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Abstract

Vocal learning is the ability to learn vocalizations through imitation, and is a rare trait

shared by only a few lineages of mammals and three groups of birds. Songbirds more than

any other animal model have been indispensable in elucidating the behavioral and neural

mechanisms of vocal learning, and they share many key features with human speech cir-

cuitry and development. The most highly studied songbird species is the zebra finch (Tae-

niopygia guttata), whose song circuitry has been investigated through the many disciplines

of genomics, neuroanatomy, neurophysiology, neuroendocinology, behavior, learning, and

more. The brain circuitry that drives song learning and production, called the song system,

is highly specialized functionally and molecularly, and strikingly sexually dimorphic. This

dissertation aims to deepen our understanding of vocal learning and sexual differentiation

in the brain through the detailed molecular lens of transcriptomics. In Chapter 2, I exam-

ine three major families of ion channel genes - sodium, calcium, and chloride channels. I

use comparative genomic methods to rigorously confirm their orthology and improve gene

models, and show how their expression in the song system is regulated to endow each song

circuit element with unique excitability properties. In Chapter 3, I turn my focus toward the

transcriptional dynamics that take place during the sexual differentiation of a key vocal mo-

tor nucleus in the song system. Comparisons of genome-wide expression across sex and age
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reveal an abundance of sex-specific genes and functional networks that define distinct male

and female developmental programs. Through these efforts, I demonstrate how heteroge-

neous gene expression across circuit elements, sexes, and developmental stages calibrates

the neural substrate of a complex, sexually dimorphic behavior. More broadly, the work in

this dissertation provides molecular resolution to both classic and emerging theories of how

brain circuits are electrophysiologically tuned and sexually differentiated.
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Chapter 1

Introduction

What wild creature is more accessible to our eyes and ears, as close to us and

everyone in the world, as universal as a bird?

-David Attenbourough

Songbirds have long captured the curious minds of scientists and naturalists for their

courtship displays of song and dance, drastic sex differences in plumage and behavior, and

prolific speciation. While many different songbird species have been used in research, per-

haps the most notorious and widely studied is the zebra finch (Taeniopygia guttata). Zebra

finches are small, highly social songbirds of the family Estrildidae and valued by natural-

ists, researchers, and aviculturalists alike. Research using zebra finches has led to advances

spanning a wide array of biomedical fields, and continues to expand since its humble be-

ginnings in the 1950’s [1]. Because zebra finches take so well to captivity, they allow for

experimental ingenuity and controlled manipulation that are not feasible with wild avian

models. Due to their imitative vocal abilities, zebra finches are an indispensable model for

studying the speech and language deficits associated with several human conditions, includ-

ing developmental verbal dyspraxia [2], fragile X syndrome [3], Huntington’s disease [4],
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and Parkinson’s disease [5, 6]. Their unique reproductive behaviors and biology have shed

light on mate choice [7], maternal effects [8], and sperm evolution [9]. Their bright red

bills have prompted studies on the genetics and immune function of carotenoids [10, 11].

In addition to those mentioned above, there are numerous other research tracks that have

benefited from zebra finches, but perhaps the most studied aspect of the zebra finch is their

capacity for vocal learning [reviewed in 12, 13].

1.1 Zebra finches as models to study vocal learning

While it may seem counterintuitive to study a complex human trait using avian models,

songbirds have illuminated the biological mechanisms of human speechmore than any other

animal model [14]. Vocal learning, or the ability to learn vocalizations through imitation,

is a trait found in a select few animal groups including humans, dolphins, whales, possibly

bats, elephants and pinnipeds, and three groups of birds – songbirds, parrots, and hum-

mingbirds [15, 16]. The behavioral and neurobiological processes underlying avian vocal

learning share remarkable similarity with human speech acquisition. Much like human in-

fants learning to speak, young zebra finches produce unstructured vocalizations (“subsong”)

analogous to babbling, require a functioning auditory system and feedback to acquire and

modify vocal sounds, learn optimally during critical periods of development, and exhibit

considerable vocal variability from one individual to the next [reviewed in 17]. Despite

major differences in gross brain organization between birds and mammals, the neural cir-

cuitry driving human speech and zebra finch song is wired with parallel blueprints, and

homologous cortical and striatal vocal regions express similar groups of genes [18, 19].
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For example, FOXP2 is a transcription factor gene directly linked to human speech that is

expressed in striatal circuit elements of both human and songbird vocal learning pathways

[20].

1.1.1 Singing is a complex, learned behavior

Zebra finch song is a learned vocalization used to attract mates, identify individual con-

specifics, establish pair bonds, and maintain auditory contact [21]. Unlike many other song-

birds, zebra finches do not use song for territorial defense. Singing is a sexually dimorphic

behavior in zebra finches as only the males sing. Each male’s song is made up of several

complex syllables that occur in a faithfully repeated sequence called a motif, and multiple

motifs sung in succession, and often preceded by a set of repeated introductory notes, con-

stitute a song bout [22]. Juvenile zebra finches learn to sing through imitation, and generally

copy the song of their father [reviewed in 12]. The song learning process takes place during

a critical period spanning ∼20-90 days posthatch (DPH), beginning with a sensory phase

in which juveniles listen to and acquire an auditory memory of the tutor’s song, usually the

father’s song. Around 35 DPH, young males begin to produce highly variable and noisy

syllables called subsong, which is considered analogous to the babbling phase in human

speech development. This subsong progressively evolves into multiple distinct syllables

sung in succession, forming recognizable song motifs that mark the plastic song phase be-

ginning around 50 DPH. At this point, shared song elements between the tutor and juvenile

also become recognizable. Juveniles continue to practice and polish their song and by 90

DPH, the song is “crystallized” into its final, stable form. Every male’s song is unique but
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similar to the tutor song, thus song serves as an acoustic signature of individual identity as

well as signaling kinship [23].

Singing occurs in directed and undirected contexts. In both singing contexts, the acous-

tic nature of the song is largely preserved, with detectable but small changes in song tempo,

variability across renditions, and number of introductory notes [24]. The associated behav-

iors and motivations are what mostly differentiate directed from undirected song. Directed

song is that which is sung specifically to a mate as part of a courtship display. It is al-

ways accompanied by circumscribed posturing and movements, and its ultimate goal is to

elicit copulation solicitation from a female. Undirected song is sung without the corre-

sponding courtship dance, to no conspecific in particular, and in a wider array of contexts.

Paired males sing undirected song just outside the nest to signal the female to stay put, and

unpaired males sing undirected song to advertise their availability. Undirected singing in

adults is also thought to reflect vocal practice [25]. Visually and acoustically isolated ze-

bra finches will sing undirected song, and there is some evidence to suggest that singing is

inherently rewarding [26].

1.1.2 The song system is a network of brain nuclei that coordinate song

The learning and production of song is orchestrated by a network of brain nuclei called

the song system. The song system is anatomically discrete, and selectively active during lis-

tening to or producing song, implying this circuitry is highly specialized for song [27]. The

song system is composed of the posterior direct motor pathway (DMP), necessary for song

production [28, 29], and the anterior forebrain pathway (AFP) necessary for song learning
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and adult song variability [14, 30–32]. Nucleus HVC (proper name) projects to both the

DMP and AFP, and receives inputs from nucleus interfacialis of the nidopallium (NIf) [33]

and thalamic nucleus uvaeformis (Uva) [34]. In the DMP, terminals fromHVC synapse onto

neurons of the robust nucleus of the arcopallium (RA), which are considered analogous to

layer 5/6 motor neurons of mammalian laryngeal motor cortex [19]. RA then projects to

the midbrain’s dorsomedial (DM) nucleus of the intercollicular complex, to the tracheosy-

ringeal subdivision of the XII cranial nerve nucleus (nXIIts), which innervates the syrinx

(the avian vocal organ), and to medullary respiratory centers [35]. Lesioning RA or HVC

fully disrupts song [28].

Figure 1.1: A simplified schematic of the song nuclei and their connections, shown from a
parasagittal view. Yellow outlines indicate nuclei of the direct motor pathway (DMP) and
green outlines indicate nuclei of the anterior forebrain pathway (AFP). Abbreviations: HVC:
proper name; LMAN: lateral magnocellular nucleus of the anterior nidopallium; RA: robust
nucleus of the arcopallium; X: Area X; DLM: dorsal lateral nucleus of the medial thalamus;
DM: dorsomedial intercollicular nucleus; nXIIts: motonucleus of tracheosyringeal part of
the XIIth cranial nerve.

In the AFP, striatal Area X receives projections from HVC and projects to the medial

nucleus of dorsolateral thalamus (DLM), which projects to the lateral magnocellular nucleus

of the anterior nidopallium (LMAN) [36]. LMAN projects to Area X [37] but also to RA,
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converging with inputs from the DMP [38]. While lesioning LMAN in adults has no effect

on song, lesioning LMAN in juveniles (<50 DPH) disrupts song development [30].

1.1.3 Song system gene expression is specialized and regulated by song

As the second avian species to have its entire genome sequenced [39], the zebra finch

is well positioned to address questions surrounding genomic and transcriptomic influences

on brain function. These endeavors encompass high-throughput studies using microarrays

and RNA-seq, as well as more focused approaches using in situ hybridization and PCR.

The activation of auditory and song system regions in response to song was revealed by

immediate early gene expression, providing direct links between a specific behavior and

concurrent gene regulation in the circuit elements driving that behavior [25, 40, 41]. This

exploration of neurogenomic dynamics underlying a learned behavior was further expanded

through the identification of additional genes and gene networks activated by singing and

hearing song [42–45]. Furthermore, comparative transcriptomic analyses of song nuclei

in birds and homologous speech processing regions in humans revealed shared molecular

specializations, adding support to the theory that human and avian vocal learning systems

are built on convergent neural mechanisms [19].
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1.2 Songbirds as models to study neurobehavioral sex dif-

ferences

In the last few decades, there has been an uptick in findings of sex differences in the brain

that range in scale from molecular to brain network levels. Gauging the relative importance

of these findings across varying levels of analysis has been a major source of controversy

[46]. One major challenge studies face is relating molecular or structural findings to sex dif-

ferences in specific behaviors, as it is not necessarily the case that all neural sex differences

manifest in behavioral sex differences. This can be a challenge even for the rare instances of

drastic sex differences in gross brain morphology; for example, the size of the mammalian

sexually dimorphic nucleus of the preoptic area (SDN-POA) has been correlated with sexual

preference, a trait that is expressed through many different sexual behaviors [47].

There are several considerable advantages of the songbird model that make the challenge

of relating neural to behavioral sex differences far more tractable. For one, songbird sex

differences in singing behavior are robust. Inmany songbird species including zebra finches,

the sexually dimorphic nature of song is not just a matter of degree, but completely binary,

in that only the males sing. Additionally, this behavior is driven by a discrete and sexually

dimorphic network of brain nuclei. The song system is specifically activated by singing and

hearing song, and does not appear to exhibit properties of a general purpose motor system

[27]. Another advantage is that the window of song system development overlaps with song

learning, allowing for manipulations of neural substrate to be evaluated by their effect on

singing behavior and song learning. Finally, the abundance and diversity of songbird species

provides a rich backdrop of natural variation in singing behavior. Comparative studies of
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species that vary in the degree to which song is sexually dimorphic hold much promise in

determining which neural sex differences drive behavioral sex differences.

Zebra finches are an excellent songbird model to study sex differences given their highly

dimorphic singing behavior and brain circuitry. Males produce learned songs in addition

to learned and unlearned calls, while females produce only unlearned calls [21]. This sex

dimorphism in vocal behavior is reflected in the morphology of the underlying brain cir-

cuitry of the song system. When the gross anatomy of the mature song system was first

characterized in the 1970’s, the extreme sexual dimorphism was a main topic of interest,

with some male song nuclei reaching five times greater volumes than their corresponding

nuclei in females [48]. Also, the muscles of the vocal organ were found to be larger in

males than females [49]. In zebra finches, the volumes of RA, HVC, and nXIIts are larger

in adult males, and Area X is not cytoarchitecturally discernible in females [48–50](but

see [51]). This prominent sex dimorphism in song nuclei volume led to the hypothesis that

sex differences in the song system drive sex differences in singing behavior.

1.2.1 Sexual dimorphism emerges over song system development

The robust sexual dimorphism in song nuclei volume and cellular makeup develops

during postnatal stages of brain development and overlaps with the critical period for song

learning. In the first week or so after hatching, the song nuclei ofmale and female zebra finch

nestlings are similar in size and morphology. Around 14-21 DPH, gross morphological sex

differences begin to emerge and are elaborated over the course of sensorimotor learning [52,

53]. In general, song nuclei grow larger in males and regress in females.
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Song nuclei vary in the particular timing and nature of sexually dimorphic metamor-

phoses. For example, both RA and HVC grow in males and shrink in females, however

they differ in the timing of these changes, and in the cellular processes driving male growth.

Around 10 DPH, well before zebra finches have left the nest, male and female HVC are

equivalent in volume, but after this time point, they rapidly diverge in their growth trajec-

tories. By ∼50 DPH, male HVC increases to more than double its 10 DPH volume, while

female HVC shrinks to less than half its 10 DPH volume [53]. The growth of HVC in males

is driven by an increase in the number of HVC neurons [54], specifically newborn RA-

projecting neurons that migrate into HVC from the lateral ventrical dorsal to HVC [55–57].

The shrinkage of HVC in females is due to rapid cell loss beginning around 15 DPH, likely

due to apoptotic mechanisms [56]. The development of sexual dimorphism in RA shows a

similar but delayed trajectory relative to HVC. The volume of RA at 10 DPH is the same in

males and females, and RA increases in volume and neuron number in both sexes until∼20

DPH [50, 52, 53, 56, 58–60]. After 20 DPH, RA’s trajectory diverges, growing rapidly in

males and shrinking in females until 50 DPH, when RA volumes approximate those of adult

birds. In contrast to HVC, the growth of male RA appears to be driven not by increases in

cell number, but by increases in soma size and decreases in neuron density [54]. In females,

RA shrinks, presumably through the same mechanisms proposed for female HVC, namely

cell loss via programmed cell death pathways [56].

The molecular mechanisms driving sexual dimorphism in the song system are poorly

understood. While sex differential cell survival seems to be a common theme in the de-

velopment of multiple song nuclei, the different timings and types of changes associated

with each nucleus’ development strongly suggest that the underlying mechanisms are some-
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what unique to each song nucleus. To gain insight into the molecular dynamics of sexual

dimorphism, Chapter 3 investigates transcriptional regulation in RA during its divergent

developmental trajectory.

1.2.2 The role of sex steroid hormones in song system development

There is a large and convoluted body of literature on the role of sex steroids in songbird

brains, and despite many contradictions, it is undeniable that sex steroids affect song system

development and sex differentiation [reviewed in 61]. As in mammals, hormones heavily

influence the course of morphological and behavioral sex differentiation in birds. However,

the influence of hormones on sexual differentiation is not as straightforward as gonadally

secreted hormones acting on distal targets. In 1959, a landmark study by Phoenix et al. [62]

introduced the idea that hormones exert long-lasting structural effects on the developing

brain. This prompted a flood of investigations that eventually gave rise to a widely ac-

cepted model of sexual differentiation in which early gonadally-secreted hormones prompt

the development of sexually differentiated tissue, and then gonadal hormones released in

adulthood act within those differentiated neural substrates. While evidence from followup

studies demanded some modifications to the theory, only in more recent decades has it been

outright challenged by the discovery of sex differences that are not dictated by gonadal hor-

mones [63]. From studies of zebra finches, the classic theory of sex differentiation has been

challenged by contradictory evidence from hormone studies, as well as the discoveries of

neurosteroidogenesis and brain cell-autonomous factors. To provide some background re-

garding the role of sex steroid action in the zebra finch song system, this section summarizes
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brain expression patterns of sex steroid receptors and enzymes, evidence for neurosteroido-

genesis, and some key hormone manipulation studies. The general consensus is that sex

differences in song system and singing behavior are shaped in part through sex steroid sig-

naling, but other factors are necessary.

The earliest detectable sexual dimorphism of the zebra finch song system is male-biased

androgen receptor (AR) expression in HVC at 9 DPH [64]. ARs are expressed in virtually all

song nuclei, showing greater expression in males within HVC, LMAN, and Area X, as well

as in the syrinx [65, 66]. Compared to females, the proportion of androgen-concentrating

cells is alsomuch greater in adult male HVC and LMAN [65, 67, 68]. In contrast, expression

of estrogen receptor (ER) and the estrogen-synthesis enzyme aromatase is notably lacking

from song control regions [69], with the exception of very sparse ER expression in HVC

[70]. No sex differences have been found in the expression levels of aromatase or estrogen

receptors in the song system [71–73].

The origin of the hormones that act to masculinize the zebra finch song system is a

matter of debate. In contrast to the classic mammalian paradigm, it does not seem to be the

case that gonadal hormones are the master regulators of sexually dimorphic song system

development. For one thing, circulating gonadal hormone levels do not show consistently

significant sex differences in developing zebra finches [71, 74, 75]. Moreover, castrated

males develop normal song [76, 77], and genetic females with induced testicular tissue

show little to no masculinization of song circuitry [78, 79]. Gonadal hormones, however,

do affect singing behavior. Compared to intact males, castrated male zebra finches sing less

often and at a slower pace [76], and testosterone treatment prompts estrogen-masculinized

females to start singing (see below).
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In zebra finches, the critical source of sex steroid hormones that differentiate the song

system may be the brain itself. Indirect evidence surfaced in the 1990’s that zebra finches

synthesize estrogen de novo within the brain [71, 80]. In support of de novo synthesis

within the brain, estrogen levels from slice cultures of 25 DPH zebra finch telencephalon

exceeded what could be derived from precursors provided in the medium [81]. This same

study reported that estrogen levels were higher in male than female slice cultures, however

this sex difference has not been observed in vivo.

One of the most intriguing outcomes of sex steroid manipulation in zebra finches is that

early exposure to estradiol (E2) masculinizes female song system and behavior. E2-treated

females develop robust song nuclei and sing multi-syllable songs that are comparable to

males [82–88]. The earlier in development E2 is administered to females, themore complete

the masculinization [85]. Early E2 treatment increases the volume of forebrain song nuclei

in females as well as the size and number of neurons [82, 83, 89–91]. Additionally, E2

masculinizes the projection from HVC to RA in vitro [81]. While intriguing, it is important

to note that the masculinizing effects of exogenous estrogen in females do not prove that

estrogen is responsible for typical masculinization of the male song system.

Despite the widespread expression of androgen receptors in song system, androgens are

far less effective at masculinizing females. Adult testosterone treatment does not induce

song or masculinized song nuclei in female zebra finches [89, 92]. Treating young females

with nonaromatizable androgens produces modest masculinizing effects on soma size and

cell counts in some song nuclei, but these results are inconsistent across studies [80, 83,

89, 90, 93]. Some research suggests that androgens act in tandem with estrogens, wherein

estrogens are necessary to prime song control areas to make them sensitive to androgen
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action. In support of this paradigm, females masculinized with early E2 administration ex-

press androgen receptors at higher levels than control females in LMAN, HVC, and Area

X [65, 94]. Additionally, treating young females with a combination of E2 and the andro-

gen receptor blocker, flutamide, significantly dampens the masculinizing effects of E2 [95].

Collectively, the presence of androgen receptors [96], expression of a key androgen syn-

thesis enzyme [97], and greater levels of cell proliferation [98] in the ventricular zone in

males indirectly point to a possible role for androgens in sex-biased neurogenesis. Despite

these findings, combined treatment with E2 and nonaromatizable androgen is no more mas-

culinizing than E2 alone, nor does it lead to full masculinization of the female song system

[91]. While not necessary to induce song, adult androgen treatment of early estrogen-treated

females has been shown to increase song frequency [85, 99].

In contrast with the transformative power of E2 tomasculinize females, attempts to shunt

typical masculine development by blocking estrogen action through various methods have

failed to demasculinize the song system or prevent singing [78, 100, 101]. Paradoxically,

some manipulations using antiestrogens actually hypermasculinized the volume and cell

size of song nuclei [102–104]. Modest demasculinization effects were observed in a few

studies, however. When fadrozole, an aromatase inhibitor, was administered to young males

over 10-30 DPH, the distribution of their mature (135 DPH) RA and HVC neuron sizes

shifted toward smaller diameters [100]. Administration of fadrozole has also been shown

to decrease the male-specific increase in brain-derived neurotrophic factor (BDNF) within

HVC around 35 DPH [105]. In vitro, treating juvenile male slice cultures with fadrozole

blocked the innervation of RA by HVC projections [81]. Although singing was unaffected

by the aromatase inhibitor fadrozole, a different inhibitor called vorozole administered to
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male hatchlings decreased the number of song bouts produced in adulthood [101]. Finally,

a more recent study using the estrogen synthesis inhibitor exemestane showed that treated

males sang simpler songs than untreated males, but reported little to no effects on the song

system [106].

In summary, experiments using various hormone treatments and gonadectomies have

produced singing female zebra finches with enlarged song nuclei and functional circuitry,

but similar manipulations in males have had minimal effects on song nuclei or singing [re-

viewed in 61, 107]. To date, no hormone manipulation has completely masculinized the

song system of a genetic female, nor demasculinized the song system of a genetic male,

implying that other mechanisms must be invoked during development.

1.2.3 Genomic influences on sexual dimorphism

One of the most striking findings in support of genomic drivers of sexual differentia-

tion is the case of the extraordinary zebra finch gynandromorph [108]. This bird, which

arose spontaneously in a lab colony, acted like a male, producing a fully developed song

and courting females. It presented male plumage on its right side, and female plumage

on its left, divided neatly across the body’s midline (Figure 1.2A). The gynandromorph’s

gonads followed the same laterality, with a testis on the right, and an ovary on the left.

Consistent with the divided plumage and gonads, the brain was bisected into genetically

male and female halves, confirmed by laterally confined expression patterns of sex-linked

genes. Curiously, song nuclei on the right side of the brain were substantially larger than

their corresponding nuclei on the left (Figure 1.2D). This finding was highly surprising con-
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Figure 1.2: Zebra finch gynandromorph. (A) This bird showed a bilateral division of sex-
specific plumage. Male plumage can be seen on its right side (B) and female plumage on
its left side (C). (D) Inverted dark field autoradiograms of in situ hybridization showing
the distribution of androgen receptor mRNA (dark areas) to mark HVC at various levels,
revealing volume differences in HVC despite brain hemispheres being exposed to the same
circulating hormone levels. Figure adapted from [108]

sidering that sex differentiation was thought to depend upon circulating hormones, to which

both hemispheres were exposed. Instead, the song system showed sexual dimorphism be-

tween hemispheres, suggesting that cell-autonomous mechanisms contributed to processes

of sexual differentiation in the zebra finch brain.

Reframing classic theories of sex differentiation

As one of the earliest sex differences to arise in a developing embryo, sex chromosome

genes are poised to seed the signaling cascades that lead to multifaceted sexual differentia-
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tion. Indeed, sex chromosome genes are fundamental to sex determination in many animal

systems. In addition to sex determining genes, sex chromosomes contain many genes in-

volved in sex-specific functions [109] and brain development [110]. For a long time, sex

determination and sex differentiation were considered temporally and mechanistically dis-

crete processes. Sex determination strictly concerned the fate of gonadal tissue, and sex

differentiation referred to sex differences that arise in other tissues as a result of gonadal

hormone secretions. Recent work in multiple species has blurred the line between the two,

and they are now understood to be highly interdependent [111, 112].

In mammals, gonadal differentiation is under the control of the Y-linked gene Sry [113].

In males, Sry activates a cascade of pathways, including testosterone synthesis, that trans-

forms undifferentiated gonad tissue into testis [114]. The classic theory of mammalian

sex differentiation posited that sex chromosome genes trigger sex-specific gonadal develop-

ment, and the gonads then secrete different levels of hormones into circulation, prompting

the development of sex differences in various hormone-sensitive tissues throughout the body

[115]. Framed this way, sex differentiation can be broken down into two subsequent mech-

anisms; a genetic, cell-autonomous mechanism driving gonadal differentiation, followed by

a gonadal hormonal mechanism that acts in various target tissues. In line with the spec-

ulations put forth by Phoenix et al. [62], gonadal hormones were thought to act through

two developmentally discrete mechanisms; the early "organizing" effects that direct the for-

mation of permanent sex differences, and the transient "activating" effects of fluctuating

hormone levels that act on mature, differentiated tissues in adults [116].

While tidy, this linear theory inwhich genetic sex determination sets the stage for hormone-

mediated sexual differentiation is a gross oversimplification of the actual picture. Impor-
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tantly, the classic theory fails to account for sex differences that arise prior to the differen-

tiation of the gonads in both germline [117] and non-gonadal tissues [118–120]. A more

cohesive and current theory places sex chromosome genes at the heart of sex-specific de-

velopment, whereby sex chromosome genes initiate a myriad of downstream pathways that

orchestrate sex differences, including but not limited to gonadal hormone secretions [111].

Much of our understanding of sex chromosome effects has resulted from research using the

Four Core Genotypes (FCG) model, which is a mouse model developed to explore the ef-

fects of sex chromosomes independent of gonadal influence. In the FCG model, the SRY

gene is optionally expressed as an autosomal transgene, allowing for comparisons between

XX and XY mice that share the same gonad type [121]. Research using this FCG model

revealed that sex chromosome complement affects a diversity of phenotypic endpoints, in-

cluding the volumes of brain regions [122–124]. One unfortunate side effect of this model

is that sex chromosome effects have been almost exclusively studied in mice, and thus also

only in XY sex determination systems.

The avian ZW sex determination system

Nature has invented a wide and fascinating array of sex determination systems, of which

the XY system is just one [125]. The ZW sex determination system underlies sex determi-

nation in birds, as well as some fish, reptiles, and insects. Parallel to the mammalian XY

sex-determination system, genetic sex in birds depends on the combination of two asymmet-

ric sex chromosomes. The ZW sex determination system can be thought of as the "mirror

image" of the XY sex determination system; males are homogametic (ZZ), and females are

heterogametic (ZW) (Figure 1.3). Analogous to the Y and X chromosomes, the W chro-
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Figure 1.3: ZW sex chromosomes determine sex in zebra finches. Females (left) are het-
erozygous ZW, and males (right) are homozygous ZZ. Similar to the mammalian Y chro-
mosome, the avian W chromosome is shorter and less gene-rich than the Z chromosome.

mosome is morphologically smaller and less gene-rich than the Z chromosome. While the

evolution and genetic makeup of the Z chromosome has been studied in depth [126], far less

is known about the avian W chromosome. Estimates suggest that avian W chromosomes

contain around 30-50 genes, most of which have gametologous copies on the Z chromo-

some [127, 128]. Importantly, there are major differences in the gene composition of XY

and ZW chromosome pairs. In fact, there are no shared genes between mammalian XY

and avian ZW chromosomes; comparative analyses revealed that the avian Z chromosome

contains many genes with orthologs on human chromosome 9, indicating that XY and ZW

sex chromosomes evolved and diverged from different autosomes of the common ancestor

to birds and mammals [128–131].

As with XY systems, male and female ZW genomes are not composed of the same gene

set, nor the same gene dosage. Specifically, W chromosome genes are only present and

expressed in female birds, and because males are homozygous (ZZ), their gene doseage

of Z chromosome genes is double that of females. It is important to note, however, that
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having two copies of the Z chromosome does not directly translate to double the levels of Z

chromosome gene expression in males. This nonlinear relationship between gene doseage

and gene expression is achieved through complex mechanisms of doseage compensation.

Doseage compensation is the process by which cells balance the expression of genes

between sexes. In mammalian XX cells, doseage compensation is achieved through X-

inactivation, the transcriptional silencing of one X chromosome of the pair [132]. This pro-

cess is initiated by the expression of the XIST gene only in XX cells [133]. X-inactivation

helps match the expression levels of X genes between XX and XY individuals, however

some X genes escape inactivation, and thus show female-biased expression [134, 135]. Un-

like mammals, there are no known mechanisms for global dosage compensation in birds

[136–139]. Instead, avian genomes show incomplete dosage compensation, in which com-

pensation level varies from gene to gene, with no obvious regional clustering along the Z

chromosome [140]. In adult zebra finch brain, many Z genes are expressed at higher levels

in males compared to females [39]. In another songbird, the blue tit (Cyanistes caeruleus),

most male-biased genes expressed in brain were Z genes [141]. The mechanisms of this

gene-by-gene dosage compensation are not yet fully understood, but there is some evidence

that microRNAs are involved [142].

1.3 Introduction summary

To summarize, the zebra finch is the premier avian model to study vocal learning. Males

produce complex, learned songs driven by a constellation of brain nuclei called the song sys-

tem. This network of brain structures is functionally discrete and molecularly specialized,
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and shows similarities in connectivity and gene expression to brain areas involved in human

speech. Song is highly sexually dimorphic in zebra finches, as only the males sing. This

sexual dimorphism in singing behavior is mirrored by sexual dimorphism in the underlying

song system, circuit elements of which are several times larger in males. The processes that

orchestrate the sexually dimorphic development of the song system take place during the

critical window of song learning, and vary across song nuclei. The sexual differentiation

of the zebra finch song system is influenced by sex steroid hormones, but deviates from the

classic organizing theory in a few crucial ways. For one, sex steroids are not the only im-

portant factors, as all hormone manipulations have proven insufficient to completely block

or reverse sex differentiation of the song system in males or females. Moreover, strong evi-

dence of neurosteroidogenesis implies brain-derived steroids can act on brain development

in a gonad-independent manner. In contrast to mammals, avian sex is determined by a ZW

sex chromosome system that lacks global dosage compensation, resulting in sex-biased ex-

pression of many Z genes. Lastly, the classic sex differentiation model has been challenged

by the discovery of cell-autonomous, genetic mechanisms, as illustrated by the size dimor-

phic song nuclei of a rare zebra finch gynandromorph.
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Chapter 2

Exploring the molecular basis of

excitability in a vocal learner

The contents of this chapter were originally published in:

S. R. Friedrich, P. V. Lovell, T. M. Kaser, and C. V. Mello, “Exploring the molecular

basis of neuronal excitability in a vocal learner,” BMC Genomics, vol. 20, no. 1, p. 629,

Aug. 2019, doi: 10.1186/s12864-019-5871-2.

All supplementary tables and additional files can be found at https://bmcgenomics.

biomedcentral.com/articles/10.1186/s12864-019-5871-2.

2.1 Background

Motor learning, the process by which motor skills are acquired and perfected through

practice, requires fine-tuning of sensorimotor circuit elements to ultimately produce pre-

cise motor output. One remarkable example is vocal learning, a trait that allows individu-
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als to learn their vocalizations through auditorily guided vocal practice. Vocal learning is

demonstrated only by some mammals (humans, cetaceans, bats, and possibly pinnipeds and

elephants), and three groups of birds (parrots, hummingbirds, and songbirds) [15]. Song-

birds provide a particularly powerful model for studying the role of specific genes within

vocal learning circuits. Decades of study in the zebra finch have revealed much about neu-

roanatomical substrates for vocal learning, including the connectivity and electrophysiolog-

ical properties of a discrete set of vocal nuclei called the song system [12, 143]. Single-unit

neural recordings and modeling have described the electrophysiological characteristics and

underlying conductances of several song system neuron types [144–153]. Less established

is how the regulated expression of genes - specifically ion channel genes - gives rise to the

physiological and excitable properties of song system neurons.

The zebra finch song system is composed of the posterior direct motor pathway (DMP),

necessary for song production [28, 29], and the anterior forebrain pathway (AFP) neces-

sary for song learning and adult song variability [14, 30–32]. Nucleus HVC (proper name)

projects to both the DMP and AFP (Figure 2.1), and receives inputs from nucleus interfa-

cialis of the nidopallium (NIf) (cardinSensorimotorNucleusNIf2005) and thalamic nucleus

uvaeformis (Uva) [34]. In the DMP, terminals fromHVC synapse onto neurons of the robust

nucleus of the arcopallium (RA), which are considered analogous to layer 5/6motor neurons

of mammalian laryngeal motor cortex [19]. RA then projects to the midbrain’s dorsomedial

(DM) nucleus of the intercollicular complex, to the tracheosyringeal subdivision of the XII

cranial nerve nucleus (nXIIts), which innervates the syrinx (the avian vocal organ), and to

medullary respiratory centers [35]. In the AFP, striatal Area X receives projections from

HVC and projects to the medial nucleus of dorsolateral thalamus (DLM), which projects to
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Figure 2.1: The zebra finch song system. Diagram of major brain areas collapsed across
parasagittal planes to show the approximate locations and connections of the song control
nuclei (not all connections are shown). The direct motor pathway (DMP; black arrows and
nuclei) encompasses the projection from HVC to RA and from RA to vocal-motor nucleus
nXIIts, the output of which controls the syrinx. The anterior forebrain pathway (AFP; white
arrows and nuclei) encompasses the projection from HVC to Area X, from Area X to DLM,
from DLM to LMAN, from LMAN back to Area X, and from LMAN to RA. Dotted boxes
indicate approximate positions of the in situ hybridization photomicrographs presented in
Figures 2.5 2.6, 2.7, 2.8, 2.9. See text for anatomical abbreviations.

the lateral magnocellular nucleus of the anterior nidopallium (LMAN) [36]. LMANprojects

to Area X [37] but also to RA, converging with inputs from the DMP [38]. Detailed knowl-

edge of this circuitry facilitates the identification of the molecular genetic determinants of

its electrophysiological properties.

Given their direct effects on membrane potential, cell excitability, and neuronal firing,

ion channels genes are among the most important determinants of neuronal function [154–

156]. Their regulation and modulation is important in establishing electrophysiological

properties of specific circuits, and may also contribute to nonsynaptic mechanisms of learn-

ing and memory [157–159]. As such, much can be learned about circuit function and ex-

citability properties by identifying regional differences in ion channel gene expression. We

previously examined the genomics and brain expression of potassium channel genes in ze-
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bra finch [160] and uncovered evidence of differential expression for several key regulators

of resting membrane and action potential repolarization. Here, we extend our analysis to

sodium, calcium, and chloride channel families, all containing genes involved in determin-

ing neuronal excitability properties. Whereas sodium currents drive the rising phase of the

action potential (AP) to ensure its initiation and propagation, calcium channels perform a

wide array of functions such as regulating synaptic vesicle release, activating second mes-

senger systems, and integrating signals over dendrites [155, 161, 162]. While less is known

about chloride channels, somemembers of this family play a role in stabilizing resting mem-

brane potential [163].

We identified 23 sodium, 38 calcium, and 33 chloride channel genes in the zebra finch

genome - the majority with clear orthologs in mammals, indicating their broad conservation

across vertebrates. We also established complements of ion channel genes that are differen-

tially expressed within the major song system nuclei compared to the surround. These data

represent the most comprehensive characterization of these ion channel gene families in a

bird species to date. They also provide novel insights into how molecular specializations

associated with neuronal excitability may have evolved to support a complex, learned vocal

behavior.
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2.2 Methods

2.2.1 Determining the full complement of sodium, calcium, and chlo-

ride channel genes in the zebra finch genome

We identified the sets of sodium, calcium, and chloride channel genes in zebra finch us-

ing a modified strategy of that previously used for potassium channels [160]. We first com-

piled the full set of human orthologs for these genes by navigating gene family hierarchies in

HGCN (Ion channels > Ion channels by channel type > Sodium channels / Calcium channels

/ Chloride channels) and retrieving all gene names within all subfamilies for each of these

three ion channel families [164]. Starting with human, arguably one of the most complete

and best annotated genomes, allowed us to define a comprehensive set of genes to be ex-

amined. This effort identified a total of 108 ion channel genes, which included 23 sodium,

43 calcium, and 41 chloride channel and channel-related genes. This comprehensive set

included genes encoding ion channels which have been linked to neuronal transmission,

as well as the auxiliary subunits that modulate these channels. It also includes epithelial

sodium channel (SCNN) genes, sperm-associated cation channel (CATSPER) genes, and

volume-regulated anion channel subunits (LRRC8), even though these families have not

been implicated in neuronal excitability and their expression in mammals is generally bi-

ased toward non-neuronal tissues [165–167]. We next searched for the orthologous genes

in zebra finch using the following pipeline: (1) Obtain from NCBI (National Center for

Biotechnology Information) the human records for the HGNC (HUGOGene Nomenclature

Committee) gene list; (2) Align the human models to the zebra finch genome to identify po-
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tential orthologous loci; (3) Verify the synteny of the top-scoring alignment; 4) Demonstrate

that the zebra finch gene aligns preferentially to the corresponding human locus; and (5)

Demonstrate that secondary alignments represent other family members. These steps were

also applied to identify chicken orthologs (“Chicken locus” column of Table S1, Additional

file 1) in the galGal5 (GCA_000002315.3 (Warren, Hillier et al. 2017)) or updated galGal6

(GRCg6a; GCA_000002315.5) chicken genome. Each step is detailed next and summa-

rized in Supplementary Figure S2.1. (1) We queried the NCBI Entrez Gene database with

the names of the 108 genes in the starting HGNC gene list, to retrieve the corresponding

human gene records. All 108 human genes were found in NCBI. (2)We retrieved the human

RefSeq nucleotide sequences of the longest isoform for each annotated gene and used these

as queries to search the zebra finch genome (taeGut1/WUGSC 3.2.4; GCA_000151805;

Jul 2008) [39] using the UCSC Browser BLAT [168], noting all significant hits, defined as

BLAT scores above 50 (top BLAT scores for human-to-taeGut1 alignments are reported in

Table S1, Additional file 1). (3) We compared the synteny of the top scoring alignment in

finch with that of the human query. We manually examined the immediately flanking genes

on both sides of the alignment and query, if necessary expanding our analysis to genes farther

up- or downstream. (4) The gene prediction (Ensembl release 95 [169]) at the top scoring

finch locus was aligned back to human (using BLAT and/or BLAST) and the top-scoring

alignment in human examined to confirm it was to the expected locus (same as initial query).

For zebra finch gene models with multiple transcripts in Ensembl, we selected the longest

variant. (5) All significant secondary alignments found in the finch genome were verified as

done for the top hits (synteny comparison and back-alignment to human). This step served

both to further confirm the orthology of the top hit and to identify possible novel paralogs or
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paralogs missing from the human gene list (e.g. TPCN3) in the zebra finch genome. In the

majority of cases, the top-scoring alignments in both finch and humans were reciprocally

aligning models with conserved synteny across species, and all significant secondary align-

ments were to other genes of the same family, thus confirming orthology to human of the

primary alignment in finch. These zebra finch Ensembl models that passed our synteny and

alignment criteria are reported in Table 2.1 (n=61 genes, no symbols next to gene name and

the “Zebra finch locus” column contains only Ensembl model(s)). We detected no cases

of multiple top-scoring alignments with similar or different syntenies, thus we conclude

that no novel paralogs and/or segmental duplications (e.g. of a cluster of syntenic genes)

are present in the zebra finch genome for the gene families examined. In a few cases no

Ensembl model was present but synteny of the top scoring finch locus was conserved with

the human ortholog (n=2; chromosome location in taeGut1 is indicated in the “Zebra finch

locus” column of Table 2.1). Lastly, secondary high scoring BLAT alignments to chrUn

(chromosome Unknown) were not examined further, as those cases represent allelic vari-

ants in the zebra finch genome (as detailed in [39]). Several groups of genes required further

verification efforts and/or variations of the main pipeline described above; these cases are

discussed next and summarized in Supplementary Figure S2.1.

Case 1: Gene clusters. Some sodium channel (SCNxA) genes are arranged in clusters;

in such cases, BLAT alignments tend to span multiple family members, or identify another

family member in a given cluster. For these genes, we compared the syntenies within and

around the clusters as a group across species, and closely examined the number, orientation

and alignments of the individual genes in each cluster before deciding orthology. Both

clusters in this family were found conserved between finch and humans (n=7 genes in 2

27



clusters: SCN5A, SCN10A, SCN11A, and SCN1A, SCN2A, SCN3A, SCN9A).

Case 2: Gene in taeGut1 but synteny diverges from human. Some genes met the re-

ciprocal top-scoring alignment criteria but their synteny did not match that of human. To

examine them further, we compared the synteny in zebra finch and human to that of orthol-

ogous loci in other birds, including Bengalese finch, medium ground finch, and tit (other

passeriforms), falcon (outgroup to psitacopasseridae), chicken and/or quail (galliformes,

basal neoaves), tinamou, ostrich, and emu (ratites, basal avian), lizard, alligator and turtle

(non-avian sauropsids, outgroup to birds), Xenopus (amphibian, outgroup to amniotes), and

platypus and opossum (basal mammals). We only used non-human orthologs that met two

criteria: (1) conserved synteny and (2) aligned preferentially to the correct human locus. For

4 genes, this phylogenetic approach revealed an indirect relationship between the syntenies

of the human query and the top scoring alignment in finch (indicated by a “$” in Table 2.1;

details in “Synteny notes” column of Table S1, Additional file 1; examples in Figures 2.2 &

2.2). For another 2 genes (ASIC2 and CLIC2), human and zebra finch syntenies could not

be fully linked through phylogenetic relationships, indicating weaker evidence of orthology

(indicated by a “#” in Table 2.1).

Case 3: Gene detection in taeGut1 required non-human ortholog queries. In other cases,

there were no significant alignments of the human query to taeGut1. For these genes, we

pursued further searches in taeGut1 using as queries orthologs from the same list of other

species discussed above in Case 2. For all 6 genes in this category, the top-scoring alignment

identified a zebra finch Ensembl model that itself aligned to the correct locus in human, and

whose synteny was conserved with human (indicated by a filled diamond in Table 2.1 and

a chromosome location in the “Zebra finch locus” column). In the case of TPCN3, which
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lacks a human model, we used orthologs from other species (chicken, dog) as queries to

confirm the locus (initially identified from secondary alignments of human TPCN1 and 2)

in taeGut1, and confirmed that synteny in zebra finch was conserved with those species.

Case 4: Synteny verification required examination of PacBio assembly. In yet other

cases, a locus with an Ensembl model in taeGut1 was identified through alignments of hu-

man or other species’ models and that Ensembl model aligned back to the correct locus in

human but lacked syntenic context. This occurred when the top-scoring alignment in finch

was located between gaps and/or on an unplaced scaffold or a chromosome “random” (e.g.

chr13_random), or when the only significant alignment was to chrUn. For these genes, we

next used the zebra finch Ensembl model to conduct searches of a newer zebra finch as-

sembly (Tgut_diploid_1.0; GCA_002008985; [170]) built exclusively from PacBio reads

(Pacific Biosciences). This PacBio assembly has higher contiguity, fewer gaps (individual

scaffolds have no gaps), and oftenmore genes and intergenic regions than the Sanger, 454, or

Illumina assemblies. Since this PacBio assembly currently does not have gene predictions,

the PacBio scaffolds found to contain the top scoring alignments were examined further by

BLASTing against RefSeq databases [171]. Briefly, we BLAST searched the NCBI col-

lections of avian and non-avian RefSeqs separately, using as query the identified PacBio

scaffolds, broken down into 10-40 kb segments depending on gene size and gene density.

The ion channel gene of interest was confirmed as present in zebra finch if the BLAST

alignment output had high-scoring alignments of: a) the correct orthologs from multiple

non-avian species at the same locus, and b) neighboring genes to that locus that confirmed

a conserved synteny with human or other species as detailed in Case 2. All 8 genes in this

category are indicated by the presence of both an Ensembl model and a PacBio location in
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the “Zebra finch locus” column of Table 2.1). We note that in 2 of these 8 cases (ASIC3

and CATSPERE), the top scoring alignment back to human was not to the correct locus,

but both Ensembl models are very partial relative to their full-length human ortholog. In

such cases the query seems to be targeting a conserved region or motif rather than the entire

gene, thus the reciprocal alignment is not an accurate criterion.

Case 5: Gene located only in PacBio. In several other cases, no locus could be found

through alignments of human or other species’ orthologs to taeGut1. For these genes, we

searched the PacBio assembly with the human model and/or other species’ orthologs and

confirmed synteny using BLAST to explore the surrounding scaffold sequence (see example

in Supplementary Figure S2.2), as described in Cases 3 and 4 above. As there are no models

in the PacBio assembly, we did not perform alignments of the zebra finch locus to human. In

all cases in this category, we found a correct ortholog (n=10; genes have a PacBio location

instead of an Ensembl model in the “Zebra finch locus” column of Table 2.1). In 5 of

these 10 cases (indicated by 5 in Tables 1 and S1), we found only short segments of the

ion channel gene between its syntenic genes, indicating severe truncation. Because these

PacBio scaffolds have no internal missing sequence due to gaps, such truncations point to

likely examples of pseudogenization.

Case 6: Gene could not be found in either zebra finch assembly. When no significant

hits could be recovered from alignments of orthologs in either taeGut1 or the zebra finch

PacBio assembly, we followed a pipeline for candidate missing genes, specifically: (1) We

BLAST searched the finch PacBio assembly using models of syntenic genes from compar-

ative species as queries. When the syntenic genes were found on the same scaffold, we

conducted additional BLAST searches of short segments (1-2 kb) of their intergenic region

30



at a time. We interpret cases in which syntenic genes were adjacent but no traces of the

ion channel gene could be found intergenically as high likelihood cases of gene loss, noting

again that finch PacBio scaffolds are gapless. (2) To better understand the origin of such

losses, we systematically searched for the gene of interest and syntenic genes in all birds

with an assembled genome deposited in NCBI, initially based on gene name searches in

Entrez Gene. In cases where other avian species’ scaffolds contained syntenic genes but

lacked a model for the gene of interest, we conducted BLAST searches of the intergenic

region as described in Case 4. In cases where we could not find evidence for the gene in any

bird species, we applied the same general strategy above to search for the gene of interest

and its syntenic context in representative outgroups (e.g. alligator, lizard), to trace the most

likely pattern of gene loss in groups ancestral to birds (for example, see Figure 2.3). We

note, however, that there are often gaps in the intergenic regions of these Illumina-based as-

semblies, which limits the certainty of conclusions regarding gene loss in species currently

lacking a PacBio assembly. In all cases where the Ensembl model at the zebra finch locus

was annotated, that annotation was correct. In cases where an Ensembl model was present

but annotated as a “novel gene”, we annotated it accordingly (n=34 models; indicated by a

"∧" next to the Ensembl model in Table 2.1).

2.2.2 Assessing gene model completeness and expanding gene models

with additional sequence

While inspecting taeGut1 loci to verify orthology, we found many Ensembl predictions

that seemed very partial. As a first pass to estimate gene model quality and completeness,
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we calculated a length ratio by dividing the length in bases of each zebra finch model by

that of the orthologous human model (values in Table S1, Additional file 1; frequency his-

togram in Supplementary Figure S2.3A). As with the orthology analysis, we selected the

longest transcript variant for zebra finch and human. If there were multiple non-overlapping

zebra finch Ensembl models at a locus (i.e. split models), their lengths were summed. We

also used an alignment-based method to evaluate the completeness of zebra finch models.

Because chicken (galGal6) had a higher coverage (82x) and contig N50 (17,655,422) than

taeGut1 (5.5x; 38,639) and thus had more reliable and complete gene predictions, we used

chicken models from Ensembl (release 95). RYR1 was excluded from this analysis as it is

>100 kb long, fragmented into at least 8models across 8 different scaffolds that lack syntenic

context in galGal5, and the only verified model in taeGut1 is highly partial and in a gappy

region of chrUn. For all other genes with orthology-verified models in both zebra finch and

chicken (n=79 genes, models in both “Zebra finch locus” and “Chicken locus” columns of

Table S1, Additional file 1), we first obtained the transcript sequences of the orthologous

chicken Ensembl models. As with zebra finch, we selected the longest transcript variant and

concatenated split models. We then aligned the chicken and corresponding zebra finchmod-

els to taeGut1 using the UCSC Browser BLAT and exported the results as psl files. Using

a custom Python (version 3.6.7) script (available at https://github.com/samifriedrich/seq-

recovery), we compared the top-scoring alignments of chicken and zebra finch models for

each locus to find blocks of aligned chicken model sequence that did not overlap with any

blocks of aligned zebra finch model sequence. These blocks of aligned chicken sequence

missing from the zebra finch Ensembl gene predictions highlight the incompleteness of the

zebra finchmodels and define sequences that can be used to expand these incomplete models
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(Supplementary Figure S2.4). We created a taeGut1 BED track that displays these additional

sequence blocks in the UCSC genome browser (Additional file 6). For each gene in this anal-

ysis, we calculated the number of bases recovered, as well as a “percent of post-recovery

length” (original model length / [original model length + number of bases recovered]; val-

ues in Table S1, Additional file 1; frequency histogram in Supplementary Figure S2.3B).

Genes were considered problematic if the original Ensembl model length was less than 90%

of the percent post-recovery length (indicated by a “*” in the “Zebra finch locus” column

of Table 2.1, and values reported as % post-recovery length < 90% in Table S1, Additional

file 1).

2.2.3 Animal subjects and brain tissue

Adult male zebra finches were obtained from a commercial supplier (Magnolia Bird

Farm, Pasadena, CA) and acclimated in our animal facility in same-sex group cages for at

least two weeks prior to the onset of experiments. The work described in this study was

approved by the OHSU IACUC and is in accordance with NIH guidelines. To minimize

the confound of song-induced gene expression, all birds were placed overnight in acoustic

isolation chambers andmonitored for singing for a period of 2 hours after lights-on. Verified

non-singing birds were sacrificed by decapitation and brains were rapidly dissected, blocked

in TissueTec OCT (Sakura Finetek USA, Inc.; Torrance, CA), then flash-frozen in a slurry

of isopropanol and crushed dry ice. Frozen brains were sectioned in the sagittal plane on

a Leica CM1850 cryostat at 10 µm and melted onto charged microscope slides (Colorfrost

Plus; Thermo Fisher Scientific; Waltham, MA). Slides were stored at -80 ◦C until use.
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2.2.4 cDNA clone selection and riboprobe synthesis

All probes were derived from clones selected from the ESTIMA zebra finch cDNA li-

brary (Replogle, Arnold et al. 2008). All genes present in taeGut1 were examined in the

UCSC Genome Browser for the presence of ESTIMA clones. For genes found only in the

PacBio assembly, we BLASTed each corresponding scaffold region against all NCBI ze-

bra finch EST collections to evaluate potential evidence of expression and identify suitable

cDNA clones (high alignment scores and alignments that mirrored the exon structure of

aligned orthologs). Preference was given to clones representing the 3’UTR region, to mini-

mize cross-alignment of conserved coding sequences with other gene familymembers. Can-

didate ESTs were aligned to the zebra finch genome using BLAT (UCSC Genome Browser)

to confirmmapped unambiguous mapping to the target gene without significant hits to other

loci. Clone IDs are provided for all genes for which an in situ was run (“EST evidence” col-

umn of Table S1, Additional file 1). We followed the protocol by Carleton et al. [172] to

generate non-radioactive, digoxigenin (DIG)-labeled riboprobes. In brief, isolated plasmid

DNAwas restriction digested using BSSHII (New England Biolabs; Ipswich, MA), purified

using Invitrogen’s PureLink PCR kit (Invitrogen; Carlsbad, CA), and run on an agarose gel

to verify digestion, DNA content, and correct template size. Antisense probes were synthe-

sized by incubating template with T3 RNA polymerase (Promega; Madison, WI) and DIG

labeling mix (Roche Applied Science) for 2 hours at 37 ◦C, purified using Sephadex G-50

columns and stored at -80 ◦C until use.
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2.2.5 In situ hybridization and gene expression analysis

Non-radioactive in situ hybridizations to zebra finch sagittal brain sections were per-

formed as in [172], using VectaMount Permanent Mounting solution for coverslipping. Ex-

pression for each gene was evaluated in sections from 2-3 different birds from a total of

10 birds. Brightfield microscopy was used to evaluate slides, and high-resolution images

were acquired and uploaded to the Zebra Finch Brain Expression Atlas, ZEBrA . Genes

that showed greater or lesser mRNA signal within a song nucleus relative to their surround

were designated as higher or lower expression, respectively. Incubation with no probes

or antisense riboprobes for genes of known expression pattern (e.g. GAD2) were routinely

included in the hybridizations as negative and positive controls, respectively. The hybridiza-

tion conditions used have been previously shown not to generate significant signal to various

sense-strand riboprobes.

2.2.6 Microarray scoring

We also evaluated differential brain gene expression of ion channels based on data from

four previous microarray experiments where the song nucleus of interest and a nearby re-

gion were microdissected using laser capture microscopy. The HVC dataset was generated

using spotted glass ESTIMA:Song collection “20 k” cDNAmicroarrays as detailed in [173]

and HVC was contrasted with the immediately ventral nidopallial shelf. Details on sample

preparation, mRNA isolation, probe synthesis, and hybridization can be found in [174].

The RA, Area X, and nXIIts datasets were generated using Agilent microarrays spotted

with oligonucleotides. RA and nXIIts samples were hybridized to the Duke University Tae-
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niopygia guttata 45 K oligo array and Area X samples were hybridized to the 20 K Agilent-

019785 Custom Zebra Finch Microarray. RA was contrasted to ventrolateral arcopallium,

Area X was contrasted to ventral striato-pallidum, and nXIIts was contrasted with the supra-

spinal medullary nucleus (SSP). Detailed methods of sample preparation, mRNA isolation,

array hybridization, and first-pass analyses are available for RA [19], Area X [43], and nXI-

Its [175]. To determine the expression of ion channel and related genes in the zebra finch

song system, these microarray datasets were reanalyzed as detailed in [176, 177]. Briefly,

this involved mapping the oligonucleotide sequences onto taeGut1, visualizing them as a

BED track uploaded to the UCSC Genome Browser, manually annotating oligo and cDNA

entries, and using in situ hybridization data from the ZEBrA database for establishing val-

idated significance criteria of differential expression. Here we evaluated the differential

microarray data for each ion channel gene present in taeGut1 by navigating to the locus to

confirm oligo and cDNA annotation and verify the microarray data outcome for that gene

as higher, lower, or non-differential expression in each song nucleus analyzed compared

to its contrasting region. This effort led to annotation of previously unannotated oligos or

correction of mis-annotated ones, contributing to the manual curation efforts outlined in

[176, 177]. Differential expression tables constructed in Excel are presented in Figure 2.4.

When the microarray outcome was in disagreement with the in situ hybridization data, the

latter designation was used as the final outcome (indicated by “$” in Figure 2.4). Some of

these discrepancies were likely due to the song nuclei and comparison regions being in the

same sagittal plane for in situ hybridizations but not for microarrays (in the latter, RA was

compared to ventrolateral arcopallium, and Area X was compared to ventromedial striato-

pallidum). In some other cases, probes were not available for in situ hybridizations, so
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expression data reflects microarray data only (indicated by asterisks in Figure 2.4).

2.3 Results

2.3.1 Determining the full complement of sodium, calcium, and chlo-

ride channel genes in the zebra finch genome

Genes that encode or modulate sodium, calcium, and chloride ion channels play impor-

tant roles in determining the electrophysiological properties of brain circuits. In order to

understand the potential contributions of these channels to functional circuits underlying

vocal learning and production in songbirds, we started with a comprehensive analysis to

define the full complement of these ion channel families in the zebra finch genome. Start-

ing with a list of 108 ion channel genes previously identified in human plus one additional

gene that lacks a human model (TPCN3), we used BLAT alignments and synteny analy-

sis to identify orthologous loci in zebra finch and chicken. We identified 94 (23 sodium,

38 calcium, 33 chloride) of these genes in zebra finch (Table 2.1) and 98 in chicken (Ta-

ble S1), the latter encompassing four genes (BEST2, BEST4, CLCA1, and CLCA2) not

found in zebra finch (Tables 2.2 and S2). Of the identified zebra finch genes, 54 were pre-

dicted and correctly annotated by Ensembl (taeGut3.2.4 release 95), 27 genes comprising

34 models were annotated as “novel genes” in Ensembl (indicated by a "∧" in the “Ze-

bra finch locus” column of Table 2.1), and 14 had no Ensembl predictions in taeGut1. Of

these 14, four genes were found in taeGut1 through BLAT alignments of human or other

species’ orthologs (indicated by a taeGut1 locus only in the “Zebra finch locus” column of
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Table 2.1.) The remaining 10 genes were not in taeGut1, but were identified in the recently

released zebra finch PacBio assembly (indicated by a PacBio locus only in the “Zebra finch

locus” column of Table 2.1) through alignments of orthologous models. For five of these

genes only very partial alignments were found, suggesting gene truncation (indicated by

a "5" in Table 2.1.) In most cases we established orthology by demonstrating reciprocal

top-scoring alignments and similar syntenies in birds and humans. For 8 genes, we linked

the zebra finch synteny with human through phylogenetic relationships (indicated by a “$”

in Table 2.1), but for 2 genes we could not fully link the synteny in zebra finch with that

of human (indicated by a “#” in Table 2.1, detail provided in “Synteny notes” column of

Table S1, Additional file 1). For a total of 14 genes in this study, we used orthologs from

other species to find the locus in zebra finch (indicated by a filled diamond in Table 2.1.)

While no novel paralogs were found in zebra finch, we confirmed the presence of TPCN3

in birds and reptiles, a gene that is severely truncated in humans and chimp and completely

missing from mouse and rat [178]. For 15 mammalian genes we did not find orthologs in

zebra finch, but we established a possible origin of the loss by exploring outgroup species

(Table 2.2; details in Table S2, Additional file 1). These genes are discussed further in the

context of their respective subfamilies. We note these conclusions about gene losses are

tentative given that many avian genomes are incomplete and phylogenetic representation of

sequenced genomes is somewhat limited.
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Sodium channel genes

Sodium voltage-gated channel alpha (α) subunits (SCNxA)

The subunits encoded by these genes form the pore of voltage-gated sodium channels

[161], which play important roles in the initiation and rising phase of action potential (AP)

generation, and are critical for AP propagation [155]. This family originated from a singular

ancestral form that has undergone multiple duplications and diversified broadly [179, 180].

We found 9 of the 10 mammalian SCNxA genes in zebra finch and chicken. The missing

gene was SNC7A, which arose in mammals and presumably functions not as a voltage-gated

channel but rather as a sodium sensor [181].

Sodium voltage-gated channel beta (β) subunits (SCNxB)

Four genes encoding non-pore-forming, auxiliary β subunits have been described in

mammals [182]. They are thought to modulate sodium currents by associating covalently

(SCN1B and 3B) or non-covalently (SCN2B and 4B) with α subunits to form heteromeric

complexes. We found all four β subunit genes in zebra finch and chicken, and note that

in the latter, it was previously identified in a PacBio assembly [183]. SCN1B was miss-

ing from taeGut1 but limited evidence suggested its presence in songbirds [184]. We have

now identified the complete gene and syntenic context in the PacBio assembly through or-

tholog alignments and verification of conserved synteny (Figure 2.2) and Supplementary

Figure S2.2). The synteny of SCN1B throughout avian phylogeny was difficult to resolve as

many avian models were either on short scaffolds with little syntenic context or on scaffolds

with many gaps, but we identified a consistent group of syntenic genes across lineages.
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Songbirds

SCN1B RBM42 PSMC4BCL3Zebra finch

PSMC4 SCN1BMedium ground finch

SCN1BBCL3Bengalese finch

SCN1BPSMC4Chicken

SCN1BPSMC4BCL3Tibetan ground tit

Alligator & Anole SCN1BGRAMD1APSMC4

Human SCN1B PSMC4GRAMD1A BCL3RBM42

SCN1BPSMC4 RBM42Peregrine falcon

Figure 2.2: SCN1B is present in birds. SCN1B (red) is missing from taeGut1 but present
in the zebra finch PacBio assembly. The different orientations (arrows point in 5’ to 3’
direction) and relative positions of BCL3, PSMC4, and RBM42 across birds suggest mul-
tiple rearrangement events in the avian phylogeny, even within different songbird lineages.
GRAMD1A was not found in any avian species. Arrowheads indicate gene orientation;
solid lines indicate gap-less intergenic regions; dotted lines indicate intergenic regions con-
taining gaps; broken lines indicate interspersed genes not shown; brackets indicate the ends
of scaffolds in the respective assemblies.

Acid-sensing ion channels (ASIC)

ASICs are proton-activated, nonselective cation channels that pass sodium, lithium, and

potassium ions with the highest affinity for sodium [185]. All 5 mammalian ASIC genes

were found in both zebra finch and chicken genomes.

Sodium leak channel (NALCN)

NALCN is a single gene that encodes awidely-expressed, nonselective, voltage-insensitive

cation channel. This channel carries a persistent sodium leak current that sets excitability

thresholds in virtually all neurons [186]. It is present in zebra finch and chicken genomes.
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Epithelial sodium channels (SCNN)

Channel subunits in the SCNN family are encoded by four genes and drive active sodium

reabsorption from extracellular fluid in epithelial tissues [187]. We found that all four

genes are present in zebra finch and chicken genomes, confirming previous reports [188]

and strengthening the evidence for orthology by confirming synteny.

Calcium channel genes

Calcium voltage-gated channel alpha (α)-1 subunits (CACNA1x)

Genes in this family encode the pore-forming α1 subunits that carry calcium across the

plasmamembrane [189]. In mammals, α1 subunits belong to three major subfamilies: Cav1

(L-type) channels (4 genes), Cav2 (P/Q-, N-, and R- type) channels (3 genes), and Cav3 (T-

type) channels (3 genes). All genes were found in zebra finch and chicken, with CACNA1A

and CACNA1F in the PacBio assembly.
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Table 1 Ion channel genes in the zebra finch genome
HGNC Symbol Alternate

name
Full name Zebra finch locus

A. Sodium channels

α subunits

SCN1A Nav1.1 sodium voltage-gated channel alpha subunit 1 ENSTGUG00000007356^

SCN2A Nav1.2 sodium voltage-gated channel alpha subunit 2 ENSTGUG00000007152^*

SCN3A Nav1.3 sodium voltage-gated channel alpha subunit 3 ENSTGUG00000007034

SCN4A Nav1.4 sodium voltage-gated channel alpha subunit 4 ENSTGUG00000003230

SCN5A Nav1.5 sodium voltage-gated channel alpha subunit 5 ENSTGUG00000000531^

ENSTGUG00000000533^

SCN8A Nav1.6 sodium voltage-gated channel alpha subunit 8 ENSTGUG00000003307

SCN9A Nav1.7 sodium voltage-gated channel alpha subunit 9 ENSTGUG00000007470^*

SCN10A Nav1.8 sodium voltage-gated channel alpha subunit 10 ENSTGUG00000000476^*

SCN11A Nav1.9 sodium voltage-gated channel alpha subunit 11 chr2:5686797–5,719,627

β subunits

SCN1B$ sodium voltage-gated channel beta subunit 1 MUGN01000920.1818309–818,447

SCN2B sodium voltage-gated channel beta subunit 2 ENSTGUG00000017358

MUGN01000074.12766152–2,766,960

SCN3B sodium voltage-gated channel beta subunit 3 ENSTGUG00000000607^

SCN4B sodium voltage-gated channel beta subunit 4 ENSTGUG00000000230

MUGN01000074.12777132–2,778,696

Acid-sensing

ASIC1 ACCN2 acid sensing ion channel subunit 1 ENSTGUG00000003637

ASIC2# ACCN1 acid sensing ion channel subunit 2 ENSTGUG00000003212^*

ENSTGUG00000003215^*

ASIC3◆ ACCN3 acid sensing ion channel subunit 3 ENSTGUG00000016020^*

MUGN01000217.1876923–883,599

ASIC4 ACCN4 acid sensing ion channel subunit 4 ENSTGUG00000006157*

ASIC5◆ ACCN5 acid sensing ion channel subunit 5 ENSTGUG00000005392

Leak channel

NALCN sodium leak channel, non selective ENSTGUG00000010876

Epithelial

SCNN1A◆$ SCNN1 sodium channel epithelial 1 alpha subunit ENSTGUG00000013342*

SCNN1B sodium channel epithelial 1 beta subunit ENSTGUG00000005936

SCNN1D◆ sodium channel epithelial 1 delta subunit ENSTGUG00000004091

SCNN1G sodium channel epithelial 1 gamma subunit chr14:8747853–8,755,433

B. Calcium channels

L-type α subunits

CACNA1S Cav1.1 calcium voltage-gated channel subunit alpha1 S ENSTGUG00000001142*

CACNA1C Cav1.2 calcium voltage-gated channel subunit alpha1 C ENSTGUG00000012529^

ENSTGUG00000012538^

CACNA1D Cav1.3 calcium voltage-gated channel subunit alpha1 D ENSTGUG00000006839*

CACNA1F Cav1.4 calcium voltage-gated channel subunit alpha1 F MUGN01000244.140490–59,194

N/P/Q/R- type α subunits

CACNA1A Cav2.1 calcium voltage-gated channel subunit alpha1 A MUGN01001147.1274884–306,034

CACNA1B Cav2.2 calcium voltage-gated channel subunit alpha1 B ENSTGUG00000002855*

CACNA1E Cav2.3 calcium voltage-gated channel subunit alpha1 E ENSTGUG00000017352

T-type α subunits

CACNA1G Cav3.1 calcium voltage-gated channel subunit alpha1 G ENSTGUG00000009049*

Friedrich et al. BMC Genomics          (2019) 20:629 Page 4 of 26

Table 2.1: Ion channel genes in the zebra finch genome. Continues over next two pages.
See symbol key under table.
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Table 2.2: Ion channel genes missing from the zebra finch genome

Calcium voltage-gated channel alpha-2-delta (α2/δ) subunits (CACNA2Dx)

Calcium channels are modified by non-conducting subunits, including α2 and δ. α2/δ

genes are unique in that each gene codes for both theα2 and δ subunits: α2 is an extracellular

glycoprotein that forms a disulfide linkage to the δ subunit, and the δ subunit keeps the

complex tethered to the plasma membrane [190]. All four human α2/δ genes were found in

zebra finch and chicken.

Calcium voltage-gated channel auxiliary beta (β) subunits (CACNBx)

These modulatory subunits are entirely intracellular and attached to the calcium channel

complex through binding sites on the α1 subunit [191]. All four human genes were found

in zebra finch and chicken. CACNB1 in zebra finch was found only in the PacBio assembly.
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Human CACNG6PRKCG CACNG8CACNG7 RPS9CYTH2 LMTK3

Alligator CACNG6PRKCG CACNG8CACNG7 RPS9

Chicken CACNG8CACNG7 CYTH2

Saker falcon PRKCG CACNG8CACNG7 CYTH2 LMTK3 RPS9

Zebra finch PRKCG CACNG8CACNG7 CYTH2 LMTK3 RPS9

Figure 2.3: CACNG6 ismissing from birds. While CACNG7 and CACNG8 are present, the
syntenic paralog CACNG6 cannot be found in birds. The different orientations (arrows point
in 5’ to 3’ direction) and relative positions of CYTH2, LMTK3, and RPS9 across phylogeny
suggests multiple rearrangement events in this genomic region, possibly in an avian ances-
tor. Arrowheads indicate gene orientation; solid lines indicate gap-less intergenic regions;
dotted lines indicate intergenic regions containing gaps; broken lines indicate interspersed
genes not shown.

Calcium channel auxiliary gamma (γ) subunits (CACNGx)

Gamma subunits are glycoproteins with four transmembrane domains that associate

with calcium channel complexes in the membrane [192]. Of the eight human genes, three

(CACNG6, CACNG7, and CACNG8) occur in a syntenic block within a region of hu-

man Chr19 that is largely missing in birds, possibly due to chromosomal rearrangements

in ancestral archosaurs and/or dinosaurs [184]. Subsequent assessments have identified

CACNG7 and CACNG8 but not CACNG6 in the galGal5 chicken assembly [183]. Here

we have confirmed with high confidence that CACNG6 is missing in zebra finch and other

avian lineages based on BLAST searches and synteny verification of bird genomes includ-

ing chicken and zebra finch PacBio assemblies (Figure2.3), suggesting an ancestral avian

loss. We also found evidence that CACNG7 is present and likely complete in zebra finch,

while CACNG8 is present but appears truncated in both zebra finch and chicken.
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Sperm associated cation channels (CATPSER)

This family encodes fourα subunits (CATSPER1-4) and five auxiliary subunits (CATSPER

B, D, E, G, & Z) essential to sperm activation and motility [193, 194]. In zebra finch,

we found fragments of CATSPER3, B, D, and E, but no trace of CATSPER1, 2, 4, G

and Z. Chicken shares the same pattern, but retains fragments of CATSPER2. Because

CATSPER1, -4, and -G are present in ratites, their absence in zebra finch and chicken ap-

pears to reflect loss in Neognaths. Our conclusions are partially consistent with previous

reports [183, 195, 196], but due to the higher quality PacBio scaffolds and examination of

additional birds, we provide stronger evidence with regards to truncation and phylogenetic

patterns of gene loss. We note that the chicken gene annotated as CATSPER2 in NCBI

(Gene ID: 395985) is misannotated – the correct annotation is CACNA1S.

Other calcium channel genes (ITPR, RYR, TPCN)

Other calcium channels may impact neuronal function by regulating internal calcium

stores, including inositol 1,4,5-trisphosphate receptors (ITPR), ryanodine receptors (RYR),

and two-pore channels (TPCN) [178, 197, 198]. Each family has 3 genes, all of which

were identified in zebra finch and chicken. TPCN3 appears to have been lost in rodents and

truncated in primates, including humans [178]. Interestingly, the truncated gene appears

to have been duplicated in human, as can be seen in the UCSC Browser (GRCh38/hg38

chr2:109947776-109974086 and chr2:110397405-110423734).
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Chloride channel genes

Voltage-dependent chloride channels (CLCN)

This family is composed of channels that open and conduct chloride ions in response

to changes in membrane potential [163]. Mammals have 10 CLCN genes, of which 9 were

identified in zebra finch and chicken. Two adjacent human genes - CLCNKA and CLC-

NKB - have high sequence identity and appear to be the result of a duplication specific to

mammals. Both chicken and finch have a single gene at this locus that mirrors the ancestral

condition. Because of their high similarity, sequence alignments could not resolve which

human paralog is the ancestral form present in birds or reptiles. As the nomenclature in

ancestral species is inconsistent, we suggest the name “CLCNK” for the single gene found

at this locus in birds and reptiles.

Chloride intracellular channels (CLIC)

These channels are integrated into the membranes of organelles and participate in pro-

cesses like membrane trafficking and cytoskeleton dynamics [199]. They can also exist in

a soluble state in the cytoplasm, the function of which is poorly understood. Of the 7 func-

tional genes in mammals, we found all but CLIC1 in chicken and zebra finch. We could not

conclusively establish a CLIC1 loss because the syntenic genes are at the ends of different

scaffolds in both zebra finch and chicken PacBio assemblies. It thus remains possible that

CLIC1 is not in these assemblies due to incompleteness of the scaffolds. Consistent with

this possibility, CLIC1 and syntenic genes are present in alligator and in kiwi (a ratite). Al-

ternatively, the genewas lost in neognaths, as kiwi is currently the only bird with a detectable
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CLIC1.

Calcium-activated chloride channels (ANO, BEST)

Some anoctamin (ANO1&ANO2) and bestrohpin (BEST2) genes encode channels that

conduct chloride currents in response to surges in intracellular calcium, but the function of

most other family members remains speculative [200, 201]. Mammals have 10 ANO genes,

of which we found 9 in chicken and zebra finch, and 4 BEST genes, of which we found 4

in chicken and 2 in zebra finch. ANO7 lacks models in zebra finch and chicken, but traces

were detected by aligning orthologs to the zebra finch and chicken PacBio assemblies. The

synteny in these and other birds (kiwi, goose, golden eagle, and rifleman) is conserved with

mammals and alligators. Given that only a few 3’ exons from orthologous models of this

gene aligned to the chicken and zebra finch PacBio assemblies, combined with the lack of

EST-based expression evidence, we conclude that ANO7 has likely become a pseudogene in

some avian lineages, including oscines and galliformes. BEST4 is present and complete in

galliforms (chicken) and psittaciformes (budgie), but appears pseudogenized in passerines,

as only short segments of the 5’ and 3’ UTR regions were detected in zebra finch (PacBio),

Bengalese finch, great tit, and starling. While BEST2 seems complete in chicken and song-

birds like Tibetan tit and starling, we did not detect it at the corresponding locus in the zebra

finch PacBio assembly. The upstream genes are in zebra finch similarly as in other birds,

reptiles, and mammals, while the genes downstream of this locus reflect a synteny shared

by Tibetan tit and starling that is presumably unique to songbirds. Because there are no

BEST2 models and syntenic genes are isolated on short scaffolds in Bengalese and medium

ground finch, we cannot distinguish between a loss in the finch lineage and a zebra finch-

49



specific loss. Similar to CACNG6/7/8, BEST2 is located in a region of human chromosome

19 associated with extensive rearrangements and gene losses in birds [184].

Chloride channel accessory subunits (CLCA)

Mammals have several non-pore-forming accessory subunits with a broad functional

repertoire that includes modulating chloride channels, cell adhesion, and tumor suppression

[202]. In humans, three functional CLCAs are in a syntenic cluster (CLCA1, CLCA2,

and CLCA4) along with a pseudogene (CLCA3P). We found at least one CLCA gene with

conserved synteny in psittaciformes (budgie), accipitriformes (eagles), and more basal birds

(chicken, guinea fowl, and tinamou). In zebra finch and other passerines (e.g. golden-

collared manakin), the immediately syntenic genes were adjacent to one another, with no

trace of CLCA and no gaps in the intergenic region. From this, we conclude that CLCA

genes were likely lost in Passeriformes.

Volume-regulated chloride channels (LRRC8)

LRRC8 channels are activated by cell swelling and may influence extracellular signaling

by transporting neurotransmitters [203, 204]. Mammals have five LRRC8 subunits, and all

but one (LRRC8E) were found in zebra finch and chicken. This gene appears to have been

lost in birds [205].

Other chloride channel genes

Cystic fibrosis transmembrane conductance regulator (CFTR) is a chloride channel gated

by ATP [206]. Chloride nucleotide-sensitive channel 1A (CLNS1A) is expressed at rela-
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tively high levels in human [165] and mouse [166] brain tissue, and strongly implicated in

cell volume regulation [207]. Both genes are present in zebra finch and chicken.

2.3.2 Evaluating zebra finch gene models

While examining zebra finch gene orthology, we noticed that many human models were

noticeably longer than the corresponding zebra finch Ensembl models, suggesting that the

latter may be incomplete predictions. To record this difference, we calculated a ratio (Ta-

ble S1, Additional files 1 and 3A) of zebra finch to human transcript model length, and

found that 28 of the 80 existing zebra finch Ensembl models were less than 90% of the hu-

man length, and 19 were less than 75%, even after summing the lengths of partial models,

when present. To further evaluate model completeness, we compared the alignments of

orthologous chicken and zebra finch Ensembl models at each gene locus in taeGut1 (n=79

genes with an Ensembl model in both species). Because Ensembl chicken models are from

a higher quality genome and are generally more complete than zebra finch models, this

method revealed sequence blocks where the chicken model aligned but that are not present

in the zebra finch Ensembl models (example in Supplementary Figure S2.4). We recovered

these additional sequences for 66 of the 79 genes analyzed (Table S1, “Additional bases re-

covered” > 0), and created a taeGut1 BED track for their visualization in the UCSC Browser

(Additional file 6). We also calculated a percent of post-recovery length (Table S1, Addi-

tional file 1; Supplementary Figure S2.3B) and found 36 genes for which the original model

length was less than 90% of the post-recovery length (indicated by a “*” in the “Zebra finch

locus” column of Table 2.1), and 16 that were less than 75%. This effort demonstrates that
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many zebra finch Ensembl models are incomplete, but additional genomic sequence related

to those genes exists and should be taken into account in future studies.

2.3.3 Differential expression of sodium, calcium, and chloride channel

genes in the song system

To assess the expression of ion channel genes in the song system of adult male zebra

finches, we analyzed previously generated microarray data and conducted in situ hybridiza-

tions on brain sections containing the 4 major telencephalic song nuclei (HVC, RA, LMAN,

and Area X), and a brainstem motor nucleus, nXIIts. Because our focus was on vocal con-

trol circuitry, not all brain areas of relevance for vocal learning (such as auditory forebrain)

were assessed. This analysis encompassed 55 ion channel genes (14 sodium, 25 calcium, 16

chloride) that were part of the microarrays and/or for which cDNA clones were available in

zebra finch. Summaries of the data are presented in Figure 2.4, and robust examples of dif-

ferential in situ patterns are presented in Figures 2.5- 2.7 and Supplementary Figure S2.5.

For a few genes, in situ hybridizations also revealed differential expression in DLM and

Uva. For all genes analyzed, the terms higher, lower and non-differential below refer to

expression compared to the respective surrounds (nidopallium for HVC, LMAN and NIf,

arcopallium for RA, striatum for Area X, dorsal thamalus for DLM and Uva, rostral medulla

for nXIIts).
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Figure 2.4: Regulation of (a) sodium, (b) calcium, and (c) chloride channel genes in adult
male song nuclei. Color shading indicates a gene that is higher (green), lower (red), or
non-differential (shaded tan) in each song nucleus examined compared to the surrounding
areas. Genes not assessed in a given nucleus are in grey. Gene expression was assessed by
microarray and/or in situ hybridization
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Figure 2.5: Expression of select ion channel genes in RA. (a) Camera lucida drawing de-
picting RA and surrounding arcopallium & nidopallium in the parasagittal plane (approx-
imate location is indicated in inset; the dorsal arcopallial lamina is depicted by thin line.)
(b-f) Representative in situ hybridization photomicrographs of select ion channel genes
that show differential (b, d-f) and non-differential (c) expression in RA compared to the
surrounding arcopallium. Gene abbreviations are given in Table 2.1. Scale bar: 500 µm.

Sodium channels

The four alpha subunits with the highest brain expression inmammals (SCN1A/2A/3A/8A)

showed varied patterns within the song system (Figure 2.4a). SCN1A was higher in RA

(Figure 2.5b), HVC (Figure 2.6b), LMAN (Figure 2.7j), Area X, and DLM (Figure 2.8b).

SCN2A was lower in RA (Supplementary Figure S2.5), Area X, LMAN, and DLM (Fig-

ure 2.8c), but non-differential in HVC (Figure 2.6c). SCN3Awas lower in RA (Figure 2.5d),

HVC (Supplementary Figure S2.5), and LMAN. SCN8A was higher in RA (Supplemen-

tary Figure S2.5) and HVC (Supplementary Figure S2.5). In contrast, SCN5A was non-

differential in all nuclei, and SCN9A was non-differential except in nXIIts where it was

higher and the only alpha subunit to show differential expression in this nucleus.

SCN1B showed higher expression in all telencephalic nuclei, including NIf, as well as
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Figure 2.6: Expression of select ion channel genes in HVC. (a) Camera lucida drawing
depicting HVC and surrounding nidopallium in the parasagittal plane (approximate location
is indicated in inset.) (b-f) Representative in situ hybridization photomicrographs of select
ion channel genes that show differential (b, d-f) and non-differential (c) expression in HVC
compared to the adjacent nidopallium. Gene abbreviations are given in Table 2.1. Scale
bar: 500 µm.

in DLM (Figure 2.9). In contrast, SCN2B was non-differential across song nuclei (e.g. RA

in Figure 2.5c) except for higher expression in HVC (Figure 2.6c). SCN3B was an exquisite

negative marker of all telencephalic song nuclei (Figures 2.5d, 2.6d, 2.7b, and 2.8c), but

higher in nXIIts. Interestingly, SCN3B was highly expressed in a sparse cell population in

Area X (Supplementary Figure S2.5). SCN4B was higher in RA (Figure 2.5e), HVC, and

LMAN (Figure 2.7k). Area X showed lower expression of ASIC1 and ASIC4, and ASIC2

was lower in nXIIts. NALCN, the only sodium channel that is a leak channel, showed lower

expression in Area X.

Calcium channels

Among Cav1s, CACNA1C was higher in Area X and nXIIts, while CACNA1D was

lower in RA, Area X, and LMAN. Among Cav2s, CACNA1Ewas lower in RA (Figure 2.5f)
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and LMAN, while CACNA1B was higher in HVC and Area X (Figure 2.7c) where it was

particularly strong in a sparse population of Area X cells (Supplementary Figure S2.5).

Differential expression of Cav3’s was biased toward lower expression, except for higher

expression of CACNA1I (Cav3.3) in HVC (Supplementary Figure S2.5), the only calcium

channel α subunit to exhibit opposing expression in two different song nuclei. All three

Cav3 channels were lower in RA, the only nucleus to show differential expression in the

same direction of every gene within a channel subfamily.

CACNA2D1 and CACNA2D2 were complementary in their differential expression;

CACNA2D1 was lower in HVC (Figure 2.6f) and LMAN, and CACNA2D2 higher in HVC

and LMAN (Figure 2.7d). In Area X, CACNA2D2 was non-differential but strongly ex-

pressed in a sparse cell population, with a similar pattern throughout the striatum (Fig-

ure 2.7d). CACNA2D2 was also higher in RA, and CACNA2D3 higher only in Area X. The

only calcium channel β subunit to show lower expression was CACNB2, which was turned

down in RA, HVC (Supplementary Figure S2.5), and LMAN (Figure 2.7l), but higher in

DLM (Supplementary Figure S2.5). CACNB2 was also generally lower throughout much

of the anterior striatum, but a sparse cell population showed enhanced expression (Supple-

mentary Figure S2.5). CACNB3 was higher in HVC and LMAN and CACNB4 higher in

HVC (Figure 2.6e) and Area X (Figure 2.7e).

Differential expression of γ subunits in the song system was predominantly in the AFP.

CACNG5 was lower in LMAN (Figure 2.7g) and higher in Area X, and CACNG3 was

lower in Area X and LMAN. CACNG5 also showed enhanced expression in a sparse cell

population of Area X (Supplementary Figure S2.5), and in Uva (Figure 2.8d). CACNG4

was lower in HVC, LMAN and Area X (Figure 2.7f), but higher in nXIIts. All γ subunit
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Figure 2.7: Expression of select ion channel genes in LMAN and Area X. (a) Camera lu-
cida drawing depicting anterior portions of the nidopallium and medial striatum including
song nuclei LMAN and Area X in the parasagittal plane (approximate location is indicated
in inset; the pallial-subpallial lamina is depicted by thin line). (b-h) Representative in situ
hybridization photomicrographs of select ion channel genes that show differential expres-
sion in Area X (all panels except d) and LMAN (b, d, f-h) compared to adjacent regions.
Arrow in (d) indicates LMAN and inset shows enhanced labeling in a population of sparse
cells from the indicated region of Area X. (i) Camera lucida drawing depicting LMAN and
dorsal Area X at same level as in (a). (j-l) Representative in situ hybridization photomicro-
graphs of select ion channel genes that show differential regulation in LMAN compared to
the adjacent nidopallium. Note the sparse, darkly stained cells in Area X in panel (j). Gene
abbreviations are given in Table 2.1. Scale bars for each panel series are 500 µm.
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Figure 2.8: Expression of select ion channel genes in DLM and Uva. (a) Camera lucida
drawing depicting DLM, Uva, and surrounding thalamic areas in the sagittal plane (approx-
imate location is indicated in inset.) (b-d) Representative in situ hybridization photomicro-
graphs of select ion channel genes that show differential regulation in DLM (b, c) or Uva
(d). Gene abbreviations are given in Table 2.1. Scale bar: 500 µm.

genes examined were non-differential in RA (e.g. Supplementary Figure S2.5), except for

CACNG7, which was higher in RA as well as in HVC and Area X. Differential expression

for TPCN and RYR genes was always higher, including RYR2 in HVC (Supplementary

Figure S2.5), Area X and LMAN (Figure 2.7h), and RYR3, TPCN -1 and -2 in HVC. Only

nXIIts showed differential expression of ITPRs, which were lower.

Chloride channels

The majority of identified chloride channels lacked zebra finch ESTs. Among assessed

genes, most were non-differential, except for three genes with higher expression - ANO5,

CLIC4, and CLNS1A - which were all higher in HVC, with ANO5 and CLIC4 also higher

in RA, and one gene with lower expression, LRRC8, in RA and Area X. Thus, differen-

tial expression of chloride channel genes was biased toward nuclei of the DMP and higher
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Figure 2.9: SCN1B is strongly upregulated in multiple song system nuclei. (a) In situ
hybridization photomicrograph of a whole parasagittal section. Individual song nuclei in
(a) are shown in detail in (b) HVC, (c) RA, (d) NIf, and (e) Area X and LMAN. SCN1B is
also noticeably upregulated in Field L2a and L2b as shown in (a). (f) SCN1B upregulation
in DLM (approximate location shown in inset and comparable to Figure 2.8). Scale bar in
(a): 1mm.

expression.

2.4 Discussion

In spite of the wealth of information on song system connectivity and neurophysiology,

an understanding of the molecular basis for the intrinsic electrophysiological properties of

its constituent neurons is lacking. Here we report on the genomics and song system expres-

sion of sodium, calcium, and chloride ion channel genes in the zebra finch, including pore-

forming and modulatory subunits. This effort annotated 34 “novel gene” Ensembl models,

detected additional sequences for several partial gene models in taeGut1, and established
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what we believe is the full complement of these gene families in zebra finch and chicken,

with no novel paralogs detected. PacBio assemblies were particularly helpful to: (1) identify

previously undetected genes; (2) confirm with high confidence gene truncation; (3) define

orthology based on synteny; (4) suggest a likely phylogenetic path to previously reported

avian gene losses or truncations [183, 184]. A large number of zebra finch gene models

are partial relative to human and chicken models, but we detected additional sequences in

taeGut1 that could expand those models. Incomplete gene predictions (indicated by “*” in

Table 2.1) cast doubt on “off-the-shelf” dN/dS values from automated algorithms. Thus,

conclusions regarding positive selection or rapid gene evolution in these families (e.g. [39,

208, 209]) should be treated as provisional until more complete gene models are available.

Each song nucleus examined differentially expresses a unique complement of ion chan-

nels, suggesting that diverse expression of these genes is fundamental to shaping excitability

within the song system. With few exceptions, differential expression of individual genes was

in the same direction across nuclei. Area X and HVC showed enhanced expression of more

calcium channel genes than other song nuclei, suggesting a more prominent role of cal-

cium currents in governing electrophysiological properties of the AFP. In contrast, chloride

channel genes were mostly non-differential. Compared to other nuclei, nXIIts differentially

expressed the fewest number of genes. We note that most genes that lacked brain expression

evidence in zebra finch (e.g. SCN4A, CACNG1, and CLCN1) are primarily expressed in

non-neural tissues (e.g. skeletal muscle) in other organisms [165, 167].

Some genes were strongly expressed in sparse cells and might contribute to defining the

unique neuronal populations reported in Area X [149, 210, 211], HVC [145, 146], and RA

[148]. We acknowledge, however, that several of these genes participate in processes other
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than excitability (e.g. cell signaling and metabolism), and expression in specific cell types

or non-neuronal cells (e.g. glia) was not assessed. Furthermore, protein-based assays and

coexpression analysis are needed to determine the subcellular localization of the channels

and their possible interactions. We did not evaluate splice variants, but note that in mam-

mals, genes like T-type calcium channels give rise to variants with distinct gating properties

and spatiotemporal regulation [212]. We also note that while differential expression pro-

vides clues as to regulatory mechanisms, non-differentially expressed ion channels may still

contribute to excitability. Below we discuss the main implications of the brain expression

findings with regards to gene families.

Sodium channels

Based on its known role in in mammals, the higher expression of SCN1A (Nav1.1) in all

major song nuclei suggests an essential function of somatodendritic signal integration and

action potential (AP) thresholding in the song system [213]. SCN1A also confers fast spik-

ing in a diversity of GABAergic interneurons [214–216]. Because in most nuclei SCN1A

was enhanced in small, sparse cells reminiscent of interneurons, the enhanced expression of

SCN1A may contribute to the fast-spiking behavior of interneurons that has been described

in multiple song nuclei [144, 145, 148, 149, 210]. In mammals, SCN8A (Nav1.6) facilitates

AP initiation and propagation [213, 217–219]. Its higher expression in RA and HVC could

thus reinforce rapid and reliable axonal propagation in the DMP. SCN3A (Nav1.3) brain ex-

pression is high early in mammalian development but is progressively replaced by SCN1A,

SCN2A, and SCN8A [220–222]. In adult zebra finch, SCN3A is widely expressed through-
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out the brain but lower in RA, HVC and LMAN - a species discrepancy that highlights the

diversity in sodium channel expression across phylogenies. β subunits alter cell surface ex-

pression, gating properties, and voltage sensitivities ofα subunits [182], and high levels of β

subunits are likely necessary to shuttle and modulate a high volume of voltage-gated sodium

channels. Thus, it is not surprising that some α and β subunits were highly expressed within

the same song nuclei. In mammals, SCN1B increases the surface expression and current

densities of α subunits [182, 223, 224]. It also supports resurgent sodium currents that en-

able high-frequency firing ([225], and reinforces AP initiation by targeting SCN8A to the

axon initial segment [219]. Additionally, SCN1B can modulate voltage-gated potassium

(Kv) family channels [226–228], several of which are higher in multiple song nuclei, in-

cluding Kv1.1, Kv4.2, and Kv4.3 [160]. Collectively these features suggest that SCN1B

may be an important regulator of neuronal excitability in song nuclei by supporting fast,

reliable spiking. HVC was the only nucleus to show higher expression of both SCN1B and

SCN2B, consistent with the higher expression of α subunits in HVC, and the observation

that the sodium current-boosting effects of SCN2B require SCN1B coexpression [182, 223].

SCN4B induces resurgent sodium current, an important adaptation for neurons that exhibit

high-frequency firing [218, 229–233]. Its high expression suggests that resurgent currents

might support the high-frequency and bursty firing characteristic of neurons in RA [234,

235], HVC [236, 237], and LMAN [238]. SCN4B also supports persistent sodium currents

[231], which might account for the non-inactivating sodium conductances of HVC neurons

[150]. While the effects of SCN3B on excitability are inconsistent [239–244], its high brain

expression in adult zebra finches contrasts with rodents, where expression is high during

development and lower in adulthood [245]. Much like SCN3A, this stark divergence ex-

62



emplifies how gene expression patterns can differ in birds versus mammals. As for ASICs,

little is known about the role of acid signaling in neurotransmission, although there is ev-

idence of their role in dendritic spine remodeling [185]. Lastly, leak currents carried by

NALCN play roles in rhythmic and spontaneous firing [186, 246], thus NALCN differential

expression might contribute to the heterogeneity in spontaneous firing rates across Area X

cell types [149].

Calcium channels

Calcium channels influence input processing in dendrites and signal transmission in

synaptic terminals, which links them to plasticity mechanisms that serve learning and mem-

ory [189]. Voltage-gated calcium channels (Cav’s) are vital to dendritic processing, burst

firing, and neurotransmitter release. Among pore-forming alpha subunits, L-type (Cav1)

channels conduct large, long-lasting currents in response to strong depolarization [247].

The higher expression of the L-type channel CACNA1C suggests that integration of synap-

tic input is important in Area X and nXIIts. CACNA1C can also associate with BK channel

KCa1.1 (KCNMA1) to modulate repolarization and spiking frequency [248, 249]. While

not differential, KCNMA1 is expressed in Area X [160] and may interact with CACNA1C

to shape repolarization and repetitive firing. Compared to CACNA1C, CACNA1D activates

at lower membrane potentials and is slower to inactivate [250]. Thus, its lower expression

may refine the timing and restrict the duration of depolarization-induced calcium influx in

song nuclei. T-type (Cav3) channels create low-threshold calcium potentials that are inte-

gral to driving rebound and burst firing in neurons [212, 247, 251]. The lower expression of
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all T-type channels in RA is intriguing given that low expression of T-type channels is asso-

ciated with single or tonic AP firing [212], yet RA neurons exhibit bursty, high-frequency

firing [234, 235, 252]. This suggests that high-frequency firing in RA might instead be

driven by voltage-gated sodium channel beta subunits (SCN1B, SCN4B) and/or potassium

channel subunits like Kv3.1 [155, 253], which show high expression in RA [160], or by

hyperpolarization-activated (HCN; Ih) channels as suggested by electrophysiology studies

of HVC [150]. HVC was the only nucleus to highly express a T-type channel (CACNA1I

/ Cav3.3), providing a candidate for the low-threshold calcium conductances recorded in

HVC’s Area X-projecting neurons and interneurons [150, 254]. Relative to other T-type

channels, CACNA1I channels are the most resistant to attenuation during high-frequency

firing, exhibit current amplitude facilitation, and have more positive thresholds of activa-

tion and inactivation [212, 255, 256]. These properties might help to regulate excitability

in HVC, which shows temporally-precise bursting during production of mature song [236].

CACNA1I is also an attractive candidate for development studies given that T-type calcium

channels may underlie changes in intrinsic electrophysiological properties of HVC neurons

during song learning [159]. CACNA1B, an N-type calcium channel, has a large single-

channel conductance and is closely associated with the calcium-sensitive presynaptic vesi-

cle release machinery [257–260]. The distinctive higher expression of CACNA1B in HVC

and Area X suggests that these song nuclei are specialized for rapid and efficient neuro-

transmission. CACNA1E, an R-type calcium channel, functions in both dendritic calcium

signaling and neurotransmitter release [162, 261]. In mammalian hippocampal neurons,

these channels activate potassium channels within dendritic spines to limit depolarization in

response to excitatory post-synaptic potentials [262, 263]. Additionally, CACNA1E-/- mice
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are more resistant to seizure [264], possibly due to dampened excitability [265]. Depending

on CACNA1E subcellular localization, lower expression in RA may translate to larger cal-

cium transients in dendritic spines and/or reduce the potential for run-away excitability. The

modulatoryα2δ (CACNA2D) and β (CACNB) subunits increase calcium currents as well as

vesicle release probability [189, 190, 266–268]. Their widespread high expression, particu-

larly in the AFP, might thus relate to more efficient neurotransmission. The nearly identical

expression patterns of α2δ and β in HVC and LMAN contrast with the divergent patterns of

α1 subunits in these nuclei, suggesting that differences in calcium conductance might arise

from unique combinations of α1 subunits rather than different auxiliary subunits. In turn,

the higher expression of both modulatory α2δ subunits and pore-forming α1 subunits in

Area X and HVC suggests that high levels of both these subunits are required. Finally, ev-

idence that CACNA2D3 participates in neurexin-mediated retrograde signaling [269] sug-

gests Area Xmight utilize a α2δ-dependent, inhibitory synaptic feedback mechanism that is

unique among song nuclei. Most γ (CACNG) subunits are transmembrane AMPA receptor

(AMPAR) regulatory proteins, or TARPs, which modulate gating and synaptic targeting of

AMPARs [270, 271]. A sparse population of Area X cells that resemble the large DLM-

projecting neurons in Area X [147] showed enhanced expression of CACNG5, a TARP

unique in its ability to increase AMPAR desensitization and deactivation rates [271]. In-

triguingly, a population of sparse, large cells in Area X also expresses GluR4, the AMPAR

subunit with the fastest kinetics [272], further suggesting that temporally precise signal-

ing through AMPARs is particularly important for Area X projection neurons. In contrast,

CACNG4 and CACNG8 are the most effective TARPs in slowing the desensitization, deac-

tivation, and mEPSC decay rates of AMPARs [273]. The lower expression of CACNG4 in
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HVC, Area X, and LMAN and lack of a functional CACNG8 gene suggest that these nu-

clei rely on alternate mechanisms to elicit slow AMPA kinetics, such as differential splicing

of AMPA subunits into their “flip” or “flop” forms [272]. CACNG7 selectively shuttles to

the plasma membrane and boosts currents of calcium-permeable AMPARs while inhibit-

ing membrane expression of calcium-impermeable ones [274, 275]. Thus, biasing AMPAR

pools toward calcium permeability and enhancing calcium flow through AMPARs might

be a shared specialization in RA, HVC, and Area X. In addition, CACNG7 can dampen

CACNA1B (Cav2.2) expression in heterologous expression systems, but not in sympathetic

neurons [276]. Accordingly, CACNA1B was not lower in any nuclei that showed higher

CACNG7 expression. Finally, the non-TARP CACNG1 and CACNG6 decrease calcium

currents by interacting with voltage-gated calcium channels. Birds lack CACNG6, but

CACNG1 could potentially compensate for this gene loss. The high expression of mul-

tiple intracellular calcium channels suggests that mobilization of internal calcium stores is

important for HVC. While the role of TPCNs in neural processing is unknown, inositol

1,2,5-trisphosphate (IP3) receptors (ITPRs) and ryanodine receptors (RYRs) are implicated

in plasticity, learning, and memory [277]. The higher expression of RYR2 and CACNA1C

in Area X is also intriguing, given that RYR2 interacts with CACNA1C in muscle cells to

coordinate excitation-contraction coupling [278]. Area X cells might thus funnel calcium

ions through plasma membrane-bound CACNA1C to ER-bound RYR channels as a way to

amplify calcium signaling. Lastly, ITPRs and RYRs do not overlap in location or direc-

tion of expression, suggesting the recruitment of distinct intracellular calcium stores and

signaling pathways across song nuclei [279].
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Chloride channels

Of the gene families studied here, chloride channels are the least characterized and had

a low incidence of differential expression. Considering their role in stabilizing the resting

potential [163, 280], the higher expression of chloride channels in HVC and RA might help

the membrane potential to reset despite large voltage fluctuations. Passeriformes appear

to lack CLCA genes. In mammals, these calcium-activated proteases are expressed pre-

dominantly in intestine and airway epithelium, and a only few are expressed in brain [202].

The absence of CLCAs suggests that songbirds rely on other mechanisms to regulate chlo-

ride transport in respiratory, digestive, and excretory tissues. Some CLCAs are expressed

in olfactory sensory neurons (OSNs) in mammals, where they modulate chloride currents

involved in olfactory signaling [281, 282]. Contrary to previous notions, birds use olfac-

tory cues [283–285] and have large repertoires of olfactory receptor genes [39, 286–288],

but downstream signal transduction mechanisms are unknown. In mammals, 90% of the

transduction current in OSNs is carried by the calcium-sensitive chloride channel ANO2

(TMEM16B) [289–291]. Because ANO2 is present in zebra finch and other avian species,

birds appear to have the necessary machinery for olfactory transduction. Moreover, BEST2

- once the strongest candidate for transduction in OSNs [292] - is missing from zebra finch,

consistent with the conclusion that BEST2 is not required for olfaction [293]. In sum, while

the main carrier of olfactory transduction current (ANO2) may be conserved between mam-

mals and birds, the lack of CLCAs suggests that regulation of this current may be markedly

different in Passeriformes.
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Conclusions

We report here on the genomic identity and song system expression of three major

ion channel families. The majority of these genes are conserved between birds and mam-

mals, and the expression data paint a picture of abundant differential patterns, especially for

sodium and calcium channel genes, in circuitry that supports the acquisition and produc-

tion of learned vocalizations. We note that while changes in synaptic and intrinsic properties

during the song learning period have been reported [144, 159, 234, 235], further studies of

developmental regulation of ion channel genes in song nuclei are needed [294, 295]. Fi-

nally, this investigation establishes a foundation and framework for future studies to test the

contribution of specific ion channel genes to distinct excitability properties of vocal nuclei

in songbirds.
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Chapter 3

Emergence of sex-specific

transcriptomes in a sexually dimorphic

brain nucleus

At the time of this dissertation’s completion, the following chapter was being edited and pre-

pared as a manuscript to submit for publication. Expression data, analysis code, and up-to-

date publication info can be found at https://github.com/samifriedrich/zebrafinchRA.

3.1 Introduction

The study of sex differences in the brain is a critical area of research for its broad impacts,

ethical implications, and exploratory power. A vast number of sex differences in the brain

have been reported that range in biological scale, but relatively few gross neuroanatomical

sex differences have been documented thus far. One of the most drastic neuroanatomical
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sex differences in vertebrates is that of song control regions in songbird brains, which grow

several times larger inmales than females [48]. A vast body of research has demonstrated the

pivotal role sex steroids hormones play in sexual differentiation of neural tissue, including

the songbird brain [296, 297]. However, the genetic and molecular dynamics that establish

sex differences in the developing brain have only recently come under investigation.

Songbirds provide fertile ground to address questions of sex differences in the brain, as

they exhibit marked sexual dimorphism in both singing behavior and underlying brain cir-

cuitry. Song is an example of vocal learning, the ability to learn sounds through imitation,

which is a rare trait observed in a small number of mammals (humans, cetaceans, pinnipeds,

and possibly elephants and bats,) and three groups of birds (songbirds, parrots, and hum-

mingbirds) [16]. The degree of sexual dimorphism in singing behavior varies widely across

songbird species, with vocal duetting between sexes at one end of the spectrum, and com-

plete absence of song in one sex at the other [298]. Zebra finches (Taeniopygia guttata)

are a songbird species in which this behavioral dimorphism is binary. Both males and fe-

males produce various types of calls, but only males produce complex song [21]. This

pronounced sex difference is accompanied by conspicuous sexual dimorphism in the neural

circuitry that drives song [48]. The song system is a network of pallial, basal ganglia, and

thalamic components (Figure 1.1), comprising two interconnected circuits; the direct vocal-

motor pathway, necessary for song production [28, 29], and the anterior pathway, necessary

for song learning and adult song plasticity [14, 30–32]. When the song nuclei of males and

females were first characterized [48], neuroscience had rarely seen a more striking sex dif-

ference in gross neuroanatomy. Among these dimorphic song nuclei is the robust nucleus

of the arcopallium (RA), which is over five times larger adult males compared to females
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[53]. RA is the main output nucleus of the telencephalic song system, and lesions of RA

severely disrupt song [28]. In RA, signals from the anterior pathway converge with those

of the direct vocal-motor pathway, and outputs are sent to brainstem regions that innervate

the avian vocal organ (syrinx) and coordinate respiration [35]. In terms of behavioral func-

tion, RA neurons are active during song production and are thought to encode the acoustic

properties of song syllables [236, 252, 299].

RA undergoes major sex-specific morphological changes during the critical period for

song learning (Figures 3.1 and 3.2). In contrast to the striking sex dimorphism seen in

adulthood, RA appears monomorphic in young zebra finches (Figure 3.1, left). Over the

first three weeks post-hatch, RA grows equally in volume in both sexes [53]. Around 20

DPH, before males have begun producing their first song-like vocalizations, RA’s growth

trajectory begins to diverge; male RA begins increasing in volume, and female RA begins

decreasing in volume. By 50 DPH, about the time when males begin singing rudimentary

song, male and female RA are extremely dimorphic (Figure 3.1, right), approximating adult

RA volumes.

Over this 20-50 DPH window of development, there are sex-specific shifts in RA’s cy-

toarchitecture that drive the observed volumetric growth in males, and regression in females

(Figure 3.2). In males, the expanding volume of RA is driven by increases in cell size and

decreases in cell density [54]. In females, the shrinking volume of RA is driven by the loss

of neurons [60]. Due to these cellular changes, by 50 DPH, male RA is characterized by

more numerous, large, widely spaced cells, and female RA is characterized by fewer, small,

tightly packed cells (Figure 3.1, right). In tandem with morphological sex dimorphism,

RA develops sex differences in innervation from afferents [52, 60, 300–302], cell viability
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Figure 3.1: The morphological divergence of RA in developing males and females. Nissl
stains of sagittal 10 µm brain sections showing RA (indicated by arrowheads) and surround-
ing arcopallium. At 20 DPH, male and female RA have comparable volume, cell density,
and cell size. At 50 DPH, male RA is larger in volume, and is characterized by larger cells
that are more spread out than female RA. Scale bar = 250 µm
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RA volume increases in males and decreases in females

Greater HVC innervation in males than females

RA neuron size increases in males and decreases in females

RA neuron number decreases in females

RA neuron density decreases in males and increases in females

Days posthatch
(DPH)

RA bursting increases in males

RA spontaneous and evoked firing rates increases in males

Cell death of afferent LMAN projection neurons in females
CONNECTIVITY

ELECTROPHYSIOLOGY

MORPHOLOGY

subsong plastic song   SINGING BEHAVIOR

RA resurgent current increases in males

HVCàRALMANàRA

Figure 3.2: Developmental timeline of sex differences in RA. Text boxes (top) denote ap-
proximate timing of afferent innervation fromRA’smain afferents; the lateral magnocellular
nucleus of the anterior neostriatum (LMAN), and nucleus HVC (proper name). Arrows de-
note ages appearing in Figure 3.1, and ages used to generate RNA-seq data for this study.
Information summarized from [50, 52–54, 56, 59, 60, 234, 235, 300–303]

[56], and excitability properties [234, 235, 303] (summarized in Figure 3.2). Additionally,

developmental sex differences in RA expression levels have been characterized for several

genes [303–307]. It is also during this developmental window that males begin practicing

their songs, initially producing highly variable vocalizations called subsong as early as∼30

DPH, and progressing to plastic song characterized by discernible syllables by ∼50 DPH

[308].

Considering the multifaceted and rapid nature of sex differentiation in RA (Figure 3.2),

we reasoned that many genes spanning a wide array of functional networks must be re-

cruited to orchestrate sex-specific developmental programs. We also hypothesized that the

transcriptional profile of RA would mirror that of its sexually dimorphic growth trajectory,
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with males and females showing more similar transcriptomes at early ages. To test these

ideas, we characterized developmental changes and sex differences in the transcriptomic

landscape of RA. We used laser capture microdissection and bulk RNA-sequencing to as-

say the male and female transcriptomes of RA at the outset (20 DPH) and tail end (50

DPH) of its divergent growth trajectory. The results show that male and female RA start out

with similar transcriptomes, where sex differences in gene expression are mostly due to sex-

linked genes, and then undergo two massively gene-rich and functionally distinct sex-linked

developmental programs.

3.2 Methods

3.2.1 Animals and tissue preparation

All procedures involving live birds were approved by the OHSU Institutional Animal

Care and Use Committee, and are in accordance with NIH guidelines. Zebra finches were

obtained from our colony or purchased from a commercial supplier. All birds were kept

under a 12:12 light/dark cycle and supplied daily with seed, millet spray, water, egg food,

cuttle bone, soluble grit, and kale ad libitum. Juveniles were raised by both parents in single

family breeding cages, where they remained until the target age (20 or 50 DPH)was reached.

Captive zebra finch clutches often hatch over a period of several days, so to minimize age

variability within groups, we devised a method to track the exact age of each juvenile. We

used nontoxic food coloring to dye down feather patches in distinctive patterns (e.g. red

head, green flanks) on hatch day, then transitioned to leg banding around 10 DPH. To min-
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Sex Age Group (DPH) Exact Age (DPH) n
Female 20 20±0 5
Male 20 20±0 5
Female 50 47-50 7
Male 50 46-50 5

Table 3.1: RA sample groups for RNA-seq. Additional samples were included in the 50
DPH female group as insurance against the possibility of cDNA library failure, however all
samples succeeded and thus were included in the study.

imize relatedness as a confound, juveniles from 11 different breeding pairs were assigned

pseudorandomly to groups, such that main contrasts (Table 3.2) did not compare siblings. To

minimize the confounds of circadian rhythms and behavioral state (including song-induced

gene expression), all juveniles were sacrificed by decapitation within 20 minutes of lights-

on, and no singingwas observed for any juvenile in this window. Sexwas determined around

10 DPH using the highly reliable and economical PCR sexing protocol described in [309],

and confirmed postmortem by gonad inspection. Brains were rapidly dissected into hemi-

spheres, blocked in TissueTek OCT (Sakura Finetek USA, Inc.; Torrance, CA), and flash

frozen by placing brains into a slurry of pulverized dry ice and isopropanol. Once frozen,

brains were transferred to -80 ◦C freezer for storage until cryosectioning.

3.2.2 Laser capture microdissection

Several methodological precautions were taken to limit the RNA degradation by ribonu-

cleases (RNases), including the use of RNase-free materials, cleaning equipment and work

areas with RNase Away (Molecular BioProducts), and frequently changing gloves and stain-

ing solutions. Fresh frozen brains were cryosectioned on a Leica CM1850 cryostat at 12 µm

thickness. As sectioning advanced through the brain, Nissl staining of tissue mounted on
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Figure 3.3: Laser capture microdissection of RA. Images were taken using the Leica LMD
6500 and show a sagittal 12 µm section from a 50 DPH female. Tissue is shown before (left)
and after (right) laser capture microdissection was performed. Inset shows RA microdis-
sectant in the collection tube cap. Scale bar = 250 µm

regular glass slides was used to assess brain anatomy until the medial edge of RA was vis-

ible. PEN membrane glass slides (Leica, No. 11505158) were labeled then UV treated

for 15 min on a TFX-20M transilluminator (Life Technologies). Brain sections containing

RA were mounted onto UV-treated PEN slides, with the exception of every 12th or 16th

section, which was mounted on a frosted glass slide and Nissl stained to assess the level of

RA. To avoid freeze-thaw cycles between the successive mounting of multiple sections onto

each slide, four sections at a time were cut and arranged on the cryostage using RNase-free

paintbrushes, then mounted simultaneously onto a room temperature PEN slide. As soon

as sections had fully adhered, slides were transferred to 50 ml Falcon tubes of chilled 100%

ethanol stored within the cryostat. Slides remained in chilled 100% ethanol until staining.

Sectioning continued as described until the extent of RA was collected. Slides were then

stained at room temperature, one at a time, using a series of ethanolic solutions prepared

from RNase-free ethanol, cresyl violet acetate, and NanoPure water in 50 ml Falcon tubes.
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Ethanolic solutions were used to minimize hydration-activated RNase activity during stain-

ing. Slides were immersed for 30 sec in each the following: 100% ethanol, 95% ethanol,

75% ethanol, 4% cresyl violet in 75% ethanol, 75% ethanol, 95% ethanol, 100% ethanol,

and again in 100% ethanol. Xylenes were omitted from our staining protocol because we

found that 100% ethanol was sufficient to fully dehydrate the tissue. Ethanol series solu-

tions were changed out every 4-6 slides, and the cresyl violet staining solution was pipetted

onto each slide to avoid contaminating the stock. Laser capture was performed immediately

after staining. To minimize RNA degradation, staining and laser capture were performed in

batches of 2-4 slides so that RA tissue was microdissected and immersed in RNA-stabilizing

solution within 1 hour after staining.

Laser capture microdissection was performed on a Leica LMD 6500. The surrounding

work area and equipment werewiped downwith RNaseAway before beginning laser capture

each day. Tissue was collected into 0.5 ml tube caps containing 40-70 µm RLT Buffer (Qi-

agen) and 2-mercaptoethanol. The laser path around RA was conservatively drawn around

the core of RA, and we confirmed successful capture by inspecting collection tube caps

(Figure 3.3). Once laser capture for 2-4 slides was complete, collection tubes were care-

fully closed and removed from the collection device, vortexed for 30 sec, then immediately

placed on dry ice. This procedure was repeated in batches of 2-4 slides until the whole

of RA was captured, then collection tubes were transferred to a -80 ◦C freezer until RNA

isolation.
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3.2.3 RNA isolation and RNA-seq

Sample tubes were thawed in a gloved hand until no particulate was visible in the so-

lution, then vortexed for 30 sec. RNA was isolated using the RNeasy Micro Kit (Qiagen)

with on-column DNase digestion. RNA isolation was performed in randomized batches of

4-5 samples and according to kit instructions with two exceptions: 1) an additional 80%

ethanol wash was performed immediately after the first, and 2) the RNase-free water used

to elute the RNA was incubated on the column for 10 min prior to centrifuging to increase

RNA yield. Isolated RNA samples were stored at -80 ◦C until submission to the OHSU

Massively Parallel Sequencing Shared Resource for RNA quality assessment, cDNA syn-

thesis, library preparation, and sequencing. Sample size per group was no less than n=5

(see Table 3.1). Because total tissue and RNA yields were lowest for the 50 DPH female

group, we prepared additional (n=7) samples in case library preparation failed for one or

two samples. Fortunately, all 50 DPH female samples passed quality assessments and li-

brary preparation, thus all were sequenced and included in our analysis. RNA quality was

assessed on a Bioanalyzer 2100 using the high sensitivity RNA 6000 pico assay (Agilent).

The median RIN for all samples was 8.6, and all but one sample (1204R, RIN=6) had a RIN

exceeding 7. cDNA libraries were generated using the SmartSeq v4 PLUS kit (Takara Bio

USA). Paired end sequencing (2 x 100 bp) was performed on the NovaSeq 6000 S4 flow

cell (Illumina) to a target depth of 50M reads per sample.

Quality control and trimming was performed prior to genome alignment using trimmo-

matic (v0.36), and no issues were detected from FastQC (v0.11.9) reports. Splice-aware

STAR (v2.6.1) was used to align reads and generate read counts per gene based on the
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bTaeGut1_v1.p zebra finch assembly (GCF_003957565.1) and associated genome features

from the NCBI Taeniopygia guttata Annotation Release 104.

3.2.4 Differential gene expression analysis

All code and custom functions used for RNA-seq analyses were written in R using

RStudio and various Bioconductor packages, and can be found at https://github.com/

samifriedrich/zebrafinchRA. To summarize, STAR output tables were used to create

a sample-by-gene count matrix. This count matrix was used as input to DESeq2 (v1.30.1),

which performed filtering, normalization, and regularized log transformation. A sample

PCA was generated based on variance transformed values. To determine significantly dif-

ferentially expressed genes (DEGs), a negative binomial generalized linear model was fit

to the data with sex and age as main factors with a sex+age interaction. Wald tests were

performed on user-specified contrasts (Table 3.2) to determine: developmentally-regulated

genes within each sex; sex-biased genes within each age; and genes significant for a sex+age

interaction. To improve detection and diminish the multiple testing problem, independent

filtering for each test was performed using the mean of normalized counts as a filter statistic.

Genes with a Benjamini-Hochberg-based false discovery rate (FDR) < 0.01 were considered

significant, and are referred to as DEGs. Because none of the juveniles sang in the 20 min

window between lights-on and sacrifice, we did not remove singing-regulated genes from

our result sets.
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Result set name Groups contrasted DEG type
Female development 20 DPH females vs 50 DPH fe-

males
Developmentally regulated

Male development 20 DPH males vs 50 DPH
males

Developmentally regulated

20 DPH sex contrast 20 DPH females vs 20 DPH
males

Sex-biased

50 DPH sex contrast 50 DPH females vs 50 DPH
males

Sex-biased

Sex+age interaction All four groups Developmentally regulated in a
sex-dependent manner

Table 3.2: Differential expression analysis design

3.2.5 Hierarchical clustering analysis

To identify groups of genes that showed similar expression across sex and age, we per-

formed hierarchical clustering using the degPattern() function from clusterProfiler (v3.18.1).

Only DEGs were considered and used as input for clustering analyses. From the regularized

log transformed count matrix of relevant DEGs, the degPattern() function composes a dis-

tancematrix based on correlations between groupmeans of gene expression, then constructs

a hierarchy of clusterings based on that distance matrix.

3.2.6 Functional analyses

To identify gene ontology (GO) terms, specifically biological processes and molecular

functions, that were significantly enriched in our DEG sets, we used functions from cluster-

Profiler (v3.18.1) to perform over-representation analysis (ORA) as well as gene set enrich-

ment analysis (GSEA). Because these functional analysis tools are based on human data,

zebra finch genes were mapped to their corresponding human orthologs based on HGNC

symbol. For over-representation analyses, DEG sets were compared against a background of
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all assessed genes with human orthologs (n=11,541). Only enrichment terms with adjusted

p < 0.05 and supported by at least 5 DEGs were considered.

3.2.7 In situ hybridization

We performed in situ hybridization on developmental RA sections to characterize the

expression patterns of select DEGs in more detail. These experiments provided validation

of the RNA-seq data, as well as arcopallial and cell population expression information.

When choosing genes for in situ hybridization, we looked for DEGs that a) showed high

absolute log2 fold changes in relevant contrasts, b) were known markers of adult RA, c)

were located on chromosome Z, d) were representative of an expression pattern cluster, e)

had functional annotations of interest, or some combination thereof. Digoxigenin (DIG)-

labeled riboprobe synthesis and in situ hybridization was performed as described in [172].

cDNA clones from the ESTIMA collection [173] were selected based on their alignment

to and specificity for the target locus. Where possible, we further maximized specificity by

choosing clones from the 3’-untranslated region of each gene. Sagittal sections for in situ

hybridization were derived from fresh frozen brains, cryosectioned at 10 µm onto charged

glass slides (Superfrost plus; Fisher Scientific).
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3.3 Results

3.3.1 Transcriptional profiling of RA using RNA-seq

To characterize the molecular dynamics underlying sexual dimorphism of the song sys-

tem, we evaluated genome-wide sex differences and developmental regulation within song

nucleus RA.We collected brain tissue fromRA of male and female zebra finches at 20 DPH,

when RA is largely monomorphic, and at 50 DPH, when RA reaches its peak morphological

sex dimorphism [53]. Juveniles remained in their family breeding cages until they reached

the desired age. We used juveniles from 11 different breeding pairs to ensure genetic di-

versity within and between experimental groups. To minimize the confound of relatedness,

male and female sibling pairs were assigned to groups such that they would not be directly

contrasted (Table 3.2), i.e. a 20 DPH male and a 50 DPH female, or a 20 DPH female and

a 50 DPH male. Sensorimotor and social experiences such as singing, hearing song, or be-

ing socially isolated are known to induce changes in gene expression within the brain [40,

42, 45, 310, 311]. To minimize the effects of variability in behavioral, sensory, and social

states, we removed birds from the aviary just after lights on, monitoring them to verify that

none of the 50 DPH males sang, and collected brains within 20 min. We used laser capture

microdissection to extract RA from 12 µm-thick sagittal, ethanol-fixed, Nissl-stained brain

sections spanning the mediolateral extent of RA (see Figure 3.3 and Methods for details).

We isolated high quality total RNA from 5-7 RA microdissectants per group (Table 3.1),

opting not to pool samples, and thus retaining information about individual sample variabil-

ity while maximizing statistical power. We prepared and sequenced cDNA libraries using

the Illumina Novaseq platform, which produced 100 bp paired end reads to an average depth
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of ∼50M reads per library. After quality control filtering and trimming, we aligned reads

to the zebra finch assembly (bTaeGut1_v1.p, GCF_003957565.1) using the STAR aligner

(v2.6.1), and then used DESeq2 (v1.30.1) to perform normalization, statistical modeling,

and differential gene testing for n=21,955 genes. We found no evidence of outliers or batch

effects based on hemisphere, RNA isolation batch, read depth, or sequencing lane.

3.3.2 Male and female RA transcriptomes are similar at 20 DPH and

divergent at 50 DPH

To visualize the sample-to-sample variation and high-dimensional structure in our data,

we performed a principal component analysis (PCA) using the top 500 genes that showed the

greatest variance across all samples. The PCA revealed overall sample structure in line with

our hypothesis that RA transcriptome would parallel its morphological divergence. When

plotting the first two principal components, we observed that samples fell into three distinct

clusters; the 20 DPH males and females intermixed within a single cluster, while the 50

DPH animals separated into male and female clusters (Figure 3.4). Even when all assessed

genes (n=21,955) were used to generate a PCA plot, the 20 DPH groups remained closely

clustered, but could be bisected into male and female groups by a diagonal line through the

cluster (Figure S3.1). This clustering pattern provides a strong correlate to the morpholog-

ical states of RA; at 20 DPH when male and female RA are mostly monomorphic, their

transcriptome signatures closely resemble one another; at 50 DPH when male and female

RA have become dimorphic, transcriptome signatures separate into sex-specific clusters.
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3.3.3 Differential gene expression in RA

To determine statistically significant (adjusted p-value < 0.01) differentially expressed

genes (DEGs), we built a model with sex and age as main factors, plus an interaction coeffi-

cient of sex+age. Paired contrasts of specified groups from this model (Table 3.2) yielded

four sets of DEGs; 3,394 developmentally regulated DEGs in males, 1,803 developmentally

regulated DEGs in females, 339 sex-biased DEGs at 20 DPH, and 4,262 sex-biased DEGs

at 50 DPH. In addition, we found 1,446 DEGs that showed a sex+age interaction, i.e. genes

whose developmental trajectories were significantly sex-dependent. One notable finding of

this DEG analysis was how few genes were sex-differential at 20 DPH relative to 50 DPH.

This result is consistent with our hypothesis that male and female RA would express simi-

lar genes when RA is monomorphic, and explains the tight clustering of 20 DPH male and

female samples in the PCA plots (Figure 3.4 and Figure S3.1).

Validation of RNA-seq data

Before performing further analyses, we validated our DEG analysis by comparing dif-

ferential expression results for several genes against published mRNA and/or protein ex-

pression patterns in developmental RA. Due to variability across studies in quantification

technique and exact age assessed, we evaluated the relative trends for each gene. We found

that sex differences and/or developmental changes were consistent between our RNA-seq

data and published data for SCN3B and SCN4B [303], SCAMP1 [304], VIM [312], PVALB

[313], ROBO1, and SLIT1 [305]. Additionally, we analyzed the set of known RA markers

published by our lab on the Zebra Finch Brain Expression Atlas, ZEBrA (http://www.
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zebrafinchatlas.org) that appeared in the DEG set for male development. RA markers

are defined as genes whose expression within adult male RA contrasts with expression in the

surrounding arcopallium, such that the boundaries of RA are clearly evident in the in situ

hybridization pattern. Positive and negative markers show increased and decreased mRNA

expression, respectively, within RA relative to the surrounding arcopallium. We found that

the vast majority of developmentally regulated DEGs in males changed in the direction con-

sistent with their adult male RA marker type. Specifically, of the 73 RA marker genes that

were DEGs in male development, 27 out of 32 (84%) positive marker genes increased with

age, and 41 out of 41 (100%) negative marker genes decreased with age. Assuming that

most RA marker genes emerge or are intensified over the course of song learning, the con-

gruence between adult marker type and developmental log2 fold change direction provides

further validation of the RNA-seq data.

Male RA undergoes more drastic transcriptional changes than female RA

Massive sex differences were immediately apparent from the summary data for the DEG

analysis. The MA plots of the four main contrasts are shown in Figure 3.5, with DEGs indi-

cated by blue dots. Inmale and female development contrasts, DEGswere evenly distributed

between up- and down- regulated genes: there were 870 up- and 933 down- regulated genes

whose expression changed over development in females, and 1,686 up- and 1,709 down-

regulated genes whose expression changed over development in males. Notably, many

more genes shift in their expression levels over development in male RA compared to fe-

male RA. Additionally, the mean and median absolute log2fold changes of developmentally

regulated DEGs were larger in males (1.06 mean; 0.78 median) than females (0.87 mean;
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Figure 3.5: MA plots of DEGs for sex and age contrasts. Positive log2 fold change values
indicate higher expression in males for sex contrasts (top), and higher expression at 50 DPH
in age contrasts (bottom). Blue and grey points represent differential and nondifferential
genes, respectively. Triangles represent genes with log2 fold changes > |4|.

0.63 median), indicating the magnitude of changes in expression levels were also greater in

males. Together, these data strongly suggest that normal RA development in males recruits

a broader gene network and more drastic expression level shifts. Consequently, 50 DPH

male RA is the most transcriptionally distinct from a 20 DPH RA, a finding echoed in the

remoteness of the 50 DPH male cluster in the PCA plot (Figure 3.4).
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Developmentally regulated genes are predominantly sex-specific

To better understand the degree of shared versus sex-specific changes in gene expres-

sion, we looked at how many genes were developmentally regulated in one versus both

sexes. Sex-specific developmentally regulated genes (n=978 in females; n=2,569 in males)

outweighed shared ones (n=825), adding further support to the idea that male and female

RA undergo distinct developmental programs. Among the 825 DEGs that showed devel-

opmental changes in both sexes, 760 (92%) of them changed in the same direction. Of

these 760 DEGs that were directionally congruent, only 70 (9%) were significant for an

interaction between sex and age. Indeed, the majority (n=690) of DEGs common to male

and female development changed in the same direction and by comparable relative magni-

tudes, suggesting these genes may be part of a sex-neutral developmental program. Col-

lectively, these findings indicated that sex-specific development of RA is coordinated by

largely nonoverlapping gene networks unique to each sex.

Male-biased expression of chromosome Z genes dominates early transcriptional sex

differences in RA

A defining feature of the 20 DPH sex contrast is the uneven distribution of DEGs toward

male-biased expression. As shown by the MA plot in Figure 3.5 (top left), the majority of

sex differential genes have positive log2 fold change values, indicating greater expression in

males than females. Given that males are the homogametic (ZZ) sex, and that zebra finches

lack global dosage compensation [136, 138], we suspected that many of the male-biased

genes would be located on the Z sex chromosome. Indeed, we found that 87% (n=295)
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Figure 3.6: Sex-biased genes by chromosome at 20 and 50 DPH. Number of DEGs per
chromosome was normalized to the total number of genes on each chromosome to account
for differences in chromosome length and gene density.

of the DEGs from the 20 DPH sex contrast were located on the Z chromosome, and all of

them were male-biased. Conversely, only 10% (n=413) of all DEGs from the 50 DPH sex

contrast were Z chromosome genes, of which 94% (n=388) were male-biased. This devel-

opmental shift in the proportion of Z-linked-to-autosomal DEGs is quantified in Figure 3.6,

which clearly shows the overrepresentation of Z-linked genes among 20 DPH sex-biased

genes. Thus, transcriptional sex differences are dominated by sex chromosome genes early

in RA development, and shift to being driven more by autosomal genes once RA is sexually

dimorphic.

90



3.3.4 Z chromosome DEGs cluster into distinct expression patterns

Sex chromosome genes are well-situated to stage the development of sex differences

[63], especially in species like zebra finches where there is no known mechanism for global

dosage compensation [136, 138]. We ran a hierarchical clustering analysis on all Z chromo-

some genes appearing in at least one DEG set (n=509) to group Z-linked genes into shared

expression patterns. We found that most Z-linked DEGs (n=431 from Groups 1, 2, and 3)

appear to be expressed at higher levels in males at both ages (Figure 3.7). A small number

of Z-linked DEGs was higher in females, some showing developmental increases in females

and decreases in males, which could reflect gene-specific dosage compensation. Functional

analyses of the genes from each expression pattern group did not identify any significant en-

richments. However, in situ hybridization experiments revealed striking expression patterns

for two Z chromosome genes implicated in neural development; LPL and CTSL.

LPL was a representative Z-linked gene from Group 1 that showed developmental in-

creases in both male and female RA, yet was not significantly male-biased at either time

point. The in situ hybridization data shows relatively flat expression throughout the arco-

pallium at 20 DPH in males and females (Figure 3.8). By 50 DPH, there is an increase in

LPL expression within RA relative to the arcopallial surround in both males and females.

In adult male, LPL is a highly discrete positive marker of multiple song nuclei including

RA (Supplementary Figure S3.2). LPL codes for lipoprotein lipase, an enzyme integral to

metabolising and transporting lipids. In vitro studies point to a role for LPL in neuronal

differentiation and neurite extension [314]. In rodents, LPL is highly expressed in a number

of brain regions and cell types, including prominent expression in primary motor cortex and
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layer II-VI cortical cells [315]. Considering that RA shares transcriptional convergence with

mammalian motor cortical regions [19], LPL expression may represent a shared molecular

specialization between birds and mammals.

Cathepsin L (CTSL) was a representative Z-linked gene from Group 3, which showed

sex-specific developmental regulation, decreasing only in females to become male-biased at

50 DPH. We confirmed this regulatory pattern via in situ hybridization, which also revealed

CTSL to be a strong positive RA marker in males (Figure 3.8). Although RA is visible

among CTSL mRNA-expressing cells in both sexes at 20 DPH, the contrast between RA

and its surround is most intense in 50 DPH male brain, seemingly due to developmental

decreases in CTSL expression in the surrounding arcopallium. In contrast, CTSL expres-

sion in females appears to decrease throughout both the arcopallium and RA. Cathepsin L

and its close homolog cathepsin B (CTSB) are two lysosomal cysteine proteases that have

been linked to a wide array of functions in the brain, including extracellular matrix remod-

eling, neuropeptide synthesis, and apoptosis [316–319]. These cathepsins may play a role

in synapse formation [319, 320] and extracellular cathepsin L has been shown to directly

stimulate axon growth in vitro [321]. As detailed above, CTSL decreased in female RA,

and our RNA-seq data indicates that CTSB increases more with age in males compared to

females. If cathepsin function is conserved in vertebrate brain development, perhaps the

decrease of CTSL in female RA leaves neurons more susceptible to lysosomally-mediated

apoptosis, while higher levels of both CTSB and CTSL in males provide neuroprotection

from cell death, and support synapse organization and axon growth.
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Figure 3.8: Expression of sex differential chromosome Z genes in developing RA. In situ
hybridization photomicrographs show sagittal 10 µm sections at the core of RA. Scale bar
= 250 µm

3.3.5 Functional enrichments inRAdevelopment are highly sex-specific

To gain insight into the biological processes and molecular pathways of sex-differential

RA development, we performed both competitive and noncompetitive functional analy-

ses. Competitive, overrepresentation analysis (ORA) was performed to find enriched path-

ways in each of the DEG result sets. Overall, we found that functional enrichments for

developmentally-regulated DEG sets were quite different between sexes with very little

overlap 3.3 3.4. Functional themes that were significant and unique to female develop-

ment include response to steroid hormone, establishment and regulation of cell polarity,

negative regulation of cellular component movement, and differentiation of glia and oligo-

dendrocytes. The functional themes associated with DEGs in male development include

axon/projection development, axon insulation (oligodendrocyte development, axon ensheath-

ment, myelin maintenance), cell morphogenesis and growth, metabolic and energetic pro-

cesses, synapse organization, neurotransmission (including several glutamatergic, GABAer-
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GO:0051271 negative regulation of cellular component movement

GO:0030336 negative regulation of cell migration

GO:1903817 negative regulation of voltage-gated potassium channel activity

GO:1902260 negative regulation of delayed rectifier potassium channel activity

GO:0010001 glial cell differentiation

GO:0048709 oligodendrocyte differentiation

GO:0045666 positive regulation of neuron differentiation

GO:0045165 cell fate commitment

GO:0001217 DNA-binding transcription repressor activity

GO:0035195 gene silencing by miRNA

GO:0150100 RNA binding involved in posttranscriptional gene silencing

GO:0001216 DNA-binding transcription activator activity

GO:0048545 response to steroid hormone

GO:0009755 hormone-mediated signaling pathway

 Cell movement

 Cell differentiation

 Regulation of membrane potential

 Hormone signaling

 Transcriptional regulation

GO Enrichments in Female RA Development

Table 3.3: Summary of GO enrichments for female RA development.

gic and peptidergic receptors), cell junction assembly, regulation of membrane potential,

and voltage-gated ion channel activity.

In testing for overrepresentedGO terms associatedwith sex differences, we found no sig-

nificant enrichments among the 339 DEGs that were sex-biased at 20 DPH. However, many

of the sex-specific developmental enrichments mentioned above were similarly enriched

amongDEGs that were sex-biased at 50 DPH, includingmost of the functional themes listed

above for male development. Several additional functional categories unique to the 50 DPH

sex contrast appeared, including histone binding, transcription corepressor and coregulator

activity, mRNA processing, response to monoamines, response to catecholamines, cell-cell

signaling involved in cardiac conduction, and cerebral cortex GABAergic interneuron dif-
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GO:0042330 taxis

GO:0042391 regulation of membrane potential
GO:0034765 regulation of ion transmembrane transport
GO:0005244 voltage-gated ion channel activity
GO:0046873 metal ion transmembrane transporter activity
GO:0017080 sodium channel regulator activity

GO:0061564 axon development
GO:0014003 oligodendrocyte development
GO:0031346 positive regulation of cell projection organization
GO:0032291 axon ensheathment in central nervous system
GO:0043217 myelin maintenance
GO:1990138 neuron projection extension

GO:0050808 synapse organization
GO:0051963 regulation of synapse assembly
GO:0050803 regulation of synapse structure or activity
GO:0099560 synaptic membrane adhesion
GO:0099177 regulation of trans-synaptic signaling
GO:0051937 catecholamine transport
GO:0099601 regulation of neurotransmitter receptor activity
GO:1900449 regulation of glutamate receptor signaling pathway
GO:0099003 vesicle-mediated transport in synapse
GO:0099645 neurotransmitter receptor localization to postsynaptic specialization membrane

GO:0022604 regulation of cell morphogenesis
GO:0060560 developmental growth involved in morphogenesis
GO:0061387 regulation of extent of cell growth
GO:0048588 developmental cell growth

GO:0006734 NADH metabolic process
GO:0009150 purine ribonucleotide metabolic process
GO:0006091 generation of precursor metabolites and energy
GO:0006090 pyruvate metabolic process
GO:0046034 ATP metabolic process
GO:0061718 glucose catabolic process to pyruvate
GO:0019693 ribose phosphate metabolic process
GO:0044282 small molecule catabolic process
GO:0010563 negative regulation of phosphorus metabolic process
GO:0016052 carbohydrate catabolic process

 Cell energetics and metabolism

 Regulation of membrane potential

GO Enrichments in Male RA Development
 Cell movement

 Axon and projection development

 Synaptic assembly, organization, and function

 Cell growth and morphogenesis

Table 3.4: Summary of GO enrichments for male RA development.
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ferentiation. For all of these functional enrichments unique to the 50 DPH sex contrast,

females expressed most of the associated genes at higher levels than males. Female-biased

expression was observed for 57 out of 70 (81%) DEGs associated with histone binding; 43

out of 60 (72%) DEGs associated with transcriptional corepressor activity; 103 out of 144

(72%) DEGs associated with transcription coregulator activity; 130 out of 155 (84%) DEGs

associated with mRNA processing; 29 out of 35 (83%) DEGs associated with response to

monoamines; 31 out of 35 (89%) DEGs associated with response to catecholamines; 10 out

of 15 (67%) DEGs associated with cell-cell signaling involved in cardiac conduction; and

8 out of 9 (89%) DEGs associated with cerebral cortex GABAergic interneuron differentia-

tion. Functional enrichments for the sex+age interaction DEGs contained many of the same

themes as those for the four contrasts. However, a few unique functions emerged, including

beta-catenin binding, and insulin-like growth factor binding.

In addition to the ORA, we also performed a non-competitive gene set enrichment anal-

ysis (GSEA) for each of the DEG result sets. Unlike ORA, GSEA does not require delin-

eation of DEGs from non-differential genes. Instead, GSEA ranks the log fold changes of

all assessed genes to test for significantly coordinated shifts in gene pathways [322]. For age

contrasts within each sex, we again observed sex-specific pathways, many of which over-

lapped with the ORA results for males. Functional enrichments specific to female devel-

opment included hormone-mediated signaling, DNA-binding transcription repressor activ-

ity, oligodendrocyte differentiation, negative regulation of voltage-gated potassium channel

activity, and negative regulation of delayed rectifier potassium channel activity. We also

observed female-specific enrichments for cytokine production and regulation of cytokine

production, lymphocyte mediated immunity, and mRNA binding involved in posttranscrip-
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tional gene silencing. These particular functional enrichments are intriguing in light of

emerging evidence that neuroimmune signaling and microRNAs (miRNAs) may influence

sex-differentiation in the brain [323, 324]. miRNAs are particularly promising given their

ability to influence transcriptional networks, with relative concentrations of miRNAs to

their target mRNAs determining whether mRNA is translated to protein or translationally

suppressed. Our study found two miRNA genes with significant sex-bias in RA. MIR2954,

a chromosome Z gene, showed male-biased expression at both 20 DPH and 50 DPH. This

miRNA gene is unique to birds, and shows considerable sex-biased expression across sev-

eral tissues in adult zebra finch, including the brain [325]. This gene is also regulated in

response to song, as upon exposure to song playbacks, expression levels of MIR2954 in-

crease slightly in males, and decrease in females [311]. The other miRNA gene for which

we found sex-biased expression was MIR9-1, which showed no sex difference at 20 DPH,

but was significantly higher in males by 50 DPH. MIR9-1 is a variant of MIR9, which is

known to regulate a suite of genes in the developing vertebrate brain, in turn effecting neu-

ronal proliferation, migration, differentiation, and axon development [326].

Formale development, the familiar themes of axonogenesis, synapse organization/assembly,

and cell morphogenesis turned up in the GSEA results. The 20DPH sex contrast was associ-

ated only weakly with a type 1 interferon pathway. Functional pathways enriched among 50

DPH sex-biased genes included synapse organization/assembly, axon guidance and neuron

projection, RNA splicing, membrane depolarization during action potential, regulation of

hormone levels and hormone transport, regulation of neurogenesis, histone binding, chro-

matin binding, and mitochondrial respiration. For the sex+age interaction, the most signifi-

cant enrichment from this GSEAwas cellular respiration, accompanied by functions related
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to posttranscriptional gene silencing, voltage-gated calcium channels, synapse organization,

and axonogenesis.

Taken together, a few overarching motifs emerge from these functional results. The first

is that developmental pathways invoked in RA development are highly sex specific. While

the DEG sets for male and female development contained many hundreds of sex-specific

genes, it was possible that those gene sets would converge on similar functions. However,

we did not find evidence of functional convergence; not only were developmentally reg-

ulated genes mostly unique between males and females, the functional enrichments they

represent were also highly sex-specific. Broadly, female development was associated with

regulation of genes involved in gene silencing, hormone signaling and response, immune

signaling, cell polarity, and cell differentiation. In contrast, male development was associ-

ated with the regulation of genes that participate in the growth and organization of neuronal

projections and synapses, cell morphogenesis, neurotransmission, cellular metabolism and

energy, and voltage-gated ion channels. Many of these functional enrichment terms associ-

ated with male or female development reappeared in the 50 DPH sex contrast and sex+age

interaction results, further supporting the idea that transcriptional shifts in RA reflect func-

tional divergence between sexes. Additionally, no significant functional enrichments were

found for the 20 DPH sex contrast, whichmay reflect a true lack of functional sex differences

at this age, or alternatively, may be due to fewer DEGs, human orthologs, and/or functional

annotations for this Z chromosome-dominated DEG set. All together, these results demon-

strate that sex-specific and functionally-discrete gene networks are regulated over the course

of RA development.
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3.3.6 Sex+age interaction DEGs cluster into expression pattern groups

with distinct functional enrichments

The set of genes significant for an interaction between sex and age were quite hetero-

geneous in their developmental dynamics and sex differences. To identify groups of genes

with similar patterns of sex-dependent developmental regulation, we performed hierarchi-

cal clustering on all sex+age interaction DEGs (n=1,446). Hierarchical clustering yielded

9 unique expression pattern groups, providing a visual representation of the diversity of

regulatory motifs in this gene set (Figure 3.9). For followup analyses, we focused on the

first three expression pattern groups, as together they contained 1,006 (70%) of all sex+age

interaction DEGs. Representative examples of genes from each group were assessed by in

situ hybridization (Figure 3.10). To test whether unique expression patterns were associ-

ated with specific functional pathways, we performed an over-representation analysis (ORA)

on each group’s DEG set. The smaller clusters (groups 4-9) did not produce any enriched

terms that met our criteria (see Methods). However, we found that the largest three groups

(Groups 1-3) were uniquely enriched for different biological processes, demonstrating that

directionally coordinated shifts in gene expression were associated with distinct functional

networks.

Group 1 comprised 470 genes that becamemale-biased over development, mostly through

an increase in males and/or a decrease in females. The functional enrichments for Group 1

were largely metabolic and mitochondrial processes. One such gene, SLC4A4, was linked

to ATP metabolic process. SLC4A4 codes for a sodium bicarbonate cotransporter and has

been implicated in activity-dependent metabolic coordination between astrocytes and neu-
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Figure 3.9: Expression pattern clustering for genes that show an interaction between sex
and age. Number of genes in each group is displayed above each plot.
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rons [327]. RNA-seq data indicated that SLC4A4 was expressed at similar levels in 20 DPH

and increased developmentally only in males. SLC4A4 mRNA expression assessed via in

situ hybridization corroborated this observation of a male-specific increase (Figure 3.10).

SLC4A4 mRNA showed widespread expression in arcopallium at 20 DPH, with RA clearly

visible in males and females by its high cell density. The level of SLC4A4 expression in

the arcopallium surrounding RA decreased over development in both males and females, so

that by 50 DPH, SLC4A4 was a pronounced positive RA marker in males, but just barely

a positive marker in females. The increased expression of SLC4A4 in male development

appears to be part of a larger gene network of enriched cellular energetics pathways that

evolves to support the energy demands of fast spiking in large male RA neurons [234].

Group 1 also encompassed other genes that while not part of a significant enrichment

set, may be crucial to growth and development, such as growth factors. Pleiotrophin, the

gene product of PTN, is a secreted cytokine that acts as a growth factor. It is required for the

proper development of dendrites in newborn hippocampal neurons [328], and is implicated

in neuronal differentiation, axon growth, and synapse formation [329]. Our DEG analyses

revealed that PTN was developmentally regulated in a sex-dependent manner, which we

verified using in situ hybridization (Figure 3.10). At 20 DPH, mRNA expression looked

similar between males and females, and was not markedly different within RA versus its

surround. At 50 DPH, PTN is a striking positive marker of male but not female RA. The

diffuse expression pattern between darkly-stained cell nuclei suggests PTN mRNA may be

present in neurites, where it may act locally in supporting the growth of axons or dendrites,

potentially contributing to the greater dendritic arborization of RA neurons in males com-

pared to females [89].
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Figure 3.10: Expression of genes significant for an interaction between sex and age. In situ
hybridization photomicrographs show sagittal 10 µm sections at the core of RA. Top row
of Nissl-stained sections shows cytoarchitecture of RA and surrounding arcopallium. Scale
bar = 250 µm
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Group 2 contained 260 genes that became female-biased over development through

marked decreases in males. This group showed enrichments in GO terms related to axon

development, synapse assembly and organization, neurotransmission, potassium channels,

and sodium channel regulators. STMN1, which decreased substantially in male develop-

ment, was one gene in the enrichment set for axonogenesis. The gene product of STMN1,

stathmin 1, is a cytosolic phosoprotein that destabilizes microtubules [330]. Microtubule

network regulation is a key aspect of axon and dendrite development, and in vitro stud-

ies demonstrate that developmental downregulation of stathmin 1 activity is necessary for

normal dendritic arborization in cerebellar Purkinje cells [331], and axon formation in hip-

pocampal cells [332]. mRNA expression patterns confirm the male-specific developmental

decrease in RA (Figure 3.10). STMN1 is highly expressed within RA and surrounding

arcopallium at 20 DPH in both sexes. At 50 DPH, female RA continues to express high

levels of STMN1. In contrast, the overall expression within male RA at 50 DPH decreased

substantially from 20 DPH levels, and this decrease continues to adulthood, as STMN is an

exquisitely high-contrast negative marker of adult RA (http://www.zebrafinchatlas.

org). Given the neuromorphogenic effects of stathmin 1 suppression in mammalian neu-

rons, downregulation of STMN1 in male RAmay encourage the elaboration of axons and/or

dendrites, resulting in greater arborization in adult males [89].

Group 3 contained genes that became female-biased through increases in females and/or

decreases in males. This group was associated with GO terms including negative chemo-

taxis, voltage-gated ion channels (including several calcium channels), transcription cofac-

tor binding, and synapse organization. Chemotaxis is a key part of neural circuit devel-

opment that involves directing the growth of cells and neurites through both attractive and
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repellent factors [333, 334]. There were 6 DEGs in the enrichment set associated with nega-

tive chemotaxis; 5 genes (SEMA3F, SLIT1, NRG3, FLRT2, and SEMA4D) decreased over

male development but were static in females, and 1 gene (SEMA5A) increased over female

development but was static in males. The sex-specific developmental regulation of these

chemorepulsive cues provide a channel through which sex differences in RA afferents may

be established. Likewise, 15 out of 20 (75%) of the DEGs in the enrichment set for synapse

organization exhibited developmental decreases in males but no developmental shifts in

females. Combined with the predominance of synapse and axon development-related en-

richments in male but not female development, these findings suggest that genes involved

in orchestrating connectivity are more widely regulated in males.

Voltage-gated calcium channels were significantly enriched in Group 3, including alpha-

1 subunits CACNA1H, CACNA1D, CACNA1B, and CACNA1I. Another calcium channel

alpha-1 subunit, CACNA1E, was in Group 6, a group whose overall expression pattern

closely resembled Group 3 (Figure 3.9). Consistent with the RNA-seq data, CACNA1E

showed similar expression betweenmales and females at 20 DPH, but was selectively down-

regulated in RA over male development (Figure 3.10). The CACNA1E gene codes for an

R-type voltage-gated calcium channel that has been shown to limit depolarization in mam-

malian hippocampus [262, 263]. This raises the possibility that developmental downregu-

lation of CACNA1E in males contributes to the male-specific increases in action potential

amplitude observed in developing RA neurons [303].
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3.3.7 Differential expression in gene families implicated in sexually di-

morphic brain development

Based on previous literature describing RA’s multifaceted sexually dimorphic develop-

ment (Figure 3.2), we hypothesized that several key gene families and functional themes

would show transcriptional regulation, namely transcription factors, growth factors, and

apoptosis regulators. In addition, because sex steroid hormones have an established role in

song system development [61], we were curious about developmental expression levels of

related receptors and enzymes. Also, given sex differences and developmental changes in

the firing properties of RA neurons [234, 235, 303, 335], we expected to find sex-specific

developmental regulation of voltage-gated ion channels. In line with these predictions, we

found several indications of these gene families in the results of our enrichments analyses

reported above. However, considering that most gene ontology annotations encompass a

variety of gene families and molecule types, we decided to perform more directed analyses

of relevant genes. To avoid limiting our analyses to genes with human orthologs or human-

based functional annotations, we instead identified relevant genes using strict term searches

(e.g "growth" or "neurotrophic" for growth factors) of zebra finch gene descriptions. Using

this approach, we found a substantial number of sex-biased and developmentally regulated

genes across these gene groups, and highlight specific examples below.

Transcription factors

Bearing in mind their established role in development and ability to regulate multiple

genes, transcription factors are poised to modulate gene networks and induce widespread
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changes in transcriptome dynamics. We identified over 100 DEGs that contained the phrase

"transcription factor" in their gene description. Of note were four transcription factor genes,

RFX3, BDP1, GTF2H2, and BTF3, that were more highly expressed in males at 20 DPH,

and all but RFX3 were also male-biased at 50 DPH. Interestingly, all four of these transcrip-

tion factor genes are located on the Z chromosome, suggesting their male-biased expression

likely result from a lack of dosage compensation. Eight Sry-box (SOX) transcription factor

genes were sex differential at 50 DPH, 6 of which were female-biased, either due to de-

velopmental decreases in males (n=4), or developmental increases in females (n=2). Tran-

scription factors ASCL1, MITF, and POU2F1 increased over development in females, re-

sulting in significant female-biased expression at 50 DPH. Many transcription factor genes

exhibited male-specific decreases over development, includingMAFB, HES4, and SP9, and

several others showed male-biased expression at 50 DPH, including ETV4, ERG, and SP5.

Growth factors

Functional analyses of male development revealed several growth-related enrichment

terms that included a variety of molecule types. We focus here on growth factors, which

can have distributed effects as secreted molecules. Of the 10 fibroblast growth factor (FGF)

genes in our DEG set, 7 were sex differential at 50 DPH, 5 of which were higher in males, in-

cluding FGF9 and FGF2. Interestingly, infusion of glial mitogen FGF2 into juvenile female

RA increased cell proliferation and decreased pyknotic cells [336]. When taken with the

higher number of non-neuronal cell types in male RA prior to RA sexual dimorphism [337],

these studies raise the possibility that glia provide sex differential neurotrophic support. In

contrast to fibroblast growth factors, insulin-like growth factor-associated genes, (IGF1R,
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IGF2BP2, and IGF2BP3,) showed female-biased expression at 50 DPH due to developmen-

tal decreases in males. Additionally, LOC100221052, which encodes transforming growth

factor beta activator LRRC32-like, increased many-fold in males over development, pro-

ducing a pronounced sex difference at 50 DPH, and KDR (also known as VEGFR2) was

expressed at higher levels in males at 50 DPH as a consequence of developmental decreases

in females. We also found several cases of sex-biased expression for neurotrophic factors

and their receptors, predominantly arising from developmental regulation in males. These

genes were of particular interest, as infusion of neurotrophins have been shown to prevent

apoptosis in deafferented RA [338]. In our data, we observed male-specific increases in

GDNF (a Z-linked gene), NENF, and NDNF, as well as male-specific decreases in CNTFR,

NTRK3, NGF, PDGFA, and BDNF. Of these, BDNF and its receptor, NTRK2, have been

implicated in sexually dimorphic song system development. BDNF released fromHVC pro-

jections may influence the formation of afferent connections with RA neurons [105, 338,

339]. NTRK2, also known as tyrosine receptor kinase B (trkB), is a chromosome Z gene

that was not developmentally regulated in either sex, but showed higher expression in males

at both ages. Studies of NTRK2 indicate it is more highly expressed in male zebra finch

brain from a very young age, particularly in HVC [340], and our data strongly suggest this

BDNF receptor is also male-biased in juvenile RA. Intriguingly, two sex differential neu-

rotrophic genes showed opposite directions of developmental regulation between males and

females; PDGFD decreased in females and increased in males, while HDGFL3 increased in

females and decreased in males. These opposing patterns of regulation make PDGFD and

HDGFL3 particularly interesting targets for follow-up studies.
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Apoptosis regulators

Female RA undergoes marked cell loss during the same time that male RA is growing,

and is characterized by higher rates of pyknosis, strongly indicating that cell death drives

female cell loss [52, 56]. In line with this putative sex difference in cell death, we found

many sex-biased genes associated with cell death and apoptotic processes. We observed

female-biased expression at 50 DPH for several genes that promote apoptosis, including

EVA1A, AATK, CCAR1, PPP1R13B, ANKDD1A, MADD, PDCD11, and DIDO1. In

contrast, males showed increased expression for multiple genes that have been linked to

anti-apoptotic and protective functions, including CFLAR, DDIAS, NIBAN1, and Z-linked

CAAP1. Many of these sex-differential genes were also developmentally regulated. For

example, two apoptosis-promoting genes that showed sex-specific developmental changes

are EVA1A, which decreased in males, and DIDO1, which increased in females. In con-

junction, apoptosis-suppressing genes CFLAR, DDIAS, and NIBAN1 increased over male

development. Furthermore, the substantial male-specific increase in FAS (Fas cell surface

death receptor) is curious, as this gene has paradoxically been linked both to neuronal death

and cell survival [341].

Sex steroid receptors and enzymes

Sex differentiation of the song system has classically been studied through the lens of

sex hormones. Although manipulations of sex hormone levels have a long and convoluted

history in the zebra finch [reviewed in 61], it is undeniable that sex hormone action in-

fluences the development of song nuclei, including RA. Consistent with previous studies
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[71–73], we found relatively low levels of expression and no significant sex differences

in the genes encoding aromatase (CYP19A1) or estrogen receptors (ESR1 and ESR2).

Somewhat surprisingly, androgen receptor (AR) showed a developmental increase in fe-

males, resulting in female-biased expression at 50 DPH. Sex differences and developmental

regulation were observed for several genes that encode other enzymes involved in steroid

metabolism and biosynthesis. Hydroxysteroid 17-β-dehydrogenase genes HSD17B7 and

HSD17B12 were male-biased at 50 DPH, and Z-linked HSD17B4 was male-biased at both

ages. These enzymes catalyze redox reactions of estrogens and androgens, thus their tran-

scriptional regulation can alter the cellular potency of sex steroids. In mammals, HSD17B4

and HSD17B7 are generally considered estrogenic, converting estrone to the more active

estradiol [342]. Another hydroxysteroid dehydrogenase gene, HSDL2, was male-biased at

both ages and showed a developmental increase in males. Similarly, steroid 5 α-reductases

SRD5A2 and SRD5A3 were male-biased at 50 DPH, with SRD5A2 increasing over male

development. Steroid 5 α-reductases convert testosterone into 5-α-dihydrotestosterone, a

non-aromatizable form of testosterone. Administration of a 5 α-reductase inhibitor to zebra

finch hatchlings decreased the number and density of RA neurons only in males, although

this effect may also have resulted from nonspecific inhibition of aromatase and 5 β-reductase

[343]. In summary, sex-biased gene expression of sex steroid enzymes was heavily male-

biased at 50 DPH, suggesting higher levels of sex steroid biosynthesis and metabolism in

male RA, offering indirect support to theories of steroid-induced song system masculiniza-

tion.
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Voltage-gated ion channels and auxiliary subunits

The excitable properties of RA are integral to its function in song production. Over

the song learning period, neurons in male RA progressively fire faster, more precisely, and

generate more bursts [234, 235, 303]. The small number of studies that have examined sex

differences in RA excitability have found that male and female RA neurons fire similarly

around 20 DPH, and sex differences in spontaneous activity, high frequency spiking, and

sodium currents emerge over the course of RAmaturation [234, 303]. Consistent with these

previous studies, no voltage-gated ion channels in our data showed sex-biased expression

at 20 DPH. By 50 DPH, 45 voltage-gated ion channel and auxiliary subunit genes showed

sex differences in expression. Interestingly, the majority (n=37) of these ion channel genes

showed higher expression in females, largely due to developmental decreases in males, in-

cluding KCNQ5, SCN3B, CACNA1E, and KCNA6. Males expressed higher levels of 8

voltage-gated ion channel genes, including KCNS1, SCN4B, CLCN2, and KCNQ1-like,

due to developmental increases in expression. As a family, calcium voltage-gated channel

genes tended to decrease developmentally in males, with the single exception of CACNG3.

This observation is consistent with the functional enrichment of voltage-gated calcium chan-

nels in Group 3 of the sex+age interaction clusters (Figure 3.9) and the male-specific de-

crease of CACNA1E (Figure 3.10). Also, three out of the four genes that make up the family

of sodium channel beta subunits were sex-biased at 50 DPH. Consistent with previous in situ

hybridizations from our lab, SCN3B and SCN4B decreased and increased, respectively, in

male development [303]. SCN2B was female-biased at 50 DPH due to a female-specific in-

crease over development. The fourth member, SCN1B, is present in the zebra finch genome
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[344], but not annotated in zebra finch assembly used for this study, and thus was not as-

sessed. However, given that a) SCN1B is a striking positive marker of several adult male

song nuclei including RA [344], and b) positive RA marker genes tend to increase over

development, we suspect that SCN1B expression increases with age in males.

3.4 Discussion

Understanding how sex differences in the brain manifest requires that we understand the

molecular factors orchestrating their development. Using RNA-seq to assay gene expression

in laser capture microdissected tissue, we observed large-scale sex differences and devel-

opmental shifts in the transcriptional landscape of sexually dimorphic nucleus RA during

a critical window of neural sex differentiation and song development. We found evidence

that wide-ranging, sex-specific gene networks orchestrate sexually dimorphic developmen-

tal pathways. In line with our initial hypothesis, the transcriptional landscape of RA fol-

lowed its morphological divergence. Less than 400 genes were sex-biased at 20 DPH, and

over 4,000 genes were sex-biased at 50 DPH - more than a tenfold increase over this de-

velopmental window. We also discovered age-dependent contributions of autosomal versus

sex chromosome genes to these genome-wide sex differences; chromosome Z genes made

up the vast majority of all sex-biased genes at 20 DPH but not 50 DPH, consistent with

modern theories that early sex bias in sex chromosome gene expression may set the stage

for subsequent sexual differentiation [63].

Our study puts forth solid evidence that RA undergoes two distinct, sex-specific devel-

opmental programs carried out by largely nonoverlapping gene networks. For one, most
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developmentally regulated genes were specific to one sex. The majority of genes that were

common to both male and female development showed little difference in direction or mag-

nitude of change across age, suggesting these genes may be involved in basal developmental

processes necessary for both sexes. Furthermore, we did not find evidence of functional

convergence, as there was little to no overlap in the enriched pathways indicated for male

and female development. Indeed, we found that RA development was characterized by

highly sex-specific functional enrichments. The developmental program in male RA ap-

pears to recruit functional networks involved in cellular energetics, cell morphogenesis and

growth, axon formation and myelination, voltage gated ion channels, and multiple synaptic

processes including assembly, organization, and neurotransmission. In contrast, female de-

velopment was characterized by enrichments in hormone response and signaling pathways,

negative regulation of cellular movement, establishment of cell polarity, glial cell differ-

entiation, immune signaling, and gene silencing. More focused analyses of specific gene

families and functions revealed developmental and sex-biased regulation of many genes en-

coding transcription factors, growth factors, apoptosis regulators, sex steroid enzymes, and

voltage gated ion channels. In summary, these findings identify molecular players and func-

tional pathways that differentiate male from female RA, and that may serve as the molecular

substrate of RA sexual dimorphism. In addition to identifying genes linked to sexually di-

morphic processes previously described in the literature, we identify novel sex differences

in gene expression and functional networks whose roles are less well established in songbird

brain development.

Relatively little is known about sex differences in developmental gene expression of the

song system. A few studies have assessed developmentally regulated genes in male RA [44,
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294, 345, 346], and HVC [294, 347]. One recent study aimed at understanding genomic

responses to estrogen manipulation reported sex differences in song nuclei transcriptomes

of treated and untreated 30 DPH male and female zebra finches [106]. While these studies

provide some insight into genes involved in the masculinization and hormone sensitivity

of song nuclei, they assess developmental changes only in male song nuclei that are al-

ready sexually dimorphic, or they assess sex differences at a single time point, leaving open

the question of how developmental dynamics in gene expression may give rise to sexually

dimorphic properties. To our knowledge, ours is the first study to assess genome-wide,

developmental gene regulation in a female song nucleus, and to compare it with that of de-

velopmental regulation in the corresponding male song nucleus. Through this approach, we

were able to assess the combined effects of sex and age in RA.

Many of RA’s sexually dimorphic features demonstrate sensitivity to sex steroid hor-

mones, particularly estrogen [reviewed in 61]. Most notably, the administration of estradiol

to young female zebra finches prompts the development of masculinized song nuclei and

singing in female zebra finches [82–88]. However, multiple lines of evidence imply that

sex steroids alone are insufficient to fully determine sex differences in the song system. For

one, estrogen-induced masculinization of females is only partial, as their song nuclei are

still smaller than males [82, 83, 86, 88]. Also, efforts to block masculinization of the male

song system have been mostly unsuccessful, producing only modest effects [78, 100, 101,

106]. Then, there is the case of the spontaneously arising gynandromorph, a singing zebra

finch who was genetically male on one side of its body and female on the other [108]. The

song nuclei on the genetically female side of the brain were smaller than those on the male

side, demonstrating the insufficiency of circulating hormones to fully masculinize the song
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system. Specifically for RA, recent work seems to suggest that early RA gene expression

may be largely unaffected by estrogen manipulation [106]. Taken together, these studies

imply that song system sex differences are also determined by hormone-independent and

brain cell-autonomous mechanisms. One such theory that has gained traction is the influ-

ence of a cell’s genetic sex via differential expression of sex-linked genes. In our study, sex

differential genes at the outset of RA’s divergent growth trajectory were overwhelmingly Z-

linked. Thus, sex differences in Z-linked gene expression precede the development of gross

morphological sex differences. This observation could be interpreted in support of the idea

that differences in sex chromosome gene expression prime the developmental processes that

orchestrate RA’s sexually dimorphic transformation. However, we must also consider ex-

ternal factors that could initiate sexual dimorphism in RA, including the influence of cells

outside of RA.

Some of the differential expression we observed may reflect transcriptional regulation in

neurons that project into RA, as a substantial body of work demonstrates that RA afferents

exert presynaptic influences on various aspects of RA development. Around 30-35 DPH,

male RA is innervated by premotor song nucleus HVC [52, 302, 348], but whether this same

projection forms in females and to what extent is a matter of debate. Although commonly

described in the literature as absent, tract tracing [51, 89] and optical imaging of neural

activity [349] seem to indicate that the HVC-RA projection forms in females. However,

this HVC-RA projection is likely less robust in females, if only due to the fact that female

HVC has many fewer cells than male HVC [52, 302, 348]. Lesions of HVC in 20 DPH

males blocked subsequent increases in volume and soma size in RA [350], and prevented

estrogen-induced masculinization of female RA [351]. This suggests HVC afferents may
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encourage masculinization of RA. The other major input to RA is from LMAN, the output

nucleus of the anterior pathway. Around 20 DPH, the LMAN-RA projection is comparable

between sexes, but over vocal development there is a sexually dimorphic loss of neurons in

females that ultimately results in a weaker projection [300]. Lesions of LMAN in 20 DPH

males blocked subsequent increases in volume and cell number in RA [350, 352], and there

is convincing evidence that neurotrophins transported from LMAN modulate cell survival

in RA [338]. Importantly, however, lesions of HVC and LMAN do not entirely eliminate

sexual dimorphism in RA, as the RA of lesioned males is still larger than that of unlesioned

females [353]. Thus, afferent factors appear to influence RA, but are just one of many

multifaceted processes driving RA development. As a bulk RNA-seq study, our results

likely encompass transcriptomic signatures of factors both endogenous and exogenous to

RA, and one challenge going forward will be to distinguish between them.

The direct assay of song nucleus tissue is a major advantage of this study. A few high-

throughput studies of developmental gene expression in the zebra finch brain have included

bothmales and females [44, 354, 355]. However, these studies utilized tissue from thewhole

brain or telencephalon, which produces a "brain average" expression level for each gene, at

the expense of assessing the nuanced heterogeneity of gene expression in different brain

regions. While some genes from these studies were individually screened for expression in

the song system using histochemical methods, our approach of quantifying gene expression

directly from microdissected song nucleus tissue is considerably more efficient and sensi-

tive in detecting genes relevant to song system development. Another strength of our study

is the precision with which the target nucleus was extracted. Instead of relying on separate

reference slides, we captured RA directly from Nissl-stained sections in ethanol-fixed tis-
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sue. This ensured that the boundaries of RAwere clearly visible and that only RA cells were

captured, even when tissue warping or large inter-slide morphology changes were apparent.

We also note that this RNA-seq dataset was derived from high quality RNA and sequenc-

ing data. All samples were sequenced to sufficient read depth, and there were no batch

effects or outlier samples. Furthermore, we did not pool our samples, which preserved in-

formation regarding interindividual variation for the genes assayed. Our study was carefully

designed to minimize several confounds that could impact gene expression, including be-

havioral state, circadian rhythms, age variability, and genetic relatedness. Finally, our study

enriches previous studies of gene expression in RA by extending expression profiles to fe-

males and/or additional developmental time points, while providing quantitative measures

of gene expression at the transcript level.

By investigating the transcriptome at two time points along the development of a major

sexual dimorphism, we have identified candidate genes and pathways potentially involved in

establishing the observed sex differences. We acknowledge that not all genes and pathways

identified in this study necessarily contribute directly to sexually dimorphic properties in

RA, and some sex-biased genes may actually serve to prevent sex differences [356], thus

further experimentation is required to evaluate candidate genes. Moreover, the fact that

this was a bulk RNA-seq experiment, and that there are complex cytoarchitectural changes

in RA (e.g. cell size, number, and density) limits our ability to draw conclusions about

expression per cell or cell type. In the future, this could be overcome through the use of

single-cell sequencing. Nonetheless, marked sex differences in developmental gene expres-

sion are a prominent feature of RA, and several cell type-specific enrichments were identi-

fied in our functional analysis, including oligodendrocyte differentiation in male and female
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development, and GABAergic interneuron differentiation in the 50 DPH sex contrast. The

observation that glial cell differentiation was enriched in female development is intriguing

considering that early sex differences in non-neuronal RA cells have been hypothesized to

contribute to sexual differentiation of RA [337].

Because we aligned to a male zebra finch genome assembly, we cannot evaluate the

expression levels of W chromosome genes. It is likely that many reads from female sam-

ples which did not align to the genome originated from W chromosome genes. Another

source of potentially ambiguous read mapping are the pseudoautosomal regions of the W

chromosome, which contain genes homologous to Z chromosome genes. Presumably, Z/W

genes that are pseudoautosomal would show lower male-to-female expression ratios than

those that are Z-specific. Even with this caveat, the vast majority of Z chromosome genes

showed male-biased expression, consistent with a lack of global dosage compensation in

this species [136, 138].

Lastly, it is important to consider some limitations of our functional analyses. For one,

genes were excluded that could not be assigned to a human gene, either due to differing gene

symbols, or because there is in fact no ortholog in the human genome. Thus, many zebra

finch-specific genes are missing from these functional analyses. In addition, not all genes

have known functions, as many genes are lacking in functional annotations, or could have

entirely different functions in zebra finches compared to mammals. Another thing worth

noting is the relatively small number of genes driving the significant functional enrich-

ments. Of the 6,201 total DEGs from all contrasts and the sex+age interaction, only 2,305

(37%) appeared in at least one enrichment of the over-representation results. Because rela-

tive gene ratios determine statistical significance, these enrichment analyses are somewhat
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biased toward functional terms supported by the differential expression of many associated

genes. This bias leaves open the possibility that some biological processes disproportion-

ately affected by only a few key players are not represented in the functional results. Taking

all this into consideration, it could be that a much wider array of biological processes is

driving RA’s development and sex differentiation. Evaluating this possibility would require

more sensitive measures of a gene’s functional impact, and major expansion of functional

annotations for the zebra finch genome.
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Chapter 4

Discussion

The goal of this dissertation was to elucidate the molecular bases of excitability and

sexual dimorphism of the song system. I achieved this by creating detailed transcriptional

profiles of the genes and gene networks implicated in these biological processes. Functional

themes emerged from these data that yield novel insights into song nuclei specializations

and sex-specific development. In addition, these large-scale efforts produced comprehen-

sive and high quality data sets that I hope will be an asset to future studies. In this final chap-

ter, I briefly summarize the major findings of my work, propose some future experiments,

and discuss how studying female songbirds will radically enrich a classically male-oriented

field.
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4.1 Summary of major findings

4.1.1 Song system circuit elements tune their firing properties through

ion channel gene expression

The song system is a discrete sensorimotor circuit that controls the complex processes

of song learning and song production. Each song nucleus has a unique role in singing

behavior, and exhibits distinct electrophysiological properties that are largely influenced by

ion channels. Complementing an earlier study from our lab on potassium channels [160], we

evaluated the genomics and song system expression of three major families of ion channels

- sodium, calcium, and chloride. We found that the majority of sodium and calcium but few

chloride channels showed differential expression in the song system, illustrating that song

nuclei are electrophysiologically specialized relative to their surrounding brain region. For

several ion channel genes, we noted a coordinated pattern of expression across multiple

song nuclei, which might explain some of the firing characteristics shared between nuclei.

In several cases, we observed sparse expression in only a subset of cells, which seems to

correlate with the unique electrophysiological signatures of distinct cell populations within

a given song nucleus. Finally, we found gene regulation of several ion channels that likely

support high-frequency and burst firing in song nuclei. In summary, the electrophysiological

properties that characterize song nuclei are reflected in unique configurations of expressed

ion channel genes.
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4.1.2 Extensive sex differences in gene expression and function during

the development of a sexually dimorphic song nucleus

Singing behavior and song nuclei in zebra finches are highly sexually dimorphic. Over

the course of song learning, song nucleus RA undergoes drastic developmental changes,

including the emergence of sex differences in volume, cell size, cell density, cell number,

firing properties, and connectivity (see Figure 3.2 for summary and references). To begin to

understand the developmental dynamics in gene expression orchestrating these processes,

we generated male and female RA transcriptomes for two developmental time points, before

(20DPH) and after (50DPH) RA’smajor morphological sexual dimorphism hasmanifested.

Mirroring the timeline of cytoarchitectural changes, we found that the transcriptional land-

scape of RA showed few sex differences in gene expression at 20 DPH, but an abundance

of sex differential genes at 50 DPH. Most of the sex differential genes at 20 DPH were

male-biased chromosome Z genes, reflecting the lack of global dosage compensation in this

species, and raising the possibility that sex chromosome genes may disproportionately in-

fluence the initiation of sex differentiation processes in RA. Particularly compelling was the

finding that male and female RA undergo two distinct developmental programs, as most of

the affected genes and associated functional enrichments were unique to each sex. Intriguing

male-specific pathways included metabolism, voltage-gated ion channels, cell growth and

morphogenesis, axon development, and synapse organization. Female-specific enrichments

were associated with establishing cell polarity, hormone signaling and response pathways,

immune signaling, gene silencing, glial cell differentiation, and negative regulation of cellu-

lar movement. In addition, we found sex differences in several genes encoding transcription
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factors, growth factors, apoptosis regulators, and sex steroid enzymes. Overall, these ef-

forts identified transcriptomic dynamics that could feasibly explain the molecular basis of

previously reported sex differences in RA, and in addition, revealed novel sex differences in

genes and pathways underlying RA’s development.

4.2 Future directions

4.2.1 In-depth studies of gene function

The studies described in this dissertation lay the groundwork for genetic and pharma-

cological manipulations to determine how ion channel, sex-biased, and developmentally

regulated genes individually and cooperatively give rise to neuronal excitability and sexu-

ally dimorphic properties of vocal learning systems. Our work identified many promising

candidate genes for followup studies to evaluate their cell type expression, subcellular lo-

calization, and function within the context of the zebra finch song system. Already, our

lab has performed in-depth followup studies of sodium channel beta subunit gene SCN4B,

establishing its role in generating resurgent sodium currents within RA projection neurons

[303]. The in situ hybridization patterns and neural recordings from this study ( Figure 4.1)

are well complemented by the quantitative RNA-seq data discussed in Chapter 3, cohesively

indicating that SCN4B is upregulated significantly in male but not female RA during song

development, resulting in increasing resurgent currents in males. Neural recordings in ju-

venile RA brought to light sex differences in other firing properties, and the timing of their

emergence tracked with the morphological and transcriptomic trajectory of RA’s sexually
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dimorphic development. These sex differences in firing properties that emerge over devel-

opment likely reflect sex-dependent shifts in the complement of voltage-gated ion channels

in RA neurons, and this idea is strongly supported by the RNA-seq data showing widespread

developmental and sex-specific changes in voltage-gated ion channel gene expression.

Some of the most intriguing candidate genes are those that are definitive markers of

song nuclei, as they illustrate a molecular specialization of a song circuit element relative

to its surround. The analysis of markers in Chapter 3 found that many adult RA marker

genes showed sex differences and developmental regulation during the song learning pe-

riod. However, we do not yet know the extent to which these markers may show similar

expression patterns in female RA. When evaluating select genes using in situ hybridization,

we found evidence that some adult male RA marker genes, such as SLC4A4 and LPL, are

RAmarkers in both males and females during development, prompting a need for additional

experiments to determine whether their female marker status persists into adulthood. Genes

that are markers of RA in both sexes may hint at shared properties of this song nucleus. In

contrast, RA markers that are male-specific may provide further insights into the neural

mechanisms of vocal learning, while those that are female-specific may provide clues to

the elusive function of RA in non-singing female zebra finches. Performing a comparison

of transcription factor binding sites for these genes would be useful in identifying potential

"master regulators" of sex-specific gene regulation, and in evaluating the role of sex steroids

to influence these genes (see next section).
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Figure 4.1: Sex-dependent developmental changes in intrinsic excitable properties of RA
projection neurons (RAPNs). a-c. Male and female RAPNs show developmental decreases
and increases, respectively, in action potential (AP) widths during a spike train. Left: Rep-
resentative AP trains elicited by a 500 pA current injection in RA projection neurons in
males (black) and females (red) across ages. Right: APs #1, 2 and 16-21 from the traces on
the left aligned at the peaks for each age group in females and males. d-f. Phase plane plots
from APs #1, 2, and 16-21 plotted at the same scale for all age groups for females (left)
and males (right). g-i. 3D dot plots showing the instantaneous firing frequency, number
of spikes per second and the fold-change in maximum depolarization rate between the 2nd
and 1st APs during a 1 sec 500 pA current injection in male (black) and female (red) RA
projection neurons. j. Developmental SCN4B mRNA expression pattern in female (top)
and male (bottom) RA (indicated by arrowheads) in 10 µm sagittal brain sections. Figure
adapted from Figures 6 and 10 of [303]
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4.2.2 The intersection of transcriptomics and hormone action

The RNA-seq study of developmental sex differences in gene expression found an abun-

dance of sex-biased and developmentally regulated genes, but the question remains to what

extent those transcriptional metamorphoses are hormone-mediated. Hormone receptors can

alter gene expression by acting directly on the genome, or through non-genomicmechanisms

that do not involve DNA binding. One feasible way to investigate the genomic interaction

between sex steroid hormones and gene expression is to examine hormone response ele-

ments (HREs), for example androgen and estrogen response elements (AREs and EREs).

HREs are DNA binding motifs typically composed of inverted repeats separated by three

spacer nucleotides [357]. Once activated, nuclear hormone receptor complexes exert direct

genomic effects by binding to HREs in the genome, and regulating transcription. Although

known HRE sequences may be easy to locate in the genome, the relationship between hor-

mones, HREs, and gene expression is far from direct due to several factors [reviewed in

358]. For one, the ultimate effect of any given HRE on gene expression depends upon

the interplay of many coactivators and intermediary transcription factors that make up the

hormone receptor complex. Added complexity is introduced through variations in HRE se-

quences, which affect hormone receptor binding affinity. Additionally, genomic effects of

hormone receptors are not limited to HREs, as evidenced by the fact that over one third of

human genes regulated by estrogen receptors do not contain EREs [359]. Hormone recep-

tors can exert indirect genomic effects by binding to transcription factors that target other

DNA binding motifs. Still, it may be worthwhile to adopt a simplified approach and evalu-

ate which zebra finch genes contain conserved AREs and EREs within a prescribed distance
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of transcription start sites [360]. This response element analysis would identify the subset

of estrogen- and androgen- sensitive genes that are subject to direct genomic effects. One

method to widen the net to genes regulated by indirect genomic and non-genomic effects of

hormones would be to compare the song nucleus transcriptomes of hormone-treated versus

control animals. Considering the age-dependent effects of estrogen treatment on the zebra

finch song system [85], ideally this proposed study would include several developmental

time points. Together, these experiments would define a suite of hormone-sensitive genes,

and delineate those modulated through direct HRE binding effects from those modulated

through indirect mechanisms. The proportion of sex-biased genes that display hormone

sensitivity would provide a relative measure of the extent to which hormones influence sex-

dependent gene expression. For example, a large proportion might indicate that sex differ-

ences arise mainly from hormone-mediated gene regulation. In contrast, a small proportion

could mean that sex differential processes proceed in a mostly hormone-insensitive fashion

via genomic and/or other mechanisms. So far, the evidence for RA seems to suggest that

estrogen has only moderate effects on specialized gene expression during development, as

the transcriptomes of 30 DPH male and female zebra finches treated with estradiol or an

estrogen-inhibitor were not remarkably different from untreated animals [106].

4.3 Towards a new, sex-inclusive era of songbird research

Research efforts aimed at understanding the behavioral role and neural basis of female

song are relatively recent, as historically, the songbird field has focused on male songbirds.

In the classic songbird paradigm, females are often circumscribed as recipients or evalu-
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ators of male song, thus female song and song systems has received comparatively little

attention. This male bias in songbird research can likely be attributed to a confluence of

factors. For one, research in the songbird field has been dominated by extensive study of

a few, mostly temperate species in which females do not sing [361, 362]. The most com-

monly used songbird models - zebra finches, canaries, and Bengalese finches - are species

in which the females do not sing, a fact which has biased the study of vocal learning mech-

anisms toward male songbirds. Similarly, classic field studies have predominantly focused

on North American songbird species where song is absent in females. Compounding the

issue of male-focused field studies is the challenge of sex identification, as species where

both males and females sing tend to be less sexually dimorphic in plumage [363]. It may

also be the case that females generally sing less conspicuously than males, for example less

frequently or obscured in the nest [364, 365]. Another contributing factor may be that only

relatively recently have granting institutions implemented policy changes that require ma-

jor justification for the exclusion of female subjects from studies. "Only males sing" may

be sufficient justification for some behavioral studies, but nonetheless, designing studies to

include females even when female song is absent for a species can offer considerable ex-

planatory power and valuable experimental controls. Case in point, female zebra finch RA

expresses lower levels of SCN4B, providing a natural contrast to males in recent work from

our lab exploring the role of SCN4B in RA projection neurons [303]. Though scarcely ac-

knowledged in the literature, decades of songbird research has in fact produced a detailed

model of male vocal learning, with little knowledge of whether its principles generalize to

females in species with female song. In addition, this myopic scope has fostered the per-

ception that song-less females are the norm for songbirds, a view that has recently been
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challenged by comparative studies.

4.3.1 Female song as the ancestral state

In 2014, Odom et al. [366] surveyed the presence or absence of female song in 34 song-

bird families, and concluded that female song is likely the ancestral state in songbirds (Fig-

ure 4.2). This publication marked a pivotal moment for the songbird field, prompting a

reexamination of the long-held dogma that female song was a rare oddity. It is important

to note that while the authors’ conclusion is highly compelling, the assessments for most

species included in the study were based not on detailed descriptions or recordings of fe-

male song, but somewhat anecdotal descriptions in published fieldguides. Many species’

fieldguide descriptions lacked any mention of the presence or absence of female song at all.

Despite these limitations, the phylogenetic distribution of species that ostensibly possess

female song strongly indicates that male and female song was present in the ancestor of all

songbirds. Notably, several other phylogenetic studies support this finding [363, 367–370].

Taken together, these studies paint a picture in which female song was present in the song-

bird ancestor, and progressively lost in some lineages, especially those evolved to occupy

temperate niches and/or migrate.

In the Estrildidae family of songbirds, home to the zebra finch, female song has been

documented for several species [371]. In general, detailed characterizations of song are

lacking for estrildid species, however there are exceptions. One such species is the blue-

capped cordon-bleu, for which complex, learned song is well established for males and fe-

males [372, 373]. During courtship displays, both sexes of this species sing while producing
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Figure 4.2: Ancestral state reconstruction of female song on a phylogenetic tree of song-
birds. The tree (a) includes all species for which female song could be scored as present
or absent (323/1,141 species from 34/44 songbird families). Female song was present in
229 species (32 families; red terminal nodes) and female song was absent in 94 species (19
families; blue terminal nodes). The pie chart in the centre shows that female song is re-
constructed as present (red) in the common ancestor of modern songbirds (92% maximum-
likelihood probability strongly supported by a likelihood decision threshold of 2.0). Pictures
show females of the following species with female song from families throughout the phy-
logeny; (b) superb lyrebird (Menura novaehollandiae; (c) purple-crowned fairywren (Malu-
rus coronatus; (d) brown thornbill (Acanthiza pusilla; (e) scarlet robin (Petroica boodang;
(f) white-eyed vireo (Vireo griseus; (g) grey butcherbird (Cracticus torquatus; (h) tropical
boubou (Laniarius aethiopicus; (i) loggerhead shrike (Lanius ludovicianus; (j) magpie-lark
(Grallina cyanoleuca; (k) curl-crestedmanucode (Manucodia comrii). Figure adapted from
[366]
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rhythmic foot taps, making for an impressive multimodal display [374]. With a sequenced

genome and captive colony, blue-capped cordon-bleus are emerging as a promising song-

bird model to investigate shared versus sex-specific features of vocal learning [375].

The distribution of female song throughout the estrildid family shows a strong phyloge-

netic signal, as the presence of female song tends to be clustered within branches containing

closely related species [376]. The zebra finch lies within an early branch of the Estrildid

tree, surrounded exclusively by related species for which there is no evidence that females

sing. Parsimony would suggest female song was lost in the common ancestor to this partic-

ular branch containing zebra finches. Given that zebra finches lack a phylogenetic neighbor

with female song, a more compelling comparative study would focus on pairs of estrildid

species frommixed branches where female song was lost in only one of the pair. Comparing

the genomic and transcriptomic properties that distinguish female singers from nonsingers

could reveal genomic signatures of female song loss versus retention, and including multi-

ple pairs could increase the signal to noise ratio of genomic signatures specifically related to

female song. In particular, finding consistent genomic signatures across several pairs would

suggest conserved evolutionary mechanisms for the loss or retention of female song.

4.3.2 Characteristics of female song

There is considerable variance across songbird species in the nature and extent of differ-

ences betweenmale and female song. Studies of acoustic properties have observed a number

of differences in select species; compared to male song, female song can be shorter, lower

in amplitude, less frequent, less complex, or in some cases more frequent [364, 365, 377–
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382]. While it is tempting to speculate that a widely shared feature of female song is that it is

less robust than male song, evaluating this possibility requires concerted and collaborative

efforts to significantly expand the library of female song recordings.

One trait that seems to correlate highly with female song is whether the species inhabits

a tropical or temperate zone. In temperate species, it is commonly the case that males sing

and females are mostly songless [362, 383, 384]. Robust female song has been observed

in several temperate species, such as the streak-backed oriole [379], the house wren [365],

and the eastern bluebird [380, 385]. Because the study of female song is nascent, there are

probably many more temperate species with singing females yet unrecognized. Compared

to temperate species, the females of tropical species are more likely to display elaborate

singing abilities [362, 379, 386]. In many tropical species, males and females perform

intertwined duets, singing in a temporally precise and coordinated fashion [reviewed in

383, 387, 388].

The function of song varies between sexes and across species. A common function of

male song is to attract mates and defend territory [361, 389]. Male zebra finches diverge

from this pattern somewhat in that they do not sing in defense of territory, but rather to

attract mates, uphold pair bonds, and maintain auditory contact [21]. While females of

some species use song for mate attraction and territory defense [378, 390], females of other

species sing to defend resources [390, 391], confront other females [378], deter predators

[392], and communicate with mates, including to maintain pair bonds [389]. Duets pro-

duced by tropical species function in territory defense, mate-guarding, solicitation of cop-

ulation, and coordination of reproductive behaviors between mates [383, 387, 388].
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4.3.3 Female song systems

The neuroanatomy of the female song system has only been characterized for a handful

of songbird species [reviewed in 393]. Overall, these studies have found that female song

nuclei are smaller in volume than male song nuclei. Early in the study of the song sys-

tem, it was hypothesized that the degree of song system sexual dimorphism may determine

the extent of sex differences in singing behavior. Though compelling, this ostensibly di-

rect correlation between neuroantomical sex differences in song nuclei and singing has not

consistently held up when a variety of songbird species are surveyed. For example, some

studies found correlations between female song repertoire size and the volume of song nu-

clei [393, 394], while others found no correlation [395, 396]. Of particular note is the

streak-backed oriole, a species where females sing more than males, yet the female song

system is markedly smaller than that of males [397]. On the other hand, a few studies that

have attempted to control for phylogenetic history support the idea that sex differences in

the song system and singing behavior coevolved [393, 398]. Given the large radiation of

songbirds and limited number surveyed for female song or neuroanatomy, additional stud-

ies need to be carried out to evaluate which features of sexual dimorphism may predict sex

differences in specific measures of song. Of course, we are still left with the confounding

fact that some female songbirds possess song nuclei, yet do not sing at all.

When I learned that nonsinging female zebra finches have song systems, I was baffled

and struck by a deep curiosity. Even if we assume that zebra finch female song regions

are "leftovers" from an evolutionary past when both sexes sang, the current function of that

female song system is a tantalizing mystery. Is the female zebra finch song system vestigial,
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slowly evolving away until it disappears, like the eyes of a cave dwelling salamander, or is

it evolving to stick around and serve a novel as-yet-unknown function? In the case of RA,

there is evidence that female RA receives projections from HVC [51, 89, 349], and sends

projections to nXIIts [51, 306]. The only study to my knowledge that has demonstrated a

direct role of zebra finch RA in female vocal production showed that intact RA is necessary

for the precise timing of rhythmic calling between birds [399]. A few studies suggest song

nuclei in female zebra finches may be functioning in the evaluation of song; female zebra

finches may not learn to produce song, but they do learn to discriminate between different

males’ songs [400–402].

Further studies are necessary to determine the function of the song system in song-less

females. For one, much could be learned from additional studies of connectivity to deter-

mine the afferents and efferents of female song nuclei. We also have yet to determine what

kind of stimuli or behaviors activate female song nuclei, a question that could be answered

with neural recordings of female song nuclei in awake behaving birds. One final question

to consider is what happens to the "empty space" left by a regressing song system? Simply

due to vicinity, it seems logical that the sexually dimorphic volumes of song nuclei impose

sex differences on surrounding brain regions, potentially affecting cell number, size, or den-

sity. For example, RA sits within the arcopallium, a highly interconnected brain region that

outputs many descending sensory and motor projections, and is composed of several dis-

tinct subdomains [403]. A recent study from the Mello lab found that female zebra finches

share at least one of these subdomains, but the rest of the female arcopallium remains to be

characterized [404]. Interestingly, the camera lucida drawings from this study (Figure 4.3E)

define a female arcopallium (blue outlines) that appears considerably smaller than that of
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males. More rigorous anatomical quantification is needed to confirm this sex difference,

but assuming this sex difference is robust, size differences in the arcopallium might reflect

ripple effects of the sexually dimorphic evolution of song nucleus RA. The functional im-

plications of song nuclei-adjacent regions "rearranging" due to growth or shrinkage of song

nuclei are entirely unknown and ripe for investigation.

4.3.4 Broader implications of sex-inclusive research

It is imperative that we investigate the mechanisms and functions of female song if we

are to form a complete, evolutionary picture of vocal communication in songbirds. A crucial

piece of this puzzle is characterizing female song systems in songbird species both with and

without female song, as each can provide distinct insights into the evolution of this trait.

Turning to females to investigate behaviors that have traditionally been studied in males will

lead to novel insights on the evolution and mechanisms of sexual dimorphism, as well as

expand our understanding of how complex behaviors may serve different functions in males

and females of the same species. In a wider and more clinical context, there are striking

sex biases in neurodegenerative diseases, autism, anxiety disorders, and speech disorders,

and we will overlook crucial insights into their mechanisms and potential treatment if we

only carry out investigations in one sex. Finally, understanding sex differences in the brain

as a source of neurodiversity has deep and sweeping impacts on societal systems, scientific

reproducability and applicability, and fundamental principles of biology and behavior.
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Figure 4.3: Potential sexual dimorphism in the size of zebra finch arcopallium. Molecular
definition of RA and AId in adult zebra finches. (A) Top left: Top-down view of a schematic
drawing of the zebra finch brain; blue lines indicate the range of frontal sections examined.
Top right: Drawing of a frontal section at 0.7P; blue line indicates the boundaries of the
arcopallium, seen under Nissl staining. (B,C) SCN3B in situ hybridization images from a
male and a female. RA and AId appear continuous in the male, and RA is indistinguish-
able in the female. (D) Nissl-stained frontal section through arcopallium at the center of
RA in a male; RA, but not AId, has clear cytoarchitectonic boundaries. Small panels show
high power views (100×100 µm images) within RA, AIv, and AId. (E) Drawings depict-
ing SCN3B expression boundaries (green) in serial frontal sections through the arcopallium
(blue) of adult male (lef) and female (right) zebra fnches. AId dorsal intermediate arcopal-
lium, AIr rostral intermediate arcopallium, AIv ventral intermediate arcopallium, RA robust
nucleus of the arcopallium. Scale bar: 400 µm for all images. Figure adapted from [404]
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Supplementary Figure S2.1: Overview of ortholog identification pipeline. Each box rep-
resents a step toward identifying an ortholog in zebra finch. Arrows connecting boxes indi-
cate the most common workflows. Details of main pipeline (blue) and all variations (Cases
1-6), including the use of zebra finch PacBio (pink) and other species (yellow), can be found
in the Methods section of Chapter 2. Dotted line indicates Case 4, where there is limited
synteny information in taeGut1 and PacBio is required for verification.
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RBM42 SCN1B BCL3

Supplementary Figure S2.2: Confirming orthology in the PacBio assembly using BLAST.
Graphic summary of BLAST results demonstrating that SCN1B is present on gap-less
PacBio scaffold MUGN01000920.1 with conserved exon structure and the conserved syn-
tenic genes BCL3 and a fragment of RMB42 (see Figure 2.2). Numbers indicate location
(bases) along the scaffold. All alignments shown are non-avian RefSeqs. Double dashes
indicate additional contracted sequence between selected regions shown.
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B

Supplementary Figure S2.3: Quantitative analysis of zebra finch model completeness.
A) Frequency histogram of genes by zebra finch/human model length ratio. B) Frequency
histogram of genes by percent of post-recovery length.

141



Supplementary Figure S2.4: Visualization of sequence recovery for a gene with split mod-
els. The zebra finch gene, CACNA2D2, is displayed using the UCSC Genome Browser. A
zoomed-in region from within the green rectangle is shown in the bottom panel to high-
light the detailed structure of alignments. This gene has three partial zebra finch Ensembl
models (dark red track) in a region with numerous gaps (black Gap tack). Note the dips
in sequence quality scores (light blue track) surrounding the gaps. Alignment of a more
complete chicken model (magenta arrowheads) reveals additional sequence blocks that are
missing from the zebra finch model, displayed in the SeqRecovery BED track highlighted
in yellow. Non-zebra finch RefSeqs (dark blue tracks) provide further support for blocks of
additional sequence recovered through alignments of the chicken model.
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Supplementary Figure S2.5: Additional in situ hybridization photomicrographs of select
ion channel genes in song nuclei RA, HVC, Area X, and DLM. All genes are differen-
tially expressed except for CACNA2D1 and CACNG5 in RA, which appear to label sparse
populations of cells. Area X panels show select genes with enhanced expression in sparse
populations of cells. Camera lucida drawings indicating the location of these nuclei can be
found in Figure 2.5a for RA, Figure 2.6a for HVC, Figure 2.7a for Area X, and Figure 2.8a
for DLM. Gene abbreviations are given in Table 2.1. All scale bars = 500 µm.
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Supplementary Figure S3.2: LPL expression in adult song system. In situ hybridization
of LPL in a parasagittal section of an adult male zebra finch. LPL expression is high in
hyperpallium, and in song nuclei RA and HVC.
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