and Zann 
2006). Therefore, it was possible that ZENK expression was necessary for tutor 
song memorization to occur. In the early 2000s, it was not technically possible to 
directly “knock-down” a single gene in the songbird brain, but it was possible to 
disrupt an upstream protein signal that was necessary for ZENK transcription, ERK 
(extracelluar signal regulated kinase) (Cheng and Clayton 2004). Combining a tran-
sient disruption of ZENK induction in NCM and CM during a juvenile male’s tutor 
experiences prevented him from producing high fidelity copies of the tutor’s song 
(London and Clayton 2008). This experiment thus made two contributions: (1) 
molecular regulation of experience-dependent IEG expression was causally linked 
with sensory learning, and (2) the NCM/CM regions were identified as essential 
anatomical loci for tutor song memorization.

8.5.2.1.3  Motor Learning and Production

A large portion of the song circuit integrates sensory information with motor output 
during developmental song learning and drives song production across the lifespan 
of the individual (see Sakata and Yazaki-Sugiyama, Chap. 2; Murphy, Lawley, 
Smith, and Prather, Chap. 3). A lot of attention is given to the highly stereotyped 
nature of adult song, but IEG studies have provided some interesting mechanistic 
clues about how subtle changes in song structure, especially across maturation and 
in different social contexts, may occur.

When adult males sing, IEGs are expressed within the components of the circuit 
that control song production (Jarvis and Nottebohm 1997; Kimpo and Doupe 1997). 
Singing adults do not need to hear for ZENK to be expressed in the motor circuitry: 
deafened birds show the same pattern of induction across motor circuitry as hearing 
birds when they sing undirected song (Jarvis and Nottebohm 1997). Thus, at least 
by maturity, the motor circuit appears to generate song independent of the signaling 
required for NCM and CM sensory processing in juveniles.
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Singing does not induce the same distribution of ZENK across the motor cir-
cuitry in juvenile males compared to adult males (Jin and Clayton 1997). In particu-
lar, ZENK mRNA is restricted to the posterior portion of RA (robust nucleus of the 
arcopallium) in adults but is expressed throughout RA in P35 males who have just 
begun the process of vocal learning (Fig. 8.1). There is an intriguing shift in synap-
tic inputs from LMAN and HVC onto neurons in RA as the birds develop their 
song; perhaps the synaptic anatomy and genomic function are functionally con-
nected, and the developmental change in connectivity alters the distribution of 
molecular signaling in RA (Mooney and Konishi 1991; Aronov et al. 2008). If so, 
this would be an interesting example of how IEG induction reveals specific molecu-
lar processes underlying neural function.

Additionally, within adults, the social context in which the male sings changes 
the neural pattern of ZENK expression. After an adult male sings directed song to a 
female, ZENK expression in LMAN, Area X, and RA is lower than after the bird 
sings undirected song, even if he is surrounded by other birds but not singing directly 
to any of them (Jarvis et al. 1998). Not everyone is comfortable integrating informa-
tion across different experiments within a study, but it is possible that, unlike what 
occurs in adults who sing undirected song, directed song induces ZENK in NCM 
and CM, and this induction during directed song is prevented by deafening (Jarvis 
et al. 1998). There may be additional modulatory signals that combine with auditory 
input during directed song to initiate cascades that promote ZENK transcription in 
these higher-order sensory processing areas. Lastly, it is important to note that there 
may be additional molecular regulation on IEG function in song control nuclei after 
transcription has occurred as ZENK protein distributions do not always recapitulate 
ZENK mRNA patterns (Whitney et al. 2000). More work tracking mRNA and pro-
tein dynamics will be needed to understand what, if any, the functional ramifications 
of this disconnect are.

8.5.2.2  �Epigenetics in Adult Song

As introduced in Sect. 8.3.2, epigenetic mechanisms are defined as those that change 
the function of the genome without altering the sequence of the genomic DNA. There 
are several types of epigenetic mechanisms: ncRNAs, modifications to DNA (DNA 
methylation), modifications to RNA (RNA methylation), and a diversity of modifi-
cations to histone proteins. All of these processes have the effect of modulating the 
abundance and mixture of mRNAs available for translation in a cell. Like other 
chromatin features, epigenetic modifications appear to be highly conserved evolu-
tionarily in terms of function. The understanding of epigenetic mechanisms active 
in the song circuit is still nascent but will likely grow in the coming years.

The following sections will review recent research that investigated ncRNAs and 
histone PTMs in adults to demonstrate that these approaches have value in testing 
mechanisms of recognition learning and vocal production (epigenetic modifications 
in juvenile zebra finches are discussed in Sect. 8.6). There is much remaining to be 
discovered about how epigenetic mechanisms influence vocal learning and 
production.
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8.5.2.2.1  miRNAs

The number of transcripts available in the cell for translation can be lowered by 
miRNAs via binding to short recognition sequences in mRNAs (O’Brien et al. 2018; 
Gebert and MacRae 2018). Predicting the effect of one miRNA is difficult because 
each mRNA often includes multiple miRNA recognition sequences, there can be 
more than one type of miRNA that recognizes the same mRNA, and there may 
be more than one site per mRNA for a particular miRNA (Kim et al. 2016). Upon 
the miRNA binding to the mRNA, the mRNA is cleaved by a protein complex 
recruited by the bound miRNA, preventing the mRNA from being translated into 
protein (Shukla et al. 2011; O’Brien et al. 2018).

Many more miRNAs have been predicted in the zebra finch than have been func-
tionally studied (Luo et  al. 2012). Initial reports, however, indicate that they are 
involved in auditory processing and song production in adults and may regulate 
sex-specific responses as well as the availability of FoxP2 (Gunaratne et al. 2011; 
Shi et al. 2013). For now, these reports demonstrate that there is great potential for 
additional miRNA investigations. As data are acquired from future studies, miRNAs 
will likely become recognized as important regulators of the dynamic processes 
underlying vocal communication.

8.5.2.2.2  Histone Post-Translational Modifications

Like other proteins, histones can be post-translationally modified by the addition of 
molecular side chains such as phosphate, acetyl, and methyl groups. The specific 
type of PTM, the number of PTMs, the amino acid that receives the PTM, and the 
specific histone protein with PTMs all alter chromatin structure, which in turn shifts 
the probability that the associated DNA regions will be transcribed (Strahl and 
Allis 2000).

The addition and removal of histone PTMs is performed by a set of enzymes that 
are often referred to as writers and erasers. The full diversity of histone modifica-
tions that act in adult songbirds is not known, but at least one eraser that removes 
acetyl groups (a histone deacetylase, HDAC) influences adult song recognition. 
Prior work in rodents demonstrated that accumulation of histone acetylations via 
HDAC3 deletion enhanced learning and memory such that a subthreshold learning 
experience was transformed into one that coded a memory that lasted at least 24 hrs 
(McQuown and Wood 2011; McQuown et al. 2011). In adult zebra finches, pharma-
cological inhibition of HDAC3 in the auditory forebrain after a subthreshold song 
playback experience also resulted in neural measures indistinguishable from a more 
robust experience known to support song recognition learning (Phan et al. 2017). 
This is consistent with a pattern seen in other systems, including in human auditory 
processing, in which increased histone acetylation improves learning, although 
perceptual training alone can have similar effects in humans (Gervain et al. 2013; 
Van Hedger et al. 2015).
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After adult males have sung, epigenetic modifications may also influence the 
transcriptional probability of genes involved in song stability. One type of histone 
acetylation (on Lysine 27 of histone H3: H3K27ac) is used to identify regions that 
can be actively transcribed. Using a procedure called chromatin immunoprecipita-
tion followed by DNA-seq (ChIPseq), analysis of H3K27ac-associated DNA con-
firmed that there is a set of genes that can be transcribed selectively in each of four 
major song control nuclei: HVC, LMAN, RA, and Area X (Whitney et al. 2014). 
Collectively, approximately 2000 genes were found to be actively regulated upon 
singing across these regions. Discoveries like these open the door to many more 
investigations about how epigenetic mechanisms can stably and dynamically influ-
ence the acquisition and production of vocal communication.

8.5.3  �Conclusion of Dynamic Experience-Dependent 
Processes

Investigations at various levels of genomic function in the zebra finch continue to 
uncover features of brain circuit organization and function. The advantages of being 
able to dissociate how genomic regulation influences sensory functions compared to 
motor functions, evaluate how maturation is controlled, and assess how the genome 
associates with behavioral measures of learned vocal communication make zebra 
finches a powerful resource for revealing meaningful genomic function.

8.6  �Critical Period Informs on Mechanisms that Modulate 
Learning Plasticity

One of the most striking features of song learning in the zebra finch is that the pro-
cess of tutor song memorization is defined by a critical period, as described previ-
ously (Fig. 8.1). Further, that same experience has no measurable effect on behavior 
before or after the critical period. While the critical period “open” may be set by 
genetically determined maturational processes, the “close” depends on experience, 
and preventing the relevant experience extends the age at which brain and behavior 
remain open to its effects (Figs. 8.1, 8.5) (e.g., Knudsen 2004; Takesian and Hensch 
2013). Because brain areas with critical periods undergo extreme fluctuations in 
experience-dependent plasticity, they are excellent models in which to disentangle 
chromatin mechanisms of maturation from those required for experience-dependent 
learning.

In the zebra finch, there is evidence that the critical period regulates the social 
sensory process of tutor song memorization rather than the motor rehearsal compo-
nent of developmental song learning (see Sakata and Yazaki-Sugiyama, Chap. 2). 
Notably, preventing young males from hearing song between P30–65 extends the 
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Fig. 8.5  Multiple timescales of song learning can be measured with appropriate levels of neuro-
biology. (a) A schematic depiction of a timeline highlighting the critical period for tutor song 
memorization and major elements of developmental song learning. A paradigm of acute song 
playbacks (left, in red circle), in which juveniles were either played song or left in silence, revealed 
sex and age differences in mTOR cascade activation, quantified by the density of S6 phosphoryla-
tion (pS6), in the caudomedial nidopallium (NCM) and caudal mesopallium (CM) (histograms on 
right; asterisk indicates statistical significance p < 0.05). (b) Juvenile males reared under a tutor 
(reared with an adult male; example song depicted) during P30–65 have their critical period closed, 
while song-isolated juveniles (reared with adult females that do not sing but do produce calls, 
which have similar acoustic features to some song syllables, example depicted) have an extended 
critical period (extension is denoted by dashed red line). Without additional tutoring, tutored males 
sing faithful copies of the tutor’s song as adults and isolate-reared males sing an abnormally struc-
tured song. (c) Measures of epigenetic histone post-translational modifications in the auditory 
forebrain from tutored and isolate-reared males showed distinct proportions of repressive and 
active chromatin. (d) These data lead to a hypothesis linking tutor experience with critical period 
closing, mediated by epigenetic mechanisms. (portions of this figure were modified from 
Ahmadiantehrani and London 2017a; London 2017; Ahmadiantehrani et  al. 2018; Kelly et  al. 
2018)
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age at which tutoring successfully shapes the juvenile’s song structure (London 2017); 
but birds reared without tutoring still sing, with essentially no alteration in the pat-
terns of gene expression in song control nuclei (Mori and Wada 2015). Interestingly, 
males can be raised with adult females that produce innate calls with acoustic struc-
tures similar to some types of song syllables, but this auditory and social experience 
is not sufficient to close the critical period (Fig. 8.5) (Eales 1985, 1987). Because 
tutor song memorization relies on genomic and molecular processes in NCM and 
CM during tutor experiences (London and Clayton 2008; Ahmadiantehrani and 
London 2017a), it is possible that an important neural locus for the critical period is 
in the auditory forebrain.

Evidence for genomic regulation as a determining factor in the onset and offset 
of the critical period exists in the auditory forebrain across biological scales 
(Fig. 8.5). Single-gene expression patterns were the first indication that baseline and 
experience-dependent changes occurred in the auditory forebrain at ages relevant to 
the critical period (Jin and Clayton 1997). In fact, the profile of auditory forebrain 
RNAs are different at baseline (in silence) and after hearing song when compared 
between males prior to and after the critical period (London et  al. 2009a). 
Additionally, hearing song activates a particular molecular signaling cascade, the 
mechanistic target of rapamycin (mTOR), in male NCM and CM at P30, the onset 
of the critical period (Roper and Zann 2006), but not one week earlier and not in 
females who cannot sing at either age (Fig.  8.5) (Ahmadiantehrani and London 
2017a). Manipulations of mTOR signaling in juvenile males experiencing a tutor 
prevent high fidelity tutor song copying (Ahmadiantehrani and London 2017a). The 
same mTOR manipulations do not have the equivalent effect on adult song recogni-
tion learning as they do on tutor song memorization (Ahmadiantehrani et al. 2018). 
Interestingly, mTOR regulates the initiation of protein synthesis (Hoeffer and Klann 
2010), suggesting that proteins controlled by mTOR activation may underlie the 
onset and specificity of the critical period for tutor song memorization 
(Ahmadiantehrani and London 2017a; Ahmadiantehrani et al. 2018).

Importantly, critical periods are distinguished from age-limited learning by the 
fact that it is experience, not age, that closes the phase of experience-dependent 
neural plasticity. Knudsen (2004) reviews the logic of this tie between experience, 
behavior, and neural plasticity in several systems. Therefore, it is important to dis-
sociate age from prior tutor experience to understand how tutor song memorization 
prevents subsequent tutor experience from being learned. Epigenetic mechanisms 
that alter the balance of repressed and active chromatin, especially surrounding 
genes involved in transcription and translation, are associated with closed and 
extended critical periods in P67 male auditory forebrain (Fig.  8.5) (Kelly et  al. 
2018). The data support the hypothesis that tutor song memorization leads to an 
accumulation of repressive chromatin that limits transcriptional and cellular 
responses following a tutor encounter that occurs after P67 (Fig.  8.5). Because 
memory formation requires new transcription and translation, this limited genomic 
response prevents additional tutor song memorization. On the other hand, tutor song 
isolation during the critical period leads to relatively more abundant regions of 
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active chromatin. Active chromatin has high potential for transcription, which 
would then permit the complement of new proteins required for memory formation 
to be synthesized even when the male experiences a tutor past the normal close of 
the critical period (Fig. 8.5).

In general, language acquisition is believed to be most effective earlier in devel-
opment, but whether or not there are one or more critical periods that control vocal 
learning in humans is still contested (Van Hedger et al. 2015; Werker and Hensch 
2015). Zebra finch studies that causally relate neural mechanisms with vocal learn-
ing capability may therefore provide some insights into these issues as well as 
broader criteria for learning.

8.7  �The Value of Comparative Studies

A diversity of song learning styles exists across the 5000 extant species of songbirds 
(Clayton et al. 2009). There is great value in leveraging the experiments nature per-
formed, and discovery can come from comparative studies. Just like comparisons of 
FoxP2 sequences between humans and nonhuman primate species suggested func-
tional properties of the protein in vocal learning and production, the comparison of 
genomic features across birds with unique behavioral vocal learning and production 
traits can identify possible connections between genomes and behavior. The contin-
ued accumulation of genomic and transcriptomic sequences from a variety of spe-
cies will bolster these investigations.

Comparative studies can address several questions. For example, are there 
genetic or genomic features that differentiate species of birds that can learn vocal-
izations from those that cannot? Second, are genomes regulated similarly across 
species as they transition within a lifetime from being able to learn to being closed 
to learning? Like zebra finches, parasite birds (birds that lay their eggs in the nests 
of another host species) might have restricted learning abilities to support learning 
of their own species’ song rather than their host species’ song. Alternatively, some 
species continue to engage in vocal learning through adulthood (see Sakata and 
Woolley, Chap. 1). For example, starlings can acquire song every day. Do mecha-
nisms of the zebra finch critical period also characterize the open and closed phases 
of learning in other species? Third, some animals have vocal plasticity, permitting 
them to adjust acoustic features, such as frequency, based on their environment, but 
they do not have stable communication patterns as a result of experience with other 
individuals (i.e., vocal learning). Might the genome uncover features intermediate 
between those with inflexible vocal patterns and those with vocal learning? Finally, 
similarities and differences in genomic regulation between the different nuclei of 
the song circuit could elucidate key neural processes that distinguish learning from 
nonlearning brain areas and distinguish mechanisms that are needed for sensory, 
sensorimotor, and motor learning.
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8.8  �The Future of Genome-Brain-Behavior Investigations

The following sections outline a few avenues of research that can provide important 
insights into genome function with regard to complex behaviors like vocal 
communication.

8.8.1  �Genomic Identification of Cellular Specifications

All cells of an individual have the same genomic sequence: how genomic function 
is regulated determines the transcription of genes characteristic to distinct cell types. 
The coarsest categorization of cell types in the brain is neurons and glia, but there 
are many subtypes still being discovered.

Cell types are informative for function because, for example, they can be excit-
atory or inhibitory, have different electrical properties, distinct sets of membrane 
receptors, and a range of metabolic activities. Vocal learning occurs during develop-
ment, and cell types shift across the lifetime, which may be a partial explanation for 
restricted vocal learning capabilities despite continued experience. Finally, the dif-
ferent brain nuclei in the song circuit are functionally specialized, and the entire 
circuit is specialized compared to the rest of the brain, suggesting specific comple-
ments of cell types within each region.

Much more discovery-based research needs to be done, perhaps by taking advan-
tage of epigenetic features such as H3K27ac-mediated epigenetic approaches for 
identifying regulatory regions considered enhancers. However, beautiful molecular 
work has been done dissecting and describing the cellular populations within Area 
X, a complicated composite brain area for vocal plasticity (Person et  al. 2008). 
Another approach was a widespread initiative termed the Zebra Finch Expression 
Brain Atlas (ZEBrA) that catalogued patterns of gene expression across the entire 
adult male brain (http://www.zebrafinchatlas.org/). The result is a resource of over 
600 genes (and growing) and the anatomical location of their expression that can be 
used to identify genes potentially specialized for particular facets of vocal learning. 
This type of resource pairs well with community-wide initiatives that describe the 
levels of gene expression across various brain areas, ages, and conditions and pro-
vide gene-based insights into neural functions (Replogle et al. 2008). Finally, meth-
ods that measure the entire population of extant RNAs from a brain area at a 
particular time may be useful for identifying cellular traits that relate song nuclei to 
human speech and language regions (Pfenning et al. 2014).

8.8.2  �Gene Editing and Genetic Manipulation Technologies

Transitioning from descriptive to causal experimental design requires the ability to 
do manipulations. The zebra finch has the advantage that experiential manipulations 
have known functional consequence on the future pattern of song and the ability to 
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learn song past P65. Genetic manipulation has been immensely powerful in reveal-
ing mechanisms in rodents and other animals, and the use of such manipulations is 
advancing in birds.

There are now three reports of transgenic zebra finches that have cells with 
altered genomes throughout their bodies. One set of transgenic birds expresses 
green fluorescent protein (GFP), which is useful for cellular anatomy (Agate et al. 
2009). Another line of transgenic birds was created with manipulated activation 
levels of a transcription factor called CREB: these birds displayed deficits in devel-
opmental song learning (Abe et al. 2015). And finally, there are transgenics with a 
mutated Huntington gene (HTT) that display motor song performance issues inter-
preted as consistent with motor deficits in human Huntington’s disease (Liu et al. 
2015). Although currently they are highly inefficient to create and can be difficult to 
breed, transgenic zebra finches will be powerful tools moving forward as their cre-
ation becomes easier.

An alternative to germ-line creation of transgenics is local gene manipulations 
using either in vivo electroporation or viral vectors for construct delivery (Heston 
and White 2015; Ahmadiantehrani and London 2017b). This method has the advan-
tage of not directly manipulating function in brain regions other than the one of 
interest. There are currently several ways to deliver gene constructs to manipulate 
brain cell function. It is possible to overexpress a gene or to mutate or eliminate a 
gene using CRISPR/Cas9 technology (Sander and Joung 2014). Alternatively, cells 
can be inhibited or activated on very short timescales by expressing optogenetic 
channels that use light as a ligand or on longer timescales via DREADD receptors, 
which were designed to have antibiotics as their ligand (Boyden 2011; Smith et al. 
2016). These strategies can be combined with other elements of manipulation con-
structs that confer temporal and cell-type specificity (Hisey et al. 2018; Xiao et al. 
2018), and they are beginning to reveal how areas of the traditional sensorimotor 
singing circuitry operate (Roberts et al. 2012; Tanaka et al. 2018; Xiao et al. 2018). 
There is much more to be done to optimize and popularize strategies for genetic 
manipulation, but as knowledge about genome-brain-behavior connections becomes 
more sophisticated, it will be essential to have these tools available to researchers 
asking the variety of questions that are collectively required to compile a compre-
hensive understanding of how genomic features contribute to vocal learning. As a 
last note, pharmacological agents can be beneficial alternatives to genetic manipula-
tion especially because their effects are transient, permitting carefully timed disrup-
tions in function during experience and in controlled situations.

8.9  �Summary

Previously, researchers thought that knowing an individual’s genetic sequence 
would unlock his/her individual biology. It is now clear that genetics is not equiva-
lent to biological determinism; rather, the complexity of our lives alters how our 
genomes function, and it is the interplay between chromatin, brain, and experience 
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that ultimately produces measurable behavioral patterns such as speech and lan-
guage. This chapter summarized the basic features of chromatin structure and func-
tion and their relationship to vocal learning in humans and songbirds. Strategies to 
probe the chromatin-brain-behavior interdependencies were explored and discussed 
with respect to understanding how a complex behavior such as vocal learning 
emerges. An underlying goal was to demonstrate how cross-species investiga-
tions—human to avian and across avian species—can be fruitful when open-minded 
researchers take advantage of the unique and shared properties of genomes to create 
meaningful research comparisons. Investigations that focus on various components 
of genomic function will advance recognition of the fundamental shared features 
across species that go deeper than superficial parallels.

Compliance with Ethics Requirements  Sarah E. London declares that she has no conflict 
of interest.
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