
 
 

NEURAL RESPONSES TO AUDITORY RHYTHMS IN THE ZEBRA FINCH

By

Jennifer A. Lampen

A DISSERTATION

Submitted to
Michigan State University

in partial fulfillment of the requirements
for the degree of

Neuroscience – Doctor of Philosophy

2017



 
 

ABSTRACT

NEURAL RESPONSES TO AUDITORY RHYTHMS IN THE ZEBRA FINCH

By 

Jennifer A. Lampen

Rhythm is important in the production of motor sequences such as speech and song. 

Deficits in rhythm processing have been implicated in a range of human disorders including 

some that affect speech and language processing, including stuttering, specific language 

impairment, and dyslexia.  Songbirds provide a tractable model for studying the neural 

underpinnings of rhythm processing due to parallels with humans in neural structures and vocal 

learning patterns.  In the experiments conducted for this dissertation, I investigated the effect of 

rhythmicity of song stimuli on expression of the immediate early gene ZENK in the adult zebra 

finch brain. I also investigated development of rhythmic discrimination in the juvenile brain, and 

estradiol (E2) effects on rhythm perception in adult birds.

In adult zebra finches, ZENK was increased in response to arrhythmic compared to 

rhythmic song in the auditory association cortex homologs, caudomedial nidopallium (NCM) and 

caudomedial mesopallium (CMM), and the avian amygdala, nucleus taeniae (Tn).  CMM also 

had greater ZENK labeling in females than males.  These auditory areas may be detecting 

errors in arrhythmic song when comparing it to a stored template of how conspecific song is 

expected to sound. CMM may also be important for females in evaluating songs of potential 

mates. Increased neural activity in Tn may be related to the value of song for assessing mate 

choice and bonding or to perception of arrhythmic song as aversive.

Before formation of the template for song that young birds memorize, expression of 

ZENK was increased in NCM of birds exposed to rhythmic relative to arrhythmic song.  During 

template formation, ZENK expression was increased in CMM of birds exposed to arrhythmic 

relative to rhythmic song.  These results suggest that the youngest birds may be predisposed to 

respond to a more natural stimulus, and a template may be required for arrhythmic song to elicit 



 
 

increased neural activity.  Rhythm discrimination in CMM may be strongest at life stages, such 

as during template memorization, when birds are most focused on external auditory signals.  

Compared to data from adults, it also appears that functional development across the brain 

regions investigated continues to maturity.  

In adult zebra finches treated with a control or E2 or the aromatase inhibitor fadrozole (to 

increase or decrease estrogen availability), ZENK mRNA was significantly greater in the left 

hemisphere within NCM, CMM, and Tn.  The overall pattern for left lateralization parallels the 

left lateralization of language processing in humans and may suggest that this hemisphere is 

specialized for processing conspecific vocalizations.  Main effects of sex were detected in both 

auditory regions, with increased ZENK in males in NCM and in females in CMM.  The reversed 

sex differences in NCM and CMM suggest that males and females differentially rely on 

components of the auditory forebrain for processing conspecific song.  In CMM, an effect of 

hormone treatment also existed.  While no pairwise comparison was statistically significant, the 

pattern suggested greater ZENK expression in control compared to both fadrozole- and E2-

treated birds.  In NCM, an interaction between sex and hormone treatment suggested that the 

sex effect was restricted to control animals.  The hormone effects suggest that an optimal level 

of estradiol may exist for processing rhythmicity of auditory stimuli.  

Together, these studies represent the first step in establishing the zebra finch as a 

model for human rhythm perception and disorders with disruptions in rhythm processing.  This 

work suggests multiple brain regions that should be assessed in more detail for their 

involvement in human rhythm processing and disorders.  A potential for a learned aspect of 

rhythm discrimination is also indicated, suggesting that rhythm training may aid those with 

disorders involving rhythm processing deficits.  In addition, the establishment of the zebra finch 

as a model provides the opportunity to conduct more mechanistic studies into the basis of 

rhythm perception.
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INTRODUCTION

Human Rhythm Perception

Rhythm is an important aspect of human speech, linguistic ability, and auditory 

processing.  A positive correlation exists between rhythm perceptual abilities and language and 

literacy skill [1].  Many human disorders involve disruptions in rhythm perception and production.  

For example, people who stutter appear to have deficits in internal rhythm generation and timing 

for speech, but can produce fluent speech when provided with external rhythms by a 

metronome [2], another speaker [3], or singing [4].  Children with specific language impairment 

(language delay) have deficits in timing perception as well as in the ability to move in synchrony 

with a beat [5, 6].  It has been proposed that autism is based on deficits in temporal processing 

[7]; presentation of auditory rhythms may be able to alleviate some symptoms [8].  Disruptions 

in perception of timing have also been observed in patients with attention deficit hyperactivity 

disorder (reviewed in [9]), schizophrenia (reviewed in [9]), and dyslexia [10].  Parkinson’s 

disease patients also show significant impairment in rhythm perception [11].  Thus, a better 

understanding of the neural basis of rhythm processing could elucidate mechanisms associated 

with a wide range of human speech, developmental and psychiatric disorders.

Stuttering is one of the disorders involving significant deficits in rhythm perception and 

production.  Children who stutter have a reduced ability to discriminate complex rhythms as 

compared to their age-matched peers [12].  Stuttering is a communication disorder that is 

present in approximately 1% of all people [13].  The lifetime incidence of stuttering is 

approximately 5%, but estimates of spontaneous recovery are as high as 80% [13], indicating 

that many children who stutter no longer do so by adulthood.  It is unknown why some 

spontaneously recover, and it presently is not possible to predict who will recover.  Stuttering is 

highly sexually dimorphic in its prevalence, affecting approximately 3 times as many boys as 

girls, and this difference is larger in adulthood due to higher rates of spontaneous recovery in 

females [13].  People who stutter in adolescence show lower cognitive test scores [14], are 
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more likely to experience bullying [14, 15], have lower self-esteem [15], and report less 

optimistic life orientation [15] as compared to those who do not stutter.  Given these negative 

outcomes, it is important to gain a deeper understanding of the neural mechanisms underlying 

stuttering in order to eventually develop new therapeutic approaches.

In human children, rhythmic perceptual abilities are present early in life, but they 

continue to mature through development.  Infants appear to be attuned to natural speech 

rhythms at 9 months, but not at 6 months [16].  As early as 2 months of age, infants are capable 

of discriminating between rhythmic patterns [17].  While perceptual rhythm abilities develop in 

the first few months of life, ability to entrain to a beat is not present until 4 years of age 

(reviewed in [18]).  Perception and discrimination of tempi appears to improve with age in 

children, adolescents and young adults [19-21].  Children typically perceive faster tempi more 

easily than slower tempi [19].  Rhy1thmic processing appears to influence language and literacy 

skills.  For instance, a correlation exists between literacy and brainstem responses to auditory 

rhythm in children [22].  Auditory rhythm processing ability is positively correlated with and 

literacy and linguistic skill in children [23].  In addition, in children struggling with reading, a 

rhythm based intervention that did not involve any specific linguistic training was equally 

effective at improving reading skills as an established phoneme-grapheme training intervention 

[24], indicating the importance of rhythm processing for literacy and that rhythm deficits alone 

may significantly impair reading.  Together these data demonstrate the importance of children’s 

developing rhythmic capacity for language and literacy learning.

The perception and processing of rhythm is a complex process that involves many 

regions of the brain.  In adult humans, greater activation in the supplementary motor area of the 

cortex and the basal ganglia is detected in response to regular rhythms compared to complex, 

irregular rhythms [25].  Additional support for the role of the basal ganglia in rhythm perception 

comes from Parkinson’s disease patients who experience degeneration of the basal ganglia and 

lack the perceptual advantage provided by beat based compared to complex rhythms [11]
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typically seen in healthy participants [25].  In addition, stutterers show less activation of the 

basal ganglia during a speech task as compared to non-stutterers [26], providing support to the 

idea that stutterers may have impaired rhythmic processing.  Other areas  involved in rhythm 

perception include the premotor [27] and auditory cortex [28].  An understanding of how these 

brain areas function together in rhythm perception and how they may be deficient in people who 

stutter, as well as people with other disorders involving disrupted rhythm perception, is still 

lacking.

Zebra Finches as a Model to Investigate Rhythm Perception

Zebra finches represent a tractable model for studying neural mechanisms of timing and 

rhythm perception and their relationship to vocalization.  Both humans and zebra finches are 

vocal learning species and go through similar stages of memorizing adult vocalizations, 

practicing vocal output in an effort to match the memorized template, and ultimately producing 

their own adult vocalizations (reviewed in [29]).  Vocal learning has been suggested as a 

necessary factor for the capacity to perceive and entrain to rhythmic auditory stimuli [30].

However, recent evidence suggests it may aid in rhythmic perception, but not be required; the 

sea lion, which is not a vocal learner, has demonstrated the capacity to entrain to a beat [31,

32].  The extent to which vocal leaning is required for rhythmic perception is still unclear [33],

but a far greater number of vocal learning species than species that do not learn their 

vocalizations have demonstrated a capacity to entrain to a beat [34].  Zebra finches produce 

highly rhythmic vocalizations [35] used for courtship and the defense of nest sites [36].  This 

consistent natural rhythm of zebra finch song [35, 36] provides a unique opportunity to study the 

neural basis of rhythm perception and its development in a vocal learner.  

Rhythm Perception in Birds

Recent research has added greatly to the understanding of the rhythmic abilities of birds, 

and particularly zebra finches.  Analysis of natural zebra finch song demonstrates that it 

contains a natural pulse that typically coincides with note onsets and neuromuscular gesture 
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transitions within notes, suggesting that songs are organized in a non-random way to maintain 

an underlying temporal structure [35].  When zebra finches raised in isolation were used to start 

a breeding colony, the rhythmic structure of the songs became increasingly similar to wild-type 

song with subsequent generations [37], suggesting that there may be some innate tendency 

toward a regular time structure in zebra finch song.  The timing of zebra finch calls is also quite 

regular, with birds responding to calls with a stereotyped latency.  When a robot was set to call 

during the expected time of the responding bird, both male and female zebra finches were able 

to quickly adapt their calls to avoid calling simultaneously with the robot [38], indicating the

ability to judge local time intervals.

Whether zebra finches and other birds are capable of perceiving higher order rhythms or 

are simply focused on local timing elements is an issue still under debate [33, 39].  In a go/no go 

paradigm where birds were asked to discriminate between regular and irregular beat patterns 

zebra finches seemed to default to making decisions based on local temporal structure, such as 

duration of notes or inter-onset intervals, but also appeared capable of detecting broader 

temporal structure, encompassing multiple shorter intervals [33].  A similar study judged birds’ 

capacity to discriminate between isochronous and irregular tone sequences [40].  While zebra 

finches could discriminate between the training stimuli, they were not able to generalize to 

isochronous rhythms at different tempi, which was interpreted to mean that they were only able 

to attend to local timing features [40].  A preferred tempo range exists in humans outside of 

which individuals are unable to accurately entrain to a beat [41].  If the same type of limitation of 

tempo perception is present in birds, it is possible that the limitations in zebra finches’ abilities to 

generalize rhythm discrimination across tempi may not be due to an inability to perceive global 

rhythm, but instead the changed tempi may be outside of their perceptual range, thus 

decreasing their capacity to discriminate rhythmic stimuli.  In addition, regions of the zebra finch 

brain do not respond as strongly to tones as conspecific vocalizations [42-46], thus the capacity 

to process global rhythms may be different if the sound pattern is composed of natural zebra 
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finch sounds which induce more activity in auditory processing areas of the brain.  The overall 

capacity of zebra finches to attend to different levels of timing and rhythm requires further 

investigation.

Song Development

Rhythm perception may be a learned characteristic in zebra finches, acquired during the 

development of an adult song template.  The general timeline of vocal development in zebra 

finches is agreed upon, but the exact ages at which specific milestones occur is still somewhat 

debated [47-50].  While only males sing, template formation likely occurs in both sexes 

approximately between post-hatching days 20 and 60 [48-50].  Females likely acquire a song 

template from their fathers [51], which is presumably used as a model for quality in the selection 

of potential mates [36, 52].  In males, vocalizations begin as food begging, then develop into 

subsong, which is an immature form of song that is quiet and contains poorly formed notes with 

greatly variable structure and sequence [36].  As the males mature, these songs are practiced 

and modified to relatively closely match the learned template.  This phase of sensorimotor 

integration occurs between about post hatching day 25 and sexual maturity at around 90 days 

of age [48-50].  After sensorimotor integration males have a crystalized song that will not 

undergo any significant changes throughout their lives under normal circumstances [47].

Neural Song Circuit

Humans and zebra finches have substantial parallels in the neural structures underlying 

the perception, learning, and production of vocalizations [53].  Area X, part of an anterior circuit 

that is involved in song learning, is not visible in female zebra finches [54, 55] who do not sing, 

and is homologous to the human striatum [56, 57] which is involved in language learning [58]

(Figure 1).  The lateral magnocellular nucleus of the anterior nidopallium (LMAN) is part of the 

circuit essential for song learning, and is necessary for song plasticity during development [59-

61] and in adulthood [62-64].  A homologous region to LMAN within the human brain has not 

been identified, but it is described as a frontal cortical nucleus [65].  HVC (proper name) is 
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similar to the premotor cortex in humans [65], and is involved in timing in song production [66].

The robust nucleus of the arcopallium (RA) is similar to the motor cortex in humans [65, 67] and

is responsible for generating the spectral features of song [66].  Both of these areas are larger in 

male than in female zebra finches [54, 55].  The caudomedial nidopallium (NCM) and 

caudomedial mesopallium (CMM), while anatomically distinct in the zebra finch brain, are both 

considered homologous to the auditory association cortex in humans [68].

The anterior forebrain pathway is composed of Area X, LMAN, the medial nucleus of the 

dorsolateral thalamus (DLM), and their 

projections.  Area X receives inputs from 

LMAN and HVC and sends output to 

DLM.  LMAN receives input from DLM 

and sends output to Area X and RA.  The 

vocal motor pathway is composed of 

HVC, RA, and the tracheosyringeal part 

of the hypoglossal nucleus (nXIIts).  HVC 

receives input from auditory areas 

including NCM, CMM, and field L, the 

avian primary auditory cortex homolog 

[69], and sends output to Area X and RA. 

RA receives input from HVC and LMAN and projects to nXIIts which innervates the vocal organ 

(syrinx).  The cortical auditory structures in the bird brain include field L, NCM, and CMM.  Field 

L sends output to NCM and CMM.  Reciprocal connections are present between NCM and 

CMM, and both nuclei project to HVC (Figure 1).

ZENK

Many studies have investigated zebra finch auditory perception and the factors 

influencing neural responses to auditory stimuli.  A marker commonly used to assess neural 

Figure 1.  Schematic of the zebra finch song production, song 
learning, and auditory perceptual circuits. The motor pathway 
for song productions is in blue; areas critical to song learning and 
plasticity are in red; auditory regions are in gray. 
http://web.williams.edu/Biology/Faculty_Staff/hwilliams/Finches/circ
uits.html
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activation in zebra finches is the immediate early gene ZENK [43, 45, 70-76].  As an immediate 

early gene ZENK is expressed in neuron following depolarization and can be used as a marker 

of neural activity.  ‘ZENK’ is an acronym used to identify the evolutionally conserved protein 

based on names from other species, specifically zif-268 [77], egr-1 [78], NGFI-A [79], and Krox-

24 [80].  The ZENK protein has a DNA binding site and can regulate the expression of other 

genes [81].  It is involved in synaptic plasticity, and memory [82].  If the pathway for ZENK 

induction is interrupted in juvenile zebra finches, song learning is significantly reduced [83].

Both male and female zebra finches show robust induction of ZENK in multiple brain 

regions in response to conspecific song [70].  For example, NCM and CMM express high levels 

of ZENK following zebra finch song playbacks [43, 74, 75].  Investigations have also repeatedly 

demonstrated increased ZENK with presentation of conspecific compared to heterospecific 

song, pure tones, or silence in both adults [43, 44] and juveniles [45, 70].  The increase in 

neural activity in response to conspecific song has been demonstrated using other 

methodologies such as fMRI [84], and electrophysiology [85]. ZENK expression in NCM and 

CMM is also greater in response to song from tutored compared to untutored zebra finch males 

[76, 86]. Immediate early gene expression following tutor song presentation is significantly 

correlated with the strength of song learning [87, 88]. Together these results suggest that ZENK 

expression in auditory cortical regions is highest in response to stimuli that are most similar to 

the song template learned during development.

Distinct patterns of ZENK expression suggest that specific brain regions are activated by 

hearing song and others are associated with producing it [73, 75].  In canaries, singing induces 

ZENK expression in HVC, RA, LMAN, and Area X among other nuclei [73].  Hearing conspecific 

song creates a different pattern in canaries, with abundant expression in portions of the primary 

auditory cortex homolog field L, as well as CMM and NCM [73].  Parallel patterns of ZENK 

expression are seen in zebra finches that sing or hear conspecific song [75].   In zebra finches, 

HVC also shows electrophysiological responses to a bird’s own song [89] and tutor’s song [90],
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with much less response to other conspecific songs.  However, no difference in ZENK induction 

was detected between birds exposed to their own song, tutor song, or novel conspecific song 

[71].  Analyses of ZENK expression do not always show the same activity patterns as 

electrophysiological measurement of neural responses; it is possible for neurons to fire without 

inducing ZENK expression (reviewed in [91]).

ZENK in Development

While the expression of ZENK in the adult zebra finch brain has been characterized in a 

variety of contexts, the development of ZENK responses to auditory stimuli has been less well 

studied.  At post-hatching day 20, there is high constitutive expression of ZENK in NCM, and 

ZENK induction by song is possible at day 30 [42, 92].  In 30 and 45 day old zebra finches 

conspecific song, but not heterospecific song or tones, induces ZENK expression uniformly 

throughout the medial and lateral portions of the medial striatum in females and within the 

medial striatum, but not in Area X, which is located in the lateral portion of the medial striatum in 

males [46].  ZENK expression in the NCM, CMM, and hippocampus is greater in response to 

conspecific song than heterospecific song, tones, or silence in male, but not female, zebra 

finches at post-hatching day 30 [45].  At day 45, normal zebra finch song induces greater ZENK 

expression than untutored song in NCM and CMM of both sexes, but these effects are not seen 

in birds that were raised without a tutor [76], indicating that a learned template is necessary for 

normal song discrimination.  In day 45 zebra finches of both sexes, conspecific song induces 

greater ZENK expression in NCM than silence, but differences are not seen between 

conspecific and heterospecific song or in CMM among the stimuli [70].  Further research is 

needed to clarify the developmental patterns of song discrimination various auditory responsive 

nuclei.

Estradiol and Perception

Estradiol (E2) can broadly influence perceptual systems in a large range of animals.  
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been found in the human olfactory neuroepithelium [93].  Estrogen receptors also exist in rat 

dorsal root ganglion cells, and multiple tissues in the eye, including the retina, in rats, rabbits, 

humans, cows, and trout [94-96].  Cochlear estrogen receptors have also been described in 

mice, rats, zebra finches, and an African cichlid fish [97-99].  The abundance of estrogen 

receptor in sensory organs provides great opportunity for hormone modulation of perception in 

various modalities.  E2 improves olfactory perception in women with postmenopausal hormone 

therapy [100] and in female rats [101].  In the peak fertile phase of the menstrual cycle, which is 

when E2 levels are highest, women in relationships have a preference for odors of more 

dominant men, not seen during other times of the cycle [102].  Women with low levels of E2 

show attenuation of auditory event-related potentials in the cortex [103].  Auditory brainstem 

responses are also influenced by E2 levels, with E2 replacement decreasing latencies in 

ovariectomized rats [104].  Decreased latencies are also detected in E2-treated juvenile female 

rhesus monkeys [105], as well as women in the periovular phase of the menstrual cycle, when 

E2 levels are increased [106].

Estradiol’s Effect on Responses to Song

A variety of techniques have been utilized to assess the impact of E2 on responses to 

song, including local infusion of E2 in particular brain regions, systemic E2 administration, 

electrophysiology, ZENK assessment, and analysis of behavioral responses.  

Electrophysiological data has shown some inconsistency in how E2 infused into NCM influences 

selectivity of local neurons. For example, E2 consistently increases responses to conspecific 

song and a bird’s own song, but the data are inconsistent on whether it increases responses to 

reverse song, heterospecific song, or white noise [107-109].  The effects of fadrozole in NCM on 

responses to auditory stimuli is also inconsistent, with reports of reduced activity [108] or no 

effect [109].

The effects of E2 on ZENK expression in the brain have been well studied in white-

throated sparrows.  These birds breed seasonally and experience regression of the gonads 
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during the nonbreeding season, leading to very low circulating E2 levels [110].  In both NCM 

and CMM, no differences are seen in ZENK expression in the non-breeding season following 

exposure to conspecific song or tones, but with systemic E2 replacement higher ZENK is seen 

in song exposed birds [110].  These effects are not due to an increase in ZENK in response to 

conspecific song, but instead to a decrease in response to tones [110].  This result may suggest 

that E2 is important for selectivity of neural responses in these auditory areas, allowing for 

inhibition of responses to ecologically irrelevant stimuli.  Similar patterns of ZENK expression 

are seen in brain regions within the social behavior network [111] including Tn, where birds in 

the breeding season have greater ZENK expression in response to song than to tones or 

silence, and E2 is able to induce this difference in non-breeding birds [111].   This suggest that 

E2 can also influence selectivity of neural responses in Tn, potentially through both increased 

responses to song and inhibition of responses irrelevant stimuli.

The influence of E2 on behavioral preferences for song types has been assessed in 

multiple ways.  As measures of preference for different song types in female zebra finches, 

Vyas et al. (2009) quantified body shakes, orienting toward the speaker where song was being 

played, and long calls [112].  In birds implanted with E2, significant increases were detected in 

all three measures for complex song (containing a large number of unique syllables and variety 

in the syllables present in each motif) compared to long-bout songs (consisting of a large 

number of uniform motif repetitions resulting in bouts of  long duration) or prototypical songs 

(shorter with simple repeated motifs); these differences in response to song type were not seen 

in a pretest without hormone treatment [112, 113].  The results following treatment with an

aromatase inhibitor were more complex, with no differences seen in shakes, but an increase in 

orienting toward the speaker with complex song compared to long-bout song, and an increase 

in long calls in response to complex song as compared to both other song types [112].  These 

results suggest that E2 may differentially regulate various aspects of behavioral responses to 

conspecific vocalizations.  Another test used to assess E2’s influence on song preference 
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involves playing two different songs simultaneously at opposite ends of a long cage and 

assessing time spent near each speaker.  Retrodialysis of the aromatase inhibitor fadrozole into 

NCM in the left, but not the right, hemisphere eliminated the increase in time spent near a 

speaker playing bird’s own song compared to time near a speaker playing conspecific song in 

adult male zebra finches [109].  This suggests that E2 is necessary for this behavioral 

difference.  It is unclear from these studies whether the differences in behavioral responses 

were due to an influence of E2 on the neural processing of auditory stimuli or their salience.

Estradiol in the Zebra Finch Auditory and Song Systems

The presence of both aromatase, the enzyme responsible for the production of E2 by 

metabolism from testosterone, and estrogen receptors within auditory responsive nuclei in the 

brain provides the opportunity for E2 to influence auditory processing.   Aromatase expression is  

abundant in the zebra finch brain, with similar patterns detected for mRNA [114] and protein 

[115, 116].  The enzyme is highly expressed within nucleus taeniae (Tn), the avian homolog of 

the mammalian amygdala, as well as NCM and CMM, but appears absent from song system 

nuclei LMAN, Area X, HVC, and RA [114-116].  Areas that produce E2 also have the capacity to 

[117] and protein [118] are present in both 

NCM and Tn.  GPR30 is a membrane bound estrogen receptor that is involved in rapid 

responses to E2 [119].  The expression of GPR30 has been mapped in the juvenile and adult 

zebra finch brain [120].  At post hatching day 21 dense GPR30 labeling is detected in Tn, HVC, 

and RA.  Slightly less dense staining is seen in NCM and CMM.  By adulthood GPR30 

expression is largely reduced, but moderate labeling remains in areas with dense labeling 

during development [120].

Given the abundant expression of aromatase within NCM [114-116], it is not surprising 

that there is a high degree of local E2 synthesis within the auditory nucleus [121].  Interestingly, 

it occurs specifically in response to song.  Microdialysis in NCM of awake, behaving zebra 

finches reveals a significant increase in E2 concentration during exposure to conspecific song in 
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both males [122] and females [108].  In male zebra finches, increased E2 was detected in NCM 

during exposure to silent video of a female zebra finch, but not during video of male zebra 

finches or Bengalese finches [108].  No increase in E2 was seen in response to any of the video 

types in the female NCM [108].  E2 increases in NCM were also observed in males when a 

female was placed adjacent to the testing cage [122].  These effects of song and social stimulus 

were specific to NCM because microdialysis just outside NCM or specifically in CMM did not 

show E2 responses to visual or auditory stimuli [108, 122].  These local increases in E2 in 

response to song may facilitate discrimination of auditory stimuli and promote maximal neural 

activity to the most ecologically relevant stimuli.

Summary of Dissertation Experiments

The first experiment in this dissertation was designed to test the hypothesis that the 

zebra finch brain is capable of discriminating between rhythmic and arrhythmic auditory stimuli, 

as indicated by expression of the immediate early gene ZENK.  The next experiment further 

probed the basis of rhythmic processing ability by assessing neural responses to rhythmicity at 

multiple stages during vocal-motor development in order to test the hypothesis that a learned 

song template was necessary for differential neural responses to rhythmicity.  With the final 

experiment in this dissertation, I sought to assess the hypothesis that rhythm processing in 

NCM, CMM and Tn is modulated by E2.

Chapter 1: ZENK expression in response to rhythmic and arrhythmic conspecific song in adult 

zebra finches.  The density of cells expressing ZENK protein was analyzed within the anterior 

forebrain pathway, the vocal-motor song circuit, the auditory forebrain, and one region of the 

social behavior network (Tn) [123].

Chapter 2: Development of ZENK responses to rhythmic and arrhythmic song.  

Immunohistochemistry was used to assess density of ZENK+ cells across multiple stages of 

vocal learning in regions that showed significant effects of stimulus type in adults: NCM, CMM 

and Tn [124].
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Chapter 3: E2 influences on ZENK responses to rhythmicity of auditory stimuli in adults.  In situ

hybridization was used to quantify the density of cells expressing ZENK mRNA in birds treated 

with E2, fadrozole, or a control manipulation (submitted manuscript).
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CHAPTER 1

Arrhythmic Song Exposure Increases ZENK Expression in Auditory Cortical Areas and Nucleus 
Taeniae of the Adult Zebra Finch

Introduction

Human speech and avian song have many parallels: both are acquired through 

sensorimotor learning, and when well-formed they are rhythmically structured in time. There is 

increasing evidence that rhythm plays an important role in speech and language processing.  

During development, rhythm perception ability is positively correlated with language and literacy 

skill [1].  Moreover, children with specific language impairment (language delay) have deficits in 

rhythm processing that include the ability to move in synchrony with a beat [5, 6].  People who 

stutter also appear to have deficits in internal rhythm generation and timing for speech, but can 

produce fluent speech when paced by an external rhythm such as a metronome [2], another 

speaker [3], or singing [4].  A number of other human disorders also involve disruptions in timing 

and/or rhythm processing.  For example, individuals with autism have been proposed to show 

deficits in temporal processing [7], with presentation of auditory rhythms possibly alleviating 

some symptoms [8].  Disruptions in aspects of timing or rhythm processing have also been 

observed in patients with attention deficit hyperactivity disorder (reviewed in [9]), schizophrenia 

(reviewed in [9]), and dyslexia [10].  Parkinson’s disease patients also show significant 

impairment in rhythm perception [11].  Thus, a better understanding of the neural bases of 

rhythm processing could elucidate mechanisms associated with a wide range of human 

developmental and psychiatric disorders. 

Zebra finches represent an excellent potential model for studying neural mechanisms of 

timing and rhythm perception.  As songbirds, they produce highly rhythmic vocalizations used 

for courtship and the defense of nest sites [36].   Zebra finch song begins with a series of short 

introductory notes, followed by several repetitions of an ordered set of notes called a motif 

(Figure 2). A complete sequence of introductory notes and subsequent motifs performed without 
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a prolonged silent interval is referred to as one song bout.  The intervals between notes are very 

regular.  This consistent natural rhythm of zebra finch song [36] provides a relatively unique 

opportunity to study rhythm as a discriminatory characteristic.  Furthermore, as an animal 

model, zebra finches provide an opportunity to study the neural basis of rhythm perception in a 

more direct manner than possible with humans.

Figure 2. Representative spectrograms of rhythmic and arrhythmic song. Images depict 7.5 
seconds of representative rhythmic and arrhythmic song stimuli. They were generated from the same 
natural song. Introductory notes are indicated with I. A, B, and C indicate 3 distinct notes that compose a 
motif. Each image contains two bouts of song.

Zebra finches are vocal learners [29] and, similarly, normal human rhythm processing 

has been proposed to be a by-product of vocal learning mechanisms [30].  Moreover, as vocal 

learners, zebra finches  learn to sing  in a manner similar to the way humans develop speech  

(reviewed in [29]).  Both species initially form an auditory template by listening to vocal 

production of adult tutors.  They then practice and improve on their own vocalizations, which 

include subsong in birds and babbling in humans, and ultimately produce adult crystalized song 

in zebra finches and fluent speech in humans.  In both species, critical periods exist after which 
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vocal learning is strongly limited.  In addition to the similar developmental trajectories, humans 

and zebra finches have substantial parallels in the neural structures underlying the perception, 

learning, and production of vocalizations [53].  Area X, part of an anterior circuit involved in song 

learning, is not visible in female zebra finches [54, 55] who do not sing, and is homologous to 

the human striatum [56, 57] which is involved in language learning [58].  HVC (proper name) is 

similar to the premotor cortex [65] and the robust nucleus of the arcopallium (RA) is similar to 

the motor cortex in humans [67].  Both HVC and RA are part of a motor circuit involved in song 

production.  Both of these areas are larger in male than in female zebra finches [54, 55].

Although only male zebra finches sing, females likely also acquire a song template from their 

fathers [51, 125, 126], which is presumably used as a model for quality in the selection of 

potential mates [36, 52, 127].  The caudomedial nidopallium (NCM) and caudomedial 

mesopallium (CMM), while anatomically distinct in the zebra finch brain, are both considered 

homologous to the auditory association cortex in humans [68]. The lateral magnocellular 

nucleus of the anterior nidopallum (LMAN) is part of the circuit essential for song learning, and 

is necessary for song plasticity during development [59-61] and in adulthood [62-64].  A 

homologous region to LMAN within the human brain has not been identified.  

Many studies have investigated zebra finch auditory perception and the factors 

influencing neural responses to auditory stimuli.  A marker commonly used to assess neural 

activation in zebra finches is the immediate early gene ZENK [43, 45, 70-76].  ‘ZENK’ is an 

acronym used to identify the evolutionally conserved protein based on names from other 

species, specifically zif-268 [77], egr-1 [78], NGFI-A [79], and Krox-24 [80].  The ZENK protein 

has a DNA binding site and can regulate the expression of other genes [81].  It is thought to be 

involved in synaptic plasticity, and memory [82].  Extracellular signal-related kinase is an 

upstream component of the signaling pathway including ZENK; its inhibition blocks induction of 

ZENK in the zebra finch auditory cortex [72].  If the pathway for ZENK induction is interrupted in 

juvenile zebra finches, song learning is significantly reduced [83].
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Both male and female zebra finches show robust induction of ZENK in multiple brain 

regions in response to conspecific song [70].  For example, NCM and CMM express high levels 

of ZENK following zebra finch song playbacks [43, 74, 75].  Investigations have also repeatedly 

demonstrated increased ZENK with presentation of conspecific compared to heterospecific 

song, pure tones, or silence in both adults [43, 44] and juveniles [45, 70].  The increase in 

neural activity in response to conspecific song has been demonstrated using other 

methodologies such as fMRI [84, 128], and electrophysiology [85]. ZENK expression in NCM 

and CMM is also greater in response to song from tutored compared to untutored zebra finch 

males [76, 86]. Immediate early gene expression following tutor song presentation is 

significantly correlated with the strength of song learning [87, 88]. Together these results 

suggest that ZENK expression in auditory cortical regions is highest in response to stimuli that 

are most similar to the song template learned during development. 

Distinct patterns of ZENK expression suggest that specific brain regions are activated by 

hearing song and others are associated with producing it [73, 75].  In canaries, singing induces 

ZENK expression in HVC, RA, LMAN, and Area X, among other nuclei [73].  Hearing 

conspecific song creates a different pattern of ZENK expression in canaries, with abundant 

expression in portions of the primary auditory cortex homolog field L, as well as CMM and NCM

[73].  Parallel patterns of ZENK expression are seen in zebra finches that sing or hear 

conspecific song [75].   In zebra finches, HVC also shows significant electrophysiological 

responses to a bird’s own song in anesthetized subadults [89] and sleeping juveniles, and 

tutor’s song in awake juveniles [90], with much less response to other conspecific songs.  

However, the same pattern has not been described in ZENK responses [71] when assessed in 

awake adults.

While many aspects of zebra finch auditory responses have been studied, little is known 

about their perception of rhythm, and whether rhythm is a salient factor in their discrimination of 

songs.  To evaluate whether rhythmicity influences neural responses, and which brain regions 
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are involved in processing information about rhythmic structure in zebra finches, the present 

study exposed adult males and females to conspecific songs with normal structure (‘rhythmic’) 

or the same vocalizations with varied timing of syllable onset while maintaining the same 

syllable order (‘arrhythmic’).  The density of ZENK immunoreactive cells was assessed in 

several brain areas of interest, including regions important to song production and perception.  

Expression was also quantified in nucleus taeniae (Tn; a homolog to the mammalian amygdala, 

[129]), because an initial qualitative assessment indicated particularly strong labeling there.  We 

hypothesized that ZENK expression would differ in birds exposed to rhythmic or arrhythmic 

song in nuclei involved in the perception or evaluation of auditory stimuli.

Materials and Methods

Animals

Zebra finches were raised in walk-in aviaries at Michigan State University, each 

containing 5-7 pairs of males and females with their offspring.  Birds were maintained on a 

12:12 light:dark cycle with lights turning on at 7am and provided ad libitum access to seed 

(Kaytee Finch Feed, Chilton, WI), water, gravel and cuttlebone.  Their diet was supplemented 

weekly with hard boiled chicken eggs mixed with bread, as well as spinach and oranges.  Once 

birds reached adulthood (at least 90 days of age), they were transferred to adjacent single sex 

walk-in aviaries and allowed a minimum of 10 days to acclimate to their new housing prior to 

experimental stimulus exposure.  Birds could see and hear birds of the opposite sex, but could 

not physically interact.  Animals in the study were less than 1 year old.  

Ethics Statement

All protocols were approved by the Institutional Animal Care and Use Committee of 

Michigan State University (#01-13-006-00).
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Stimulus creation

Nine 30-second rhythmic song stimuli and nine 30-second arrhythmic song stimuli were 

formed using Praat software [130] (Figure 2). To create these stimuli, nine zebra finch song 

recordings were selected from Boston University’s Laboratory of Neural Circuit Information

Zebra Finch song data set (http://people.bu.edu/timothyg/song_website/index.html). For each 

stimulus, introductory syllables and two subsequent motifs (motif 1 and motif 2) were extracted 

from a recording. They were alternated 5 times, forming an alternating (1-2-1-2-1) motif 

structure. Thus a single bout of a song consisted of an unmanipulated sequence of introductory 

notes, followed by five unmanipulated motif productions (Figure 2). To form a complete rhythmic 

song stimulus, bouts were repeated for 30 seconds, with at least 0.4 seconds of silence 

between each bout presentation.  The remaining silence, after repeating bouts until a complete 

bout could not be repeated without surpassing 30 seconds, was distributed evenly across the 

intervals between bouts so that each complete stimulus was 30 seconds. Across the rhythmic 

stimuli, silence between bouts ranged from 0.4 to 1.4 seconds (mean silence between bouts = 

0.8 seconds). The 9 rhythmic song stimuli were divided into 3 groups of 3 such that the total 

length of silence was similar across groups.  Maintaining a similar amount of total auditory 

stimulus across groupings was important because duration of song exposure can influence 

levels of ZENK expression [74].

To create the nine arrhythmic song stimuli, the length of each interval between syllables (other 

than between introductory notes), motifs, and bouts of the rhythmic song stimuli was altered 

using Matlab (The Mathworks, Inc., Natick, MA). The same total amount of spacing within the 

30-second stimulus was retained.  However, each interval was randomly changed to one of 

three durations: 1) 10 ms, 2) the average duration (based on all intervals in a song except those 

between introductory notes), or 3) double the average duration, minus 10 ms. After all but the 

final interval had been changed to one of those three durations, the final one in each song was 

changed to the duration needed to add up to the original total (Figure 2). In this manner, the 
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sequential order of syllables was preserved, but the rhythmicity, or regularity, of the timing of the

syllables was disrupted, yielding arrhythmic songs. The 9 arrhythmic song stimuli were divided 

into 3 groups of 3 corresponding to the same grouping as the rhythmic stimuli. There were a 

total of 6 groups, 3 in the rhythmic condition, and 3 in the arrhythmic condition. 

Song Exposure

For each stimulus type, 9 males and 9 females were exposed.  Presentation of stimuli 

was controlled using E-Prime 2.0 software (Psychology Software Tools, Inc., Pittsburgh, PA).  

Individual birds were exposed to a stimulus inside an 11.25”x8.5”x15.25” cage within a 

7’2”x14’9” room with lights on.  First, a 1-hour period of silence allowed birds to acclimate to the 

testing room. Following the hour of silence, each bird was exposed to one group of 3 songs 

(either rhythmic or arrhythmic, randomly selected).  Songs were played from a single speaker 

adjacent to the testing cage.  Song stimuli were presented in pseudo-random order for a total of 

30 presentations (10 presentations of each 30-second song), yielding a total of approximately 

15 minutes of song. For every 3 presentations, each song was heard once. There were 30 

seconds of silence between each song. Therefore, the song presentation portion of the 

procedure lasted approximately 30 minutes.  All songs were played within the volume range of 

normal zebra finch song, at approximately 70 dB.  Both the testing room and all stimuli were 

novel for all birds.  All testing occurred between 9am and 3pm, with a maximum of two birds 

tested in a day.  Different stimulus groups were randomized across morning and afternoon 

testing times.  Following song exposure animals remained in the testing room for 1 hour 

undisturbed in order to allow ZENK protein expression to reach peak levels [75].  They were 

then euthanized by rapid decapitation, whole brains were collected and frozen in methylbutane.  

Brains were stored at -80°C until further processing.  

All of the song exposures were recorded using a Canon Vixia HF R300 camcorder.  

Recordings of all of the males were reviewed to ensure that the bird did not sing in response to 

the song presentation, as this could lead to a different pattern of ZENK expression in the brain 
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than auditory song exposure alone [73, 75].  No males sang.  Across both stimulus conditions, 

birds generally responded to the initiation of song by adopting an upright , alert posture, 

orienting toward the speaker, and some emitted a few chirps.  All recordings were reviewed to 

determine whether excess background noise was present.  Two birds were eliminated from 

analysis due to the presence of substantial, unanticipated noise near the testing room.  A few 

other animals were eliminated from analysis of individual brain regions due to histological 

artifact.  Final sample sizes are indicated in the figures.

Tissue Processing

sue was stored at -80°C until further 

processing.  One series of slides was processed using immunohistochemistry for ZENK.  Tissue 

was run in three groups due to the large number of slides; both sex and stimulus conditions 

were equally represented in each. Tissue was warmed to room temperature then rinsed in 0.1M 

phosphate-buffered saline (PBS).  It was then fixed in 4% paraformaldehyde, rinsed 3x5 

minutes with PBS, and treated for 30 minutes with 0.9% H2O2 in methanol. It was rinsed with 

PBS, and incubated in 5% normal goat serum in PBS with 0.3% Triton X-100 for 30 minutes.  

Next, it was incubated overnight in a ZENK (Egr- -189, 

Santa Cruz Biotechnology, Inc., Dallas, TX) in 5% normal goat serum in PBS with 0.3% Triton 

X-100 at 4°C.  The tissue was rinsed in PBS and exposed to a biotin-conjugated goat anti-rabbit 

-100 for 

2 hours at room temperature.  Following PBS rinses, it was incubated in Elite ABC reagents 

(Vector Labs, Burlingame, CA) for 1 hour, washed with PBS and Tris-buffered saline and then 

treated with diaminobenzadine in tris-buffered saline with 0.003% H2O2 to produce a brown 

reaction product.  The reaction was terminated with PBS, and the tissue was dehydrated and 

coverslipped with DPX (Sigma–Aldrich, St. Louis, MO).  
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An adjacent series was stained with thionin to allow confirmation of the location of the 

brain regions of interest:  NCM, CMM, Tn, lateral and medial striatum, HVC, and LMAN.  The 

auditory cortical regions NCM and CMM were selected due to their role in song learning and 

perception.  The telencephalic song control nuclei, striatum, HVC and LMAN, were selected due 

to their role in song learning and song production.  Tn was selected because it is involved in 

motivated behaviors in birds [129], and on initial inspection of the tissue it showed high levels of 

ZENK expression.

Analysis of tissue sections was conducted by an observer blind to treatment condition 

and sex, using ImageJ software (National Institutes of Health).   Each brain region was 

assessed bilaterally in two adjacent sections in each animal.  For all brain regions assessed, a 

cell was considered labeled if it contained a round nuclear area densely filled with brown stain 

which was darker than the general background coloring seen in surrounding areas.  For NCM, a 

0.525mm*0.393mm box was placed with the medial corner under the hippocampus at the point 

where the ventricle begins to curve ventrally to run parallel with the midline (Figure 3C).  A grid 

of 0.066mm*0.065mm rectangles existed within the box, and cells were counted in alternating 

cells of the grid excluding cells that overlapped with the bottom or left edge of each grid box.  

Density was determined by dividing the total number of labeled cells by half of the total area of 

the region analyzed.  Cells within NCM were counted in the section prior to the start of RA and 

the first section containing RA.  For CMM, a 0.496mm*0.205mm box was placed under the 

ventricle lateral to where it curves ventrally toward the midline between A 1.6 and A 1.2 from a 

songbird brain atlas [131] (Figure 4E).  Area X is located in the lateral striatum of males, but is 

typically not visible in females [132].  Initial observations indicated substantial differences in the 

patterns of ZENK expression between the medial and lateral striatum.  A box of 

0.492mm*0.492mm was placed in the lateral portion of the medial striatum. For the medial 

striatum, a box of the same size (0.492mm*0.492mm) was placed half way between the midline 

and the location quantified in the lateral striatum (Figure 5A).  Labeled cells were counted in 
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striatum sections starting in the 4th section after the appearance of LMAN in order to maintain a 

landmark that was visible in both sexes.  For Tn, a 0.238mm*0.244mm box was placed near the

ventral edge of the telencephalic lobe where a corner is formed by the ventral and medal edges 

of the lobe (Figure 6C).  As with NCM, cells in Tn were counted in the section prior to the start of 

RA and the first section containing RA.  

Limited labeling was detected in HVC and LMAN, so it was not quantified. However, a 

qualitative analysis was conducted, in which the areas were observed bilaterally in two adjacent 

sections and assigned a score from 0 to 2. Zero indicated no labeled cells within the nucleus, 1 

indicated very sparse staining or staining that was very light in color, and 2 indicated dark 

labeling or dense populations of labeled cells within the nucleus. 

Statistics

Separate two-way ANOVAs were computed for NCM, CMM, and Tn to determine 

whether rhythmicity of the stimulus and sex influenced the density of ZENK-immunolabeled cells 

within the region.  A mixed model ANOVA was used for the striatum to assess whether 

rhythmicity and sex (between animals), as well as location within the striatum (within animals), 

influenced the density of ZENK-immunolabeled cells.  To investigate an interaction, paired t-

tests were conducted within each sex for lateral and medial striatum.  All statistics were 

calculated using SPSS 21 (IBM, Armonk, NY).

Results

In NCM, a significant main effect of stimulus condition was found (F1,31=5.73, p=0.023), 

such that the density of ZENK-immunolabeled cells was greater in birds exposed to arrhythmic 

than rhythmic song (Figure 3).  There was no effect of sex on density of ZENK labeled cells 

(F1,31=0.09, p=0.765), and no significant interaction between stimulus condition and sex 

(F1,31=0.02, p=0.885).
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A significant effect of stimulus condition was also detected in CMM (F1,31=4.34, p=0.046).  

As in NCM, birds exposed to arrhythmic song had an increased density of ZENK-

immunolabeled cells.   A main effect of sex was also detected in CMM (F1,31=4.55, p=0.041), 

such that females had greater density of ZENK-immunolabeled cells than males (Figure 4).  A 

significant interaction between rhythm condition and sex was not detected (F1,31=0.68, p=0.414).

In Tn, a significant main effect of stimulus type was found (F1,31=4.64, p=0.039; Figure 

6).   As in NCM and CMM, birds exposed to arrhythmic song had greater density of ZENK-

immunolabeled cells (Figure 6).  There was no effect of sex (F1,31=0.11, p=0.737) and  no 

interaction between rhythm condition and sex (F1,31=0.29, p=0.596). Data for individual groups 

are presented in Table 1.

Unlike the other areas quantified, the striatum did not show differences between the two 

stimulus types – ZENK expression was equivalent across birds exposed to normal and 

arrhythmic songs ( F1,30=0.23, p=0.633).  There was also no significant effect of sex (F1,30=0.39, 

p=0.537).  However, a significant difference existed between the lateral and medial striatum 

(F1,30=92.70, p<0.001), and this relationship was affected by sex (sex x location interaction: 

F1,30=11.94, p=0.002).  Expression in both males and females was greater in the medial than 

lateral striatum (t16=7.972, p<0.001and t16=-5.514, p<0.001 respectively), but the difference 

appeared much larger in males, largely due to a near absence of labeling in the lateral striatum 

(Area X) of males (Figure 5). There was no significant interaction between location within the 

striatum and stimulus condition (F1,30=0.54, p=0.470), nor was there an interaction between sex 

and stimulus condition (F1,30=0.29, p=0.597). The three-way interaction among sex, location in 

the striatum, and stimulus condition was also not statistically significant (F1,30=1.43, p=0.241).

For LMAN and HVC qualitative scoring was done in which birds were assigned a 

number on a 0-2 scale, with 0 indicating no detectable ZENK, 1 indicating light or very sparse 

labeling, and 2 indicating dark and/or abundant staining comparable to that seen in NCM.  In 
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both LMAN and HVC, scores were very similar across the sexes and stimulus conditions and 

were mostly 0s (Table 2).  No animals were assigned 2s for either brain region (Figure 7).  

Figure 3. Density of ZENK expressing cells in NCM. Panels A and B depict representative samples of 
ZENK immunohistochemical labeling in birds exposed to rhythmic (A) or arrhythmic (B) song. Panel C 
depicts an adjacent section stained with thionin; the box indicates the area where cells were counted. 
Panel D shows the density of ZENK expressing cells between sexes and stimulus types (mean ± 
standard error). There was a significant main effect of sex, indicted by an asterisk. Sample sizes are 
noted within the bars.
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Figure 4. Density of ZENK expressing cells in CMM. Panels A-D depict representative samples of 
ZENK immunohistochemical labeling in a female exposed to rhythmic song (A), female exposed to 
arrhythmic song (B), male exposed to rhythmic song (C), and a male exposed to arrhythmic song (D). 
Panel E depicts a thionin stained adjacent section; the box indicates the area where cells were counted. 
Panel F depicts the density of ZENK expressing cells between sexes and stimulus types (mean ± 
standard error). A significant main effect of stimulus type is indicated by the asterisk. A significant main 
effect of sex is represented by the different lower case letters. Sample sizes are noted within the bars.
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Figure 5. Density of ZENK expressing cells in the striatum. Panel A depicts a thionin stained section,
with boxes showing the lateral and medial areas in which cell densities were assessed. Panel B is from a 
representative male exposed to rhythmic song, and C is from a female exposed to arrhythmic song. Panel 
D depicts the density of ZENK expressing cells between sexes, stimulus types, and location within the 
striatum (mean ± standard error). A main effect of location is indicated by the asterisk. A significant sex x 
region interaction was also detected, such that the difference in density of ZENK expressing cells in the 
medial compared to lateral striatum was greater in males than females. Sample sizes are noted within the 
bars.



28 
 

Figure 6. Density of ZENK expressing cells in Tn.  Panels A and B depict representative samples of 
ZENK immunohistochemical labeling in birds exposed to rhythmic (A) or arrhythmic (B) song. Panel C 
depicts a thionin stained adjacent section; the box indicates where cells were counted. Panel D shows the 
density of ZENK expressing cells between sexes and stimulus types (mean ± standard error). A 
significant main effect of sex is indicted by the asterisk. Sample sizes are noted within the bars.



29 
 

Table 1.  ZENK+ cells/mm2 means (standard error) for the caudomedial nidopallium (NCM), 
caudomedial mesopallium (CMM), and nucleus taeniae (Tn). The sample size is indicated on the 
second row of each cell.

Male Female
Left Right Left Right

NCM
Rhythmic 131.7 (23.5) 

9
120.6 (26.3) 

9
109.9 (24.4) 

9
114.4 (22.0) 

9

Arrhythmic 194.7 (33.9) 
9

205.0 (38.2) 
9

162.1 (47.7) 
8

218.7 (45.0) 
8

CMM
Rhythmic 307.6 (70.1) 

9
323.3 (74.6) 

9
401.0 (86.3) 

9
486.8 (104.7) 

9

Arrhythmic 444.2 (92.4)
9

429.5 (105.3) 
9

678.6 (156.0) 
8

791.1 (153.4) 
8

Tn
Rhythmic 121.5 (34.8) 

9
160.7 (41.4) 

9
218.1 (32.1) 

9
289.9 (50.5) 

9

Arrhythmic 262.1 (64.0) 
9

217.2 (97.4) 
9

229.2 (53.7) 
8

271.2 (43.8) 
8
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Figure 7. Relative absence of ZENK expressing cells in LMAN and HVC. Panels A and B depict 
thionin stained sections, with arrows showing borders of LMAN and HVC from a male exposed to 
arrhythmic song. Panels C and D depict adjacent sections with representative samples of 
immunohistochemical labeling. LaM = lamina mesopallialis; V = ventricle.

 
Table 2. Numbers of animals of each sex and stimulus condition exhibiting no or very modest 
labeling in two cortical song control regions, LMAN and HVC.

LMAN HVC
Score* Rhythmic Arrhythmic Rhythmic Arrhythmic

Male
0 7 7 5 7
1 2 2 4 3

Total 9 9 9 8

Female
0 8 6 5 3
1 1 2 2 1

Total 9 8 7 4
*0 = no detectable ZENK expression; 1 = very light or sparse labeling; 2 = dark or dense labeling (no 
individuals were assigned this score)
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Discussion

Summary

The present results indicate that arrhythmic song induces greater ZENK expression in 

the auditory cortical areas, NCM and CMM, and the amygdala homolog, Tn, compared to un-

manipulated (rhythmic) zebra finch song.  Effects of stimulus type were not observed in Area X, 

LMAN or HVC, indicating that these differences in neural responses to song rhythmicity in the 

adult zebra finch are specific to the regions described.  Effects associated with the sex of the 

animals were detected in two brain areas.  First, greater ZENK expression was induced in CMM 

in females compared to males across stimulus groups.  Second, while labeling across the sexes 

was increased in the medial compared to lateral striatum, the difference was greater in males 

due to a near absence of ZENK expression in Area X following both types of song stimuli.

NCM and CMM

The results in NCM and CMM of increased ZENK expression with arrhythmic as 

compared to rhythmic song can be considered in the context of human auditory processing.  In 

humans the auditory association cortex has increased activity in response to unexpected 

perturbations in one’s own speech [133].  Neurons in this area are thought to code for mismatch 

between expected and perceived auditory feedback [133, 134].  The pattern of results seen in 

NCM and CMM is consistent with data from humans, in which fMRI revealed greater activity in 

the secondary auditory cortex with exposure to an arrhythmic compared to a rhythmic tone 

sequence [135].  Thus, one possibility is that the increase in neural activity in NCM and CMM in 

response to arrhythmic song stems from detection of deviation from the temporal regularity 

expected based on the learned song template.  Data on comparisons of conspecific to 

heterospecific song are consistent with this idea.   Songs from birds other than zebra finches 

produce little or no expression of ZENK in both NCM and CMM, whereas conspecific song 

produces a robust response in these regions [43, 44].  We suggest that arrhythmic song is 

similar enough to natural zebra finch song so as to be detected as a (perhaps inappropriate) 
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variant of conspecific song, whereas heterospecific song is different enough that it does not 

activate this system of error detection.  It will now be important to determine whether auditory 

template formation during development is necessary for zebra finches to be sensitive to the 

rhythmic characteristics of conspecific song.

Exposure to reverse zebra finch song has been used as a way of testing neural 

response to changes in temporal pattern [136], because the total amount of song and the 

spectral qualities remain unchanged from normal conspecific song.  However, reverse song 

differs from normal vocalizations in more characteristics than rhythmicity, including the onset 

and decline within each note and the overall structure of the bout.  Reverse song induces less 

neural activation than other forms of conspecific song in some populations of cells within NCM 

[42].  These results indicate that the aspects of song altered by reversing it, including timing, 

bout structure and individual note dynamics, are important for neural responses to conspecific 

song within NCM.  Thus, one possibility is that reverse song is different enough that it is not 

recognized as an altered form of conspecific song, and does not activate cells within NCM 

involved in error detection. 

Untutored zebra finch song has also been used as a control stimulus; it is produced by a 

zebra finch and thus has similar motif structure to that of tutored song, but contains notes of 

unusual frequency, duration, and inflection [36].  Untutored song induces less ZENK expression 

than tutored zebra finch song in NCM and CMM in both juveniles [76] and adults [86].  These 

results differ from the current study in that aberrant song reduced ZENK expression rather than 

increasing it.  Similar to the response to reverse song, this pattern may be due to untutored 

song being too dissimilar to normal song, or too inconsistent, to be detected as normal song 

with errors.  Collectively, the results also indicate that response of auditory cortical neurons 

requires not just the overall motif and bout structure, but the characteristics of individual notes 

must be consistent with tutored zebra finch song.  
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While various auditory stimuli can induce different patterns of ZENK expression in the 

songbird brain, it is unknown whether these stimuli activate the same types of neurons.  The 

phenotype of ZENK expressing cells was not evaluated in this study.  For example, a 

substantial proportion of the cells in NCM are GABAergic, and these inhibitory cells can 

influence auditory perception [137].   Increased neural activity within NCM in response to 

arrhythmic compared to rhythmic song may reflect inhibitory processing rather than stimulation 

of a functional response. The phenotype of the ZENK+ cells should be evaluated in future 

studies.

It has been proposed that the auditory song template learned by juvenile zebra finches is 

stored in NCM [83].  This hypothesis is supported by the finding that in the template formation 

stage, playback of tutor song induces neuronal activity within NCM and CMM, but not other 

song system nuclei [138].   Song template storage within NCM is consistent with the hypothesis 

that NCM is involved in error detection because the site of template storage is a logical location 

at which to compare the template and a song example.  Storage of the template within NCM 

would also allow NCM neurons to assess other characteristics of song, in addition to rhythm, 

that could influence perception of whether a sound is conspecific song and the quality of that 

song.

In the present study, greater ZENK induction was seen in females compared to males in 

CMM, specifically.  Unlike in the song control system [55], sex differences in morphology of 

auditory structures have not been extensively described; the borders of these brain regions are 

not particularly distinct, and qualitatively the structure of the regions appears similar in males 

and females.  NCM and CMM are thought to be involved in analysis of songs for purposes of 

mate selection in females [139].  CMM in particular is able to discriminate between directed and 

undirected songs [140], which is necessary for evaluating potential mate directed song quality.  

The increased neural activity in response to song in CMM may therefore be due to CMM being 

used by females for analysis of potential mates.  
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Tn

Compared to NCM and CMM, much less research has been conducted regarding factors 

influencing neural activation and ZENK expression in Tn.  A previous study in our lab 

demonstrated that ZENK expression in the Tn of females paired with males is positively 

correlated with behaviors indicative of pair bonding, including frequency of clumping  with a 

mate as well as frequency and duration of preening [141].  ZENK expression in Tn is also 

positively correlated with the number of mount attempts in male house sparrows [129].  In ring 

doves, ZENK expression in Tn in pair bonded birds is greater than in un-bonded birds following 

a preference test between a mate and a novel bird [142].  In addition, the level of ZENK 

expression can be accurately used to predict whether the bird is pair bonded [142].  The 

amygdala is part of a network that controls social behavior, including sexual, parental, and 

aggressive behavior, in a broad range of species [143, 144].  It is not known whether the birds in 

this study formed pair bonds prior to being moved to single sex aviaries; if so, they were 

physically separated from their mates at that point.  One possibility is that the increased activity 

in response to arrhythmic song may be part of the process of evaluating the song as indicating a 

poor potential partner.  The phenotype of ZENK+ cells within Tn in the present study is 

unknown. However, given the abundance of GABAergic cells seen in the pigeon Tn [145], it is 

possible that arrhythmic song causes an increase in activity of inhibitory cells, potentially 

inhibiting selection of the singer for a mate.

An additional potential interpretation of the pattern of neural activation in Tn is suggested 

by human fMRI and PET studies.  When participants were presented with a variety of non-

speech auditory stimuli, activity in the right basolateral amygdala was positively correlated with 

ratings of unpleasantness of the auditory stimuli [146].  Blood flow increased bilaterally in the 

lateral amygdala in response to aversive sounds compared to white noise [147].  Additionally, 

pleasurable music leading to participants getting “chills” reduced blood flow in the amygdala 

bilaterally [148].  Together these studies indicate that increased activity in the amygdala is 
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induced when auditory stimuli are perceived as aversive.  The increased activity in Tn may 

suggest that arrhythmic song is perceived as aversive by zebra finches.  This may be combined 

with the social interpretation, in that a song perceived as aversive may have greater salience for 

rejection of the singer as a potential mate.   

Striatum

In the striatum, an effect of region was detected, such that ZENK labeling was less 

dense in the lateral (Area X in males) compared to the medial striatum.  Interestingly, this 

difference was greater in males than in females.  These results expand on previous data from 

our lab in juvenile males in which conspecific and heterospecific song, as well as tones, induced

a significantly lower density of ZENK labeled cells in Area X than in the medial striatum [46].  In 

contrast, labeling was uniform throughout the striatum in young females [46].  The current study 

found a difference between lateral and medial striatum in females as well as males indicating 

that differences in these areas in females may develop as animals get closer to maturity.  

Together, these studies suggest that the medial striatum is involved in processing of auditory 

stimuli, but not in the aspect of rhythmic discrimination assessed in this study.  In addition, the 

low level of ZENK expression in Area X in males has been suggested to indicate a role for this 

brain region in song learning or production [46] rather than auditory processing, in contrast to 

the conclusions from some human data [135].

Methodological Considerations

HVC and LAMN. Little ZENK expression was seen in either HVC or LMAN in any of the 

groups in the present study.  While intriguing, these results do not completely exclude the 

possibility of neuronal activity in response to auditory stimuli in these two regions.  In fact, HVC 

exhibits specific electrophysiological responses to a bird’s own song [89] and its tutor’s song 

[90], with much lower responses to general conspecific song [90].  These results are consistent 

with the present data which showed limited ZENK expression in these regions in response to 

the songs of unfamiliar zebra finches.  In addition, one needs to consider that analyses of ZENK 
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protein and electrophysiology do not always show the same pattern [42, 85].  It has been 

proposed that immediate early gene expression may be regulated differently in several nuclei, 

including HVC and LMAN, than the rest of the brain because ZENK is not expressed in these 

areas after presentation of stimuli that induce electrophysiological responses [74] or after 

treatment with a GABA antagonist [149].  Thus, while this study does not suggest a role for 

these areas in rhythm processing, the possibility cannot be rejected based on the present data.

Stimuli. Sound levels in the intervals between syllables were not identical between the 

rhythmic and arrhythmic stimuli.  However, these differences are highly unlikely to have affected 

our results for several reasons.  First, no significant correlations were detected between ZENK 

labeling and the average intensity of the intervals between syllables in either the rhythmic or 

arrhythmic group for any of the regions that showed an effect of stimulus type (all r<0.37, 

p>0.14).  Second, the average power of these intervals was less than 1.2% of that of the 

syllables for both manipulations.  Characteristics of these gaps between syllables other than 

their duration are therefore probably far less salient than the notes themselves.  Third, the 

difference between the power levels of the intervals in the two stimulus types as measured in 

playback through the speakers is half of that in the pure stimuli (which are depicted in Figure 2).  

Finally, the power of the intervals was not consistently higher in either the rhythmic or 

arrhythmic stimulus.

Potential Translational Implications

The zebra finch has been used previously as a model for developmental stuttering.  

Delayed auditory feedback can induce stuttering like syllable repetitions in zebra finches [150,

151] indicating the importance of normal auditory feedback for accurate vocalization.  Helekar et 

al. (2003) found that 7% of the males in their colony naturally produce a stuttering-like song with 

single syllable repetitions, and 53% of males tutored by these repeaters also produce single 

syllable repetitions in their song [152].  Based on fMRI data, these birds that learn to repeat 

syllables have decreased responses to tutor song and increased responses to unfamiliar 
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conspecific song in field L [153], the avian homolog of the primary auditory cortex [53].  These 

results suggest some dysfunction in the learning process, perhaps related to storage of an 

auditory template.  However, activity in NCM and CMM was more variable across the syllable 

repeating and normal song groups, thus significant differences could not be discerned [153].

Assessment of neural responses as stuttering-like song develops would provide further 

understanding of specific neural mechanisms.

Animal models for many of the other disorders that involve deficits in rhythm and timing 

perception exist, but in these cases as well the focus is on aspects of the disorders other than 

timing and rhythm.  For example, models of autism center around the presence of social and 

stereotyped behaviors in rodents [154].  Rodent models of schizophrenia are widely varied with 

effects on motor, cognitive and social behaviors [155].  A rat model of dyslexia with specific 

neurological deficits has impairment in tasks of time perception [156], but the rat as a model is 

restricted in its applicability to communication disorders because this species does not learn 

complex vocalizations.  While valuable information is collected from these models, songbirds 

offer advantages due to specific similarities to humans.  For example, they are vocal learners, 

undergoing critical periods of auditory and sensorimotor learning to achieve highly stereotyped 

yet complex adult-like songs.  In addition, they rely on visual and auditory cues as opposed to 

olfactory, and they form monogamous pair bonds.  Further study of the basis of rhythm 

perception and rhythm deficits is needed in animal models in order to begin developing new 

therapies that target the timing-based deficits observed in this broad range of disorders.

In sum, zebra finches are an excellent potential model for studying neural mechanisms 

underpinning human rhythm perception and its relation to speech and language processing.  

This avian species provides a model through which neurochemical mechanisms of rhythm 

perception and dysfunction can be tested to gain a deeper understanding of rhythm processing 

for application to both healthy and disordered human development.  The present study has 

shown that NCM, CMM, and Tn increase neural activity in response to arrhythmic song, 
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indicating a role for rhythm in auditory discrimination and social behavior such as mate choice in 

the zebra finch.  Further studies are needed to understand the development and mechanisms 

underlying neural responses to rhythm.
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CHAPTER 2
Neural Responses to Rhythmicity in Juvenile Male and Female Zebra Finches

Introduction

Evidence is increasing for an association between rhythm skills and language 

development. For example, in typical speakers, there is a positive relation between language 

and literacy skills and the ability to analyze beat-based rhythmic sequences [1].  Conversely, 

children with specific language impairment have difficulties processing and synchronizing 

tapping with a rhythmic stimulus [5, 6].  People who stutter appear to have deficits in the internal 

generation of rhythm, and both adults and children who stutter can dramatically reduce the rate 

of disfluencies when they synchronize their speech with an external rhythmic stimulus such as a 

metronome [2, 157] or music [4].  Children who stutter have a reduced ability to discriminate 

complex rhythms as compared to their age-matched peers [12].  Thus, the development of 

rhythmic processing abilities is important for typical speech and language development.  A 

deeper understanding of how rhythm is processed in the brains of individuals at all stages of 

development should aid in understanding a range of developmental speech and language 

disorders, as well as other conditions that involve deficits in rhythm processing such as 

Parkinson’s disease [11].

An appropriate animal model allows for levels of investigation not possible in human 

subjects, and songbirds such as zebra finches can be particularly useful for the study of vocal 

development (reviewed in [29]).  For example, in both species, vocalizations of adult tutors are 

memorized to form a template and then juveniles practice vocalizations to make modifications 

that increasingly match the template.  This process includes babbling in humans as well as 

subsong and plastic song in birds such as zebra finches.  Ultimately this process results in adult 

speech in humans and crystalized song in zebra finches.  Vocal learning is limited to a critical 

period in both species.
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It has been theorized that vocal learning is a necessary factor for the capacity to 

perceive and entrain to rhythmic auditory stimuli [30].  A broad range of species have been

identified as having this capacity, including elephants [158, 159], cetaceans [160], bats [161,

162], parrots [163], hummingbirds, and songbirds [29, 53, 164].  Recent studies have indicated 

that at least one species that does not learn vocalizations has the capacity to entrain to a beat 

[31, 32].  While the extent to which vocal learning is required for rhythmic entrainment is still 

unclear [33], a far greater number of vocal-learning species than non-vocal learners have 

demonstrated a capacity to entrain to a beat [34].  As one of the few of these species amenable 

to breeding in laboratory conditions, the zebra finch is a good model to study the juvenile 

development of rhythm perception.  Their songs, which are used for nest site defense and 

courtship, are highly rhythmic [35, 36].  A zebra finch song bout consists of a sequence of 

repetitive introductory notes, followed by repetitions of an ordered set of syllables called a motif.  

The intervals between notes in these songs are very regular (Figure 8).  The natural rhythmic 

structure of zebra finch song adds to their value as a model species to improve our 

understanding of how rhythm perception develops in a vocal-learning species. 

ZENK is an immediate early gene frequently used to study neural activity in zebra 

finches.   ZENK is an acronym for the multiple names that have been assigned to this 

evolutionarily conserved protein, zif-268 [77], egr-1 [78], NGFI-A [79], and Krox-24 [80].  ZENK 

is involved in learning and synaptic plasticity [82], and can act through regulation of other genes 

through a DNA binding site [81].  Inhibition of ZENK expression in juvenile zebra finches during 

tutor song exposure prevents normal song learning [83].
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Figure 8. A representative spectrogram of rhythmic song. A natural zebra finch song used to 
generate one of the stimuli from the present study is depicted.  Introductory notes are labeled with I.  A, B, 
and C labels indicate separate syllables in the song, with each repetition of the three syllables constituting
a motif.  Modified from Figure 1 in [123].

A previous study in our lab focused on rhythm effects on ZENK expression in the adult 

zebra finch brain [123].  ZENK expression was assessed in the caudomedial nidopallium 

(NCM), the caudomedial mesopallium (CMM), which while anatomically distinct in the zebra 

finch brain, are both considered analogous to the auditory association cortex in humans [68],

and nucleus taeniae (Tn) which is analogous to the mammalian amygdala [129].  NCM is likely 

the location where the learned song template is stored in the brain [83, 138, 165].  We 

hypothesize that this template may contain information about the proper timing of songs, 

allowing for discrimination of timing and rhythmicity.   In our study on adults [123], birds exposed 

to song that was modified to disrupt its natural rhythmic structure had significantly more ZENK 

expression in all three brain regions compared to birds exposed to song with the same syllables 

presented with the original (unmodified) rhythm.  These different responses in secondary 

auditory areas may suggest that birds perceive errors in the arrhythmic song relative to the 

learned template.  The increased activity in Tn, which is involved in pair bonding and mate 

selection [129, 141, 142], may indicate an aversion to the disrupted rhythm and an assessment 

of poor quality as a potential mate.

The general timeline of vocal development in zebra finches is agreed upon, but the exact 

ages at which specific milestones occur is still debated to some degree [47-50].  Template 
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formation occurs between approximately post-hatching days 20 and 60 [48-50].  In males, 

vocalizations begin as food begging, then develop into subsong, an immature form of

vocalization that is quiet and contains poorly formed notes with greatly variable structure and 

sequence [36]. As the males mature, these songs are practiced and modified to relatively 

closely match the learned template.  This phase of sensorimotor integration occurs between 

about post hatching day 25 and sexual maturity which occurs around 90 days of age [48-50].

After sensorimotor integration, males have a crystalized song that will not undergo significant 

changes throughout the rest of their lives under normal circumstances [47]. In addition to 

learning to produce specific song syllables, juvenile males also learn a specific grammar to 

structure their song [166].

Understanding the developmental trajectory of neural responses to rhythm is useful in 

elucidating their relationship to function.  We exposed birds to rhythmic or arrhythmic song prior 

to and during the template formation period, as well as during early sensorimotor integration.  

Differences in responses to the two types of stimuli prior to acquisition of a song template could 

indicate an innate capacity to perceive song-related rhythms.  Discrimination during and after 

template formation, but not before, would suggest that characteristics of rhythm are learned.  If 

rhythm discrimination emerges during sensorimotor integration in males, it would suggest that a 

motor component is required for distinct neural responses to rhythmicity.  Differences between 

the sexes may be informative here as well, as both males and females appear to form templates 

[51], even though only males engage in the production of song [36].

Material and methods

Subjects

Zebra finches hatched and were reared in aviaries containing 5-7 adult pairs and their 

offspring.  On day of hatching, toes were clipped as a means of unique identification.  Tissue 

from the toes was used to identify the sex of the birds through polymerase chain reaction [167].
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A total of 108 birds were used (18 males and 18 females at 15-17 days post hatching (d15), 25-

27 days post hatching (d25), and 45-47 days post hatching (d45)).  All animals were maintained 

on at 12:12 hour light/dark cycle and had ad libitum access to seed (Kaytee Finch Feed; Chilton, 

WI, USA), water, cuttle bone and gravel.  Their diet was supplemented weekly with hard boiled 

chicken eggs, bread, spinach, and oranges.  All procedures were approved by the Institutional 

Animal Care and Use Committee of Michigan State University.

Stimulus Exposure

Rhythmic and arrhythmic zebra finch song stimuli were used from our study on adults 

[123].  Details regarding their creation are reported in that paper.  Briefly, rhythmic song stimuli 

were generated from recordings of natural zebra finch song, and arrhythmic stimuli used the 

same recordings with the silent intervals between notes altered to disrupt the temporal pattern 

of the song.  Three different stimuli of each type were created, each of which contained three of 

nine different songs that were generated.  Each song was presented for 30 seconds followed by 

30 seconds of silence, with the three songs repeating in random order for 30 minutes.  All songs 

of each type were novel to all subjects.

Nine males and 9 females of each age group were exposed to each stimulus type 

(rhythmic or arrhythmic).  One bird was exposed at a time between 9am and 3pm.  Birds were 

placed into a sound isolation chamber (252-Mini Sound Shelter, IAC Acoustics, Bronx, New 

York, USA) to habituate for one hour.  Following the habituation period, the stimulus was 

presented at approximately 70dB.  Birds remained in the chamber for one hour following song 

exposure to allow for peak ZENK protein expression.  Brains were then immediately collected 

and flash frozen in methylbutane.  

All song exposures were recorded using a Canon Vixia HF R300 camcorder.  

Recordings were reviewed to ensure birds were not producing subsong and no extraneous 

background noise existed that might influence their auditory responses.
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Tissue Processing

mounted onto SuperFrost Plus slides (Fisher Scientific, Hampton, NH).  One set of tissue from 

each bird was thionin stained to allow for clear identification of anatomy.

An alternate set of tissue from each bird was processed for immunohistochemistry for 

ZENK.  Tissue was processed in five groups due to the large number of slides.  All experimental 

groups were evenly represented in all immunohistochemistry runs.  The protocol was conducted 

as described in [123].  Briefly, slides were warmed to room temperature, fixed 4% 

paraformaldehyde, and rinsed in 0.9% hydrogen peroxide in methanol.  Slides were then 

incubated in 5% normal goat serum in 0.1M phosphate buffered saline (PBS) with 0.3% Triton 

X-100.  Slides were incubated overnight at 4°C in ZENK (Egr-1) rabbit polyclonal antibody (0.5 

-189, Santa Cruz Biotechnology, Inc., Dallas, TX) in 5% normal goat serum in PBS 

with 0.3% Triton X-100.  The next day slides were incubated in biotin conjugated goat anti-rabbit 

polyclonal antibody (0.5 mg/ml; Vector Labs, Burlingame, CA) in PBS with 0.3% Triton X-100, 

followed by Elite ABC reagents (Vector Labs, Burlingame, CA), and then treated with 

diaminobenzidine with 0.003% H2O2 to produce a color reaction.

An investigator blind to the stimulus exposure condition, sex, and age of the birds 

conducted analysis of all slides using ImageJ software (National Institutes of Health, Bethesda 

MD).  All regions of interest were analyzed bilaterally in two adjacent sections.  Boxes were 

placed within NCM, CMM and Tn as described and depicted in [123], and all cells containing a 

dark brown stained nucleus that was clearly distinguishable from the surrounding tissue were 

counted.  The density of ZENK expressing cells (labeled nuclei per unit area) was calculated for 

each brain region. Due to high levels of baseline labeling apparent in these juvenile brains, 

values were also assessed in the control region nucleus rotundus (Rt), a thalamic visual area 

that should show no ZENK induction specifically from the auditory stimuli.  A 

0.268mm*0.268mm box was placed in the center of the region bilaterally in two adjacent 
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sections and density of ZENK expressing cells was calculated.  For each animal, average 

density values were calculated for each region of interest, collapsing across the hemispheres.

Data analysis 

The brains stained in the final run of immunohistochemistry were excluded from analysis

due to unusually high levels of background staining unique to this set of tissue, reducing the 

total number of animals in each group by one.  Occasionally individual brain regions were not 

able to be analyzed in particular birds due to damage to the tissue sections.  Final sample sizes 

are indicated in Table 3.  Compared to our study in adults, constitutive levels of ZENK 

expression were increased across brain region and ages.  Therefore, labeling in Rt was used as 

a covariate.   The density of ZENK+ cells in Rt correlated significantly with the values obtained 

from NCM, CMM, and Tn (all r >0.642, p<0.001).  Separate three-way ANCOVAs were run for 

NCM, CMM, and Tn, with age, sex, and stimulus type (rhythmicity) as factors.   To provide 

pairwise comparisons probing main effects of age detected in NCM and CMM, separate one-

way ANCOVAs, with rhythmicity as the factor, were conducted within each region.  To 

investigate interactions of age and stimulus type detected in NCM and CMM, individual one-way 

ANCOVAs were conducted within each age group, as well as across all ages within each 

rhythm condition, with further one-way ANCOVAs used to provide pairwise comparisons 

between each combination of two ages within a rhythm condition.  For all sets of pairwise 

comparisons, a Holm’s Bonferroni correction was used [168] -levels indicated 

-values at which to assess the significance of 

multiple comparisons, with the most significant result analyz -value of 

0.05/total number of comparisons, as in a traditional Bonferroni correction, and further 

comparisons assessed in rank order of their significance, reducing the value of the denominator 

parison.  All statistics were calculated using SPSS (IBM, 

Armonk, NY).
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Results

No main effects of sex were detected in NCM (F1,79=1.079, p=0.302), CMM (F1,82=0.288, 

p=0.593), or Tn (F1,79=0.341, p=0.561).   However, in NCM, there was a main effect of age 

(F2,85=3.388, p=0.039; Figure 9).  D15 birds had a higher density of ZENK expressing cells than 

those at d25 (F1,58=8.415, p

at d15 compared to d45 (F1,60=4.413, p ression did not differ 

significantly between d25 and d45 (F1,57=0.960, p

rhythm condition did not exist (F1,85=0.458, p=0.501), age and stimulus type interacted 

(F2,85=3.189 p=0.047; Figure 9).  At d15, a trend toward a greater density of ZENK+ cells was 

detected in response to rhythmic compared to arrhythmic song (F1,29=6.038, p=0.020, 

F1,29=1.383, p=0.250, 

F1,29=0.300, p

birds exposed to rhythmic (F2,42=6.983, p F2,42=0.057, 

p

expressing cells was observed at d15 compared to both d25 (F1,28=14.023, p

and d45 (F1,28=5.784, p F1,27=4.817, 

p

Similarly, a main effect of age was detected in CMM (F2,82=8.446, p<0.001; Figure 10).  

D15 birds had greater ZENK expression than those at d25 (F1,60=11.900, p

d45 (F1,61=13.805, p

d25 and d45 (F1,60=0.544, p A main effect of rhythm condition was not seen 

(F1,82=0.470, p=0.495), but age and stimulus type interacted (F2,82= 3.485, p=0.035; Figure 10).  

At d25, a greater density of ZENK expressing cells was detected in response to arrhythmic

compared to rhythmic song (F1,28=7.061, p

rhythm condition at d15 (F1,29=1.671, p F1,29=0.001, p

In addition, there was an effect of age in birds exposed to both rhythmic (F2,43=7.788, p=0.001, 
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F2,44=3.397, p

an increased density of ZENK+ cells was observed in d15 compared to d25 (F1,28=17.591, 

p d45 (F1,29=2.928, p=0.098, 

F1,28=3.678, p

birds exposed to arrhythmic song, a trend was detected toward greater ZENK expression in 

birds at d15 compared to d45 (F1,29=6.016, p

and d25 (F1,29=0.787, p F1,29=3.673, p

seen.

Main effects of rhythm and age were not detected in Tn (F1,79=0.021, p=0.884; 

F2,79=0.992, p=0.376 respectively), and no age by rhythm interaction existed (F2,79=1.617, 

p=0.205) (Table 3).
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Figure 9.  Density of ZENK expressing cells in NCM. The photographs depict representative samples 
of ZENK expression in males at A) d15 exposed to arrhythmic song, and males exposed to rhythmic song 
at C) d15, D) d25, and E) d45.  Panel B depicts the density of ZENK expressing cells across ages and 
rhythmic conditions.  Marginal means from the overall ANCOVA were used to graph adjusted means ± 
SEM. Group sizes are listed within the bars.  Data are collapsed across sexes, as no significant effects 
were detected.  A main effect of age was detected, with greater density of ZENK expressing cells at d15 
compared to d25 and a trend for greater expression at d15 compared to d45.  Age and stimulus type 
(rhythmicity) also interacted.  Differences between ages within the birds exposed to rhythmic song are 
indicated by different bold letters within the bars.  # = Trend toward an increase in response to rhythmic 
song at d15.
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Figure 10.  Density of ZENK expressing cells in CMM. Photographs depict representative samples of 
ZENK expression in males exposed to rhythmic song at A) d15, and C) d25, and D) a male exposed to 
arrhythmic song at d25.  Panel B indicates the density of ZENK expressing cells across ages and 
rhythmic conditions.  Marginal means from the overall ANCOVA were used to graph adjusted means ± 
SEM.  Group sizes are listed within the bars.  Data are collapsed across sexes, as no significant effects 
were seen.  A main effect of age was detected, such that a greater density of ZENK expressing cells was 
present a d15 compared to both d25 and d45.  Effects of age and stimulus type (rhythmicity) also 
interacted.  Differences between ages within birds exposed to rhythmic song are indicated by the bold 
letters within the bars.  # = a trend for an increase at d15 compared to d45 within birds exposed to 
arrhythmic stimuli.  * = Significant increase in response to arrhythmic compared to rhythmic song at d25.
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Discussion

Summary of Specific Effects

Expression of the immediate early gene ZENK across the two sexes was affected by 

developmental stage and rhythmicity of song stimuli in two auditory regions of the zebra finch 

brain, NCM and CMM.  In contrast, neither variable influenced the density of ZENK expressing 

cells in Tn, a homologue of the mammalian amygdala.  Several results were parallel across the 

two auditory regions.  For example, expression was greater at d15 compared to d25 in both 

NCM and CMM and at d15 compared to d45 in CMM; a trend for this age difference also existed 

in NCM.   Similarly, within birds exposed to rhythmic stimuli, increased ZENK in both regions 

was detected at d15 compared to d25, effects that were not detected in either area in birds 

exposed to the arrhythmic songs.  The magnitude of other effects differed between the NCM 

and CMM, although the patterns were quite similar across the two regions (compare figures 9B

and 10B).   Specifically, in NCM only, the density of ZENK+ cells in birds exposed to rhythmic 

song was greater at d15 than d45 and at d45 than d25, whereas in CMM ZENK was only 

increased in d15 compared to d25 in birds that heard the rhythmic stimuli.  While significant 

differences between pairs of ages were not detected in either cortical region, a trend was 

detected for an increase at d15 compared to d45 in birds exposed to the arrhythmic stimulus.  

Finally, effects of stimulus type within specific ages differed across the two regions, such that at 

d25 arrhythmic song resulted in greater ZENK expression in CMM but not NCM, and a trend for 

an increased response to rhythmic song existed at d15 in NCM but not CMM.  

The increased ZENK expression generally detected in the youngest birds in this study 

parallels results from work documenting relatively high levels of constitutive expression of this 

protein at post-hatching day 20 in both NCM [42, 92] and the broader auditory lobule [169].

These earlier studies suggested that ZENK was not inducible with conspecific song in these 

regions.  The present work cannot address this issue specifically, but using expression in Rt as 

a covariate allows us to conclude that ZENK is induced in NCM in response to typical song at 
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d15 and to a greater degree than at later developmental stages.  The lack of age and rhythm 

effects in Tn indicate that the effects detected in NCM and CMM are specific to these auditory 

areas, and not indications of global increases in activity or constitutive high ZENK expression in 

the early juvenile period.

In both NCM and CMM, the overall effect of age appears to be driven by data from birds 

that heard rhythmic song, suggesting that developmental changes in auditory processing occur 

primarily in natural stimuli.  The substantial reduction between d15 and d25 in ZENK in 

response to rhythmic song in both regions could be related to the birds’ focus on memorizing 

song from tutors at the later age rather than reacting to the novel vocalizations presented in the 

current study.  ZENK expression is associated with synaptic plasticity and learning [82], and 

during template formation substantial synaptic changes would be required for acquisition of the 

tutor song memory.  

NCM

The trend we detected toward greater ZENK expression in response to rhythmic than 

arrhythmic song in NCM is consistent with other data collected during song development 

suggesting an innate preference toward more natural, species typical sounds.  For example, 

during the critical period for template memorization, birds reared in isolation show a behavioral 

preference for conspecific over heterospecific song by landing more frequently on a perch that 

elicits playback of conspecific song [170].  Additionally, juvenile zebra finches that have not 

been exposed to adult song prefer songs with more common elements, as shown by time spent 

near a speaker [171].

The pattern of ZENK expression in response to the same auditory stimuli used in the 

present study differed in the NCM of adult zebra finches.  In the older birds, greater ZENK 

expression was detected in individuals hearing arrhythmic compared to rhythmic song [123].

Such a difference across ages is not surprising, as substantial development occurs within NCM 

in the late juvenile period.  For example, estrogens synthesized within NCM become sexually 
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dimorphic between 46 and 80 days post hatching, with greater estrogen levels present in males 

compared to females [172].  Estradiol facilitates improved discrimination of auditory stimuli 

within NCM [108-111].   While effects of this hormone on rhythm perception in songbirds are 

unknown, it is possible that adult responses may require levels of estradiol availability not 

present in the juvenile birds in the present study.

It is also possible that relative levels of habituation influenced the ZENK responses in 

juveniles and adults.  Faster habituation of electrophysiological responses to songs is seen in 

NCM in 35 day-old compared to adult zebra finches [173].  Reduction of the ZENK response 

following repeated presentations of auditory stimuli also occurs in adult zebra finches [174].

While the ZENK expression in juvenile birds exposed to repeated presentations of the same 

stimulus has not yet been assessed, it is possible that the pattern of increased habituation of 

neural responses during the juvenile period extends to ZENK expression.  More rapid 

habituation of neural responses to auditory stimuli, including those in the present study, may 

result in reduced ZENK expression within the juvenile NCM relative to its potential peak level, 

which could result in diminished ability to detect differences in ZENK expression to the different 

stimuli.

A third possible explanation for the different pattern seen between d15 and adult birds 

[123] relates to the phenotype of the cells.  Many GABAergic neurons are present in NCM, and 

some of them express ZENK in response to song in adult birds [137, 175].  The GABAergic 

neurons in NCM are involved in maintaining the selectivity tutor song responsive neurons, and 

in the late juvenile period the inhibition of GABAergic cells can allow tutor song selective 

neurons to fire in response to a broader range of song stimuli [165].  In zebra finches 51-83

days post-hatching, injection of GABA agonists into the auditory nucleus NIf is sufficient to 

disrupt the rhythm and stereotypy of plastic song [176].  Together these results indicate that by 

late in juvenile development GABAergic neurons are active within the auditory system and are 

important for song control and specificity of auditory responses.  It is possible that in the present 
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study the birds were too young for the inhibitory network of GABAergic neurons to be sufficiently 

developed to facilitate auditory discrimination. 

CMM

The pattern of ZENK expression at d25 in CMM was the same as we detected in adults, 

with arrhythmic song producing an increase compared to rhythmic song [123]. That this pattern 

was detected at d25 during template formation as well as in adulthood, but not at d45 during 

sensorimotor integration in males, leads to a challenge for interpretation.  One possibility is that 

birds are focused around d25 on accurately perceiving external stimuli for creation of the 

highest fidelity match and this focus on auditory perception is important again in adulthood when 

the quality of a song is important for mate attraction and nest site defense.  In contrast, during 

sensorimotor integration around d45, male zebra finches are more focused on the motor task of 

matching their own vocalizations to a preexisting template.  The zebra finch brain may have a 

greater capacity to discriminate auditory stimuli during times when primary attention toward 

auditory signals is ecologically relevant, and both sexes may show a reduced capacity to 

discriminate rhythms at ages important for sensorimotor integration in males.  If this explanation 

is valid, it is unclear why the CMM of females would not exhibit differential responses to the two 

song types at d45, as they do not practice vocalizations.  One possibility is that while males at 

this age are focused on sensorimotor integration, females may undergo a different 

developmental process that may reduce their attention toward auditory discrimination.   It is also 

possible that the developmental trajectories are parallel without obvious functional 

consequences for females.  

Similar to the pattern we saw in CMM across d25 birds in the present experiment and 

our study on adults [123], electrophysiological responses within NCM differed across a range of 

song stimuli at d20 and in adulthood, but not at d35 [173].  While this effect was found in NCM 

rather than CMM, it is evidence that response patterns within the brain emerge during early 

stages of development, regress in later stages and are present again in adulthood.  
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In the present study, no effect of sex was seen in CMM in juvenile zebra finches which 

contrasts with adult zebra finches in which ZENK expression was enhanced in females 

compared to males across the same auditory stimuli [123].  The higher ZENK expression in 

CMM in adult females may be due to involvement of CMM in evaluating the quality of a male’s 

song for the purpose of mate selection which would not occur prior to sexual maturity.

Tn

The differences in results in Tn compared to the adult study [123] may also relate to 

sexual maturity.  While no effects of age or rhythm were seen in this region in the present study 

on juveniles, a greater density of ZENK expressing cells was observed in the Tn of adult birds 

that heard arrhythmic compared to rhythmic song [123].  Populations of cells in this brain region 

in adult Bengalese finches are also responsive to particular types of vocalizations such as song 

or calls generated by only males or females [177], suggesting its importance in processing 

socially relevant stimuli. Tn appears to be involved in mate selection and pair bonding; it 

responds in multiple avian species to acts of mating or the presence of a partner, and can 

indicate the strength of a pair bond [129, 141, 142].   As for the other regions in this experiment, 

it will eventually be important to investigate responses to differences in the rhythmicity of song 

during the transition into adulthood.

Conclusions

Overall, the results of the present study, based on relative densities of cells expressing 

ZENK protein, suggest that the ability to discriminate temporal regularity in auditory stimuli fully 

develops between the stages of sensorimotor integration and adulthood.  Some degree of 

innate rhythmic discrimination may exist in NCM, but the pattern of responses to rhythmic vs. 

arrhythmic stimuli is reversed in adults compared to 15 day-old birds [123], leaving the 

possibility that there is also a learned component, as error detection in arrhythmic song hearing 

adults could be facilitated by memorization of rhythmic regularity as a component of the song 

template.  In CMM, a learned component to rhythm discrimination is likely since differences in 
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ZENK expression first appear during template formation.  The development of rhythm 

discrimination is a complex process that develops at different rates across these brain regions.  

As in the present study, most research has focused on zebra finch neural development during 

the time periods surrounding major milestones in the development of vocal learning.  Further 

work is necessary to understand how the auditory responsive brain nuclei mature during the late 

juvenile period in order to provide adult responses to varied stimuli.
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CHAPTER 3

ZENK Induction in the Zebra Finch Brain by Rhythmic and Arrhythmic Song: Relationship to 

Estradiol and Sex

Introduction

Estradiol (E2) influences perceptual systems in a large range of animals.  The hormone 

the retina [94-96]

including the olfactory epithelium [93], dorsal root ganglion, as well as the cochlea [97-99] in 

diverse species.  Women with high levels of E2 show attenuation of auditory event-related 

potentials in the cortex [103], and auditory evoked responses shift more left lateralized during 

high E2 phases of the menstrual cycle [178].  Auditory brainstem responses are also influenced 

by E2 levels in rats [104], rhesus monkeys [105], and humans [106].

In zebra finches, the caudomedial nidopallium (NCM), a secondary auditory cortical 

region, and nucleus taeniae (Tn), the avian homolog of the mammalian amygdala, are sites of 

substantial E2 synthesis and activity [119, 179].  Both areas have abundant expression of 

aromatase [114-116], the enzyme responsible for the metabolism of E2 from testosterone.  

NCM, Tn, and to a lesser degree the caudomedial mesopallium (CMM), another secondary 

auditory region, express both estrogen [117, 118] and the membrane bound receptor 

GPR30 [120].  Microdialysis in NCM of awake behaving zebra finches reveals a significant 

increase in E2 concentration during exposure to conspecific song in both males [122] and

females [108].

Effects of E2 on auditory discrimination in songbirds have been assessed through 

multiple methodologies.  Electrophysiological recordings within the zebra finch NCM with 

simultaneous retrodialysis of E2 showed consistently increased neural responses to conspecific 

songs [107-109].  The pattern is complicated, however, by increased responses to white noise 

detected in some studies but not others [107-109], and retrodialysis of fadrozole (a potent 
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aromatase inhibitor) reducing overall responses to sound in one study, but not another [108,

109] [180].  Thus, while E2 within NCM seems to increase responses to conspecific song, its 

exact influence on auditory selectivity in this region is unclear.  In seasonally breeding white-

throated sparrows, no differences exist in expression of the immediate early gene ZENK in the 

NCM or CMM of non-breeding individuals between exposure to conspecific song or tones.  

However, with systemic E2 replacement higher ZENK is seen in birds exposed to song [110].

These effects are not due to an increase in ZENK in response to conspecific song, but instead 

to a decrease in response to tones [110].  Similar patterns of ZENK expression are seen in brain 

regions within the social behavior network [111] including Tn, where birds in the breeding 

season have greater ZENK expression in response to song than to tones or silence, and 

exogenous E2 induces this difference in non-breeding birds [111].  Together these studies 

suggest a strong role for E2 in auditory processing in songbirds.

A growing body of evidence links rhythmic ability to linguistic skills in humans.  In young 

adults, a positive correlation exists between the ability to process rhythmic sequences and 

language and literacy skills [1].  In addition, deficits in rhythm processing have been detected in 

a range of speech and language disorders such as dyslexia [10], stuttering [12], and specific 

language impairment [5, 6].  Elucidating the factors that influence neural processing of rhythm 

should aid in understanding these and other disorders involving rhythmic processing deficits.  

As a vocal learning species with a naturally rhythmic song [35], the zebra finch is a strong model 

to investigate rhythm processing.

Previous research from our group has investigated the effect of the rhythmicity of song 

on ZENK responses in NCM, CMM and Tn [123].  In all three regions, ZENK expression was 

increased in adult birds exposed to song modified to disrupt the natural temporal structure 

(arrhythmic) compared to song with the timing unaltered (rhythmic) [123].  Considering data 

from humans [133-135], these results were interpreted as the increased activity in NCM and 

CMM potentially indicating errors in arrhythmic song relative to the more natural vocalizations.  
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Increased activity in Tn may reflect an indication of a poor potential mate in this region [141,

177].

In order to further understand the mechanisms underlying auditory rhythm 

discrimination, here we investigated potential impacts of E2 on neural ZENK responses to 

rhythmic and arrhythmic song stimuli by both increasing and decreasing E2 availability.  

Methods

Subjects

Zebra finches (54 male and 54 female) hatched and were raised in walk-in aviaries, 

housing 5-7 pairs of adult birds and their offspring.  Birds were kept on a 12:12 light:dark cycle, 

and given ad libitum access to water, seed (Kaytee Finch Feed; Chilton, WI, USA), gravel, and 

cuttlebone.  The birds received weekly dietary supplementation with spinach, oranges, bread, 

and hard boiled chicken eggs.  When birds were a minimum of 90 days of age they were 

transferred to walk-in single sex aviaries housing 30-60 birds and allowed to acclimate to their 

new housing conditions for at least 10 days.  Birds remained in the single sex aviaries until the 

start of hormone manipulation.  All procedures were approved by the Institutional Animal Care 

and Use Committee of Michigan State University.

Hormone Manipulation

Three groups were created:  circulating E2 was (1) increased via implants and (2) 

decreased using fadrozole injections; (3) control birds were treated with appropriate vehicles.  

Since fadrozole is water soluble and is commonly administered via injections in a saline vehicle, 

and E2 is lipid soluble and most easily administered via long-term treatment in Silastic capsules 

[181], we gave each group both an implant and daily injections in order to ensure all treatment 

groups experienced the same manipulations. As in [86],  E2 capsules were created by packing 

-E2 (Steraloids, Newport, RI) into a 5mm length of Silastic tubing and sealing the 

ends with silicone.  Blank pellets were sealed without packing with hormone.  Birds were fully 
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anesthetized with isoflurane and a blank or E2 pellet was implanted subcutaneously over the left 

breast muscle, and the incision was sealed with collodion.  All birds were then injected with 

0.05cc 0.1mg/ml Eloxiject (Henry Schein Animal Health, Dublin, OH) intraperitoneally for 

analgesia. 

-Aldrich, St Louis, MO) (fadrozole group) into the right breast muscle.  

The initial injection was administered immediately following the implant surgery while birds were 

anesthetized.  Birds were then housed in small cages with one or two other birds of the same 

treatment group and sex, in a room where auditory and visual contact with the birds in the 

aviaries was maintained.  On each of the following 6 days, each bird was given the same 

injection of saline or fadrozole into the right breast muscle as initially received.  This schedule 

and dose of fadrozole treatment results in a 2/3 reduction in aromatase activity in the 

telencephalon of adult male and female zebra finches 24 hours following the last injection [180].

Stimulus Exposure

One day following the final injection of saline or fadrozole, birds were exposed to 

auditory stimuli in order to evaluate induced ZENK expression.  Rhythmic and arrhythmic zebra 

finch songs were utilized form our previous studies on un-manipulated adult [123] and juvenile 

[124] zebra finches.  All songs used in this experiment were novel to all subjects.  Rhythmic 

stimuli were natural zebra finch songs with no alteration to the timing of the syllables.  

Arrhythmic stimuli were created by using the same songs utilized as rhythmic stimuli and 

modifying the duration of the inter syllable intervals in order to disrupt the natural rhythmic 

structure of the songs.  Nine songs of each type were generated, and three subsets of the 

songs each containing three songs were assembled.  Birds were placed, one at a time, into an 

acoustic isolation chamber (252-Mini Sound Shelter, IAC Acoustics, Bronx, New York, USA), 

and allowed to habituate for one hour.  Each bird was then exposed to one of the subsets of 
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three songs, with all songs presented at approximately 70dB.  One of the three songs was 

repeated for thirty seconds, followed by thirty seconds of silence.  This pattern was repeated for 

thirty minutes, with the order of the songs randomly determined.  Immediately following the 

presentation of the stimuli, the birds were euthanized by rapid decapitation, and the brains were

flash frozen in methyl butane in order to capture peak expression of ZENK mRNA [74].  Blood 

was collected from the neck following decapitation for analysis of E2 levels.  Blood samples 

were centrifuged for 10 minutes at 10,000rpm at 4°C and plasma was separated and stored at -

80°C until processed for radioimmunoassay.  Retention of hormone pellets was confirmed 

following euthanasia.

Radioimmunoassay

To obtain a general estimate of effectiveness of the hormone manipulations, a single 

radioimmunoassay was conducted in a manner adapted from Svec and Wade [86].  Parallelism 

and accurate detection of known quantities of E2 were first demonstrated with recently collected 

zebra finch plasma (data not shown).  Samples were analyzed in three individuals from each 

combination of conditions (two sexes, three hormone manipulations, and two types of auditory 

stimuli).  To provide an estimate of recovery following extraction, 2000 dpm of 3H-E2 (70 

Ci/mmol; NET317250UC; PerkinElmer, Waltham, MA) was incubated at 4°C overnight with 

birds.  Steroids were then extracted twice with diethyl ether, and samples were dried under 

buffered saline (PBS) with gelatin and stored overnight at 4°C.  A competitive binding assay was 

completed in duplicate samples, with a serially diluted standard curve (0.98–250 pg E2) in 

triplicate, by adding an E2 antibody (7010-2650; Bio-Rad AbD Serotec Inc., Raleigh, NC) with 

3H-E2 and incubating overnight at 4°C.  Six aliquots of a sample containing a known 

concentration of E2 were used to determine intra-assay precision, and water blanks were added 

as controls (n = 4).  The next day, dextran-coated charcoal (0.025% dextran and 0.25% 
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charcoal in PBS) was added and centrifuged at 3100rpm for 25min at 4°C in order to remove 

unbound tracer. The remaining sample was combined with scintillation fluid (UltimaGold; 

PerkinElmer, Waltham, MA) and analyzed with a scintillation counter (Tri-Carb 2910 TR; 

PerkinElmer, Waltham, MA). E2 levels were calculated by standardizing samples for individual 

recovery and the volume assayed and compared to the standard curve. The intra-assay 

coefficient of variation was 12.7%.

Tissue Processing

SuperFrost Plus slides (Fisher Scientific, Hampton, NH).  All series were stored at -80°C until 

further processing.  One series from each animal was stained with thionin to facilitate 

identification of neuroanatomy.

ZENK mRNA expression in individual cells was visualized by in situ hybridization.  

Bacteria containing a pBlueScript SK+ plasmid with a clone of the zebra finch zenk gene were 

obtained from the Songbird ESTIMA clone collection [182].  Bacteria were grown overnight on 

lysogen

the Wizard Plus SV Minipreps DNA Purification System (Promega, Madison, WI), and the 

sequence of the insert was confirmed in both directions.  Bacteria were then regrown in LB with 

-

Nagel, Bethlehem, PA).  The DNA was linearized with SalI (T3) and EcoRI (T7) restriction 

enzymes, and stored at -20°C.  Antisense (T3) and sense (T7) probes were transcribed per 

manufacturer instructions for the Digoxigenin RNA Labeling Kit (Roche Diagnostics, 

Indianapolis, IN, USA). The probes were purified by filtering through a column made with G50 

Sephadex beads and stored at -80°C overnight.

Due to the large number of brain samples, tissue was processed in four runs with all 

groups represented in every run.  One series of slides from each animal was processed using in
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situ hybridization for ZENK with antisense probes, and a second series from a minimum of two 

animals was used in each run for a control to confirm the absence of labeling with sense probes 

(not shown).  Tissue was warmed to room temperature, then fixed in 4% paraformaldehyde for 

10 minutes.  Slides were rinsed 3x3 minutes in 0.1M PBS, and incubated in 0.25% acetic 

anhydride in triethanolamine-hydrochloride for 10 minutes.  They were then washed 3x5 

minutes in PBS and allowed to equilibrate in hybridization buffer for one hour.  Slides were 

-sense or sense probe in hybridization buffer, and 

RNase in 2X SSC at 37°C for 30 minutes, rinsed for 15 minutes in 0.2X SSC at 37°C, then 

3x5min in 0.2X SSC at 60°C.  The brain sections were allowed to return to room temperature, 

then rinsed 3x5min in maleic acid buffer with 0.1% Tween-20 (MABT).  The slides were 

incubated in 0.9% H2O2 in MABT for 30 min and rinsed 3x5min in MABT.  They were incubated 

in 5% normal sheep serum in MABT for 30 min, then rinsed 3x5min in MABT.  Next, the slides 

-digoxigenin-AP Fab fragments (Roche Diagnostics, Indianapolis, 

IN) in MABT for 2 hours, then rinsed 2x3min in MABT.  Slides were rinsed 3x5min in detection 

Slides were rinsed 

3x5min in TE buffer to stop the color reaction, then dehydrated and coverslipped with 

VectaMount (Vector Laboratories Inc., Burlingame, CA, USA).

Data Analysis

A few animals were excluded from analysis of a particular brain region due to damage to 

individual tissue sections.  Final sample sizes are indicated in Table 4.  Separate mixed model 

ANOVAs were conducted for each brain region with hemisphere as a within subjects factor and 

sex, hormone manipulation, and stimulus type (rhythmic or arrhythmic) as between subjects 

factors.  A main effect of hormone in CMM was followed with a post hoc Scheffe test to 

determine which pairs of hormone conditions differed.  Two-way and three-way interactions 



64 
 

detected within NCM were each probed with subsequent ANOVAs within groups (see Results 

for details).  Bonferroni corrections were used to adjust for multiple comparisons, with adjusted 

-levels indicated with each result.  All statistics were calculated using SPSS (IBM, Armonk, 

NY). 

Results

Hormone manipulation

Two samples were eliminated from analysis due to technical mistakes.  Five samples, 

two from fadrozole-treated and three from the control birds, were below the limit of detectability 

for this assay.  To be conservative they were assigned the lowest detectable value for the 

purpose of statistical analysis.  A significant effect of hormone treatment on circulating E2 levels 

was detected (F2,31=150.10, p<0.001).  A post hoc Scheffe test indicated a greater concentration 

of the hormone in the E2-treated (M=3.53ng/ml, SEM=0.26, n=12) compared to both the control 

(M=0.15ng/ml, SEM=0.01, n=11) and fadrozole-treated (M=0.16ng/ml, SEM=0.01, n=11) groups 

(both p<0.05).  However, the values were equivalent in the control and fadrozole-treated groups 

(p>0.05).

CMM

A significant main effect of hemisphere was detected, with a greater density of ZENK 

expressing cells in the left hemisphere than the right (F1,88=35.917, p<0.001; Figure 11).  A main 

effect of sex was detected (F1,88=8.557, p=0.004; Figure 11), such that females had a greater 

density of ZENK expressing cells than males.  The hormone manipulation also produced a 

significant effect on ZENK expression (F2,88=3.468, p=0.036; Figure 11).  On average, the

density of ZENK+ cells was highest in the control birds compared to those with hormone 

manipulations, however post hoc comparisons indicated no significant differences between 

pairs of these groups.  No main effect of rhythm stimulus type was detected (F1,88=1.308, 
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p=0.256), and no significant interactions were detected between any of the variables (all 

F<1.338, p>0.267).  Data for individual groups are presented in Table 4.
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Figure 11.  Density of cells expressing ZENK in CMM. Panel A depicts this measure across sexes 
and hormone conditions (mean ± SEM).  Data are collapsed across stimulus type (rhythmic and 
arrhythmic), as no significant effects of this variable were detected.  A main effect of hemisphere, with 
greater density of ZENK expression on the left, is indicated by *.  A main effect of sex (female > male) is 
indicated by different letters within the bars.  The photographs in panel B depict representative examples 
of ZENK expression in birds exposed to arrhythmic song in the left and right hemisphere of a female, and 
the left and right hemisphere of a male.
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NCM

As seen in CMM, a significant main effect of hemisphere was detected with a greater 

density of ZENK expressing cells on the left compared to the right (F1,88=8.586, p=0.004; Figure 

12).  An increase in these cells was also found in males compared to females (F1,88=4.253, 

p=0.042; Figure 12).  No main effects of stimulus rhythmicity (F1,88=0.014, p=0.908) or hormone 

manipulation (F2,88=0.886, p=0.416) were detected.  

A significant interaction existed between sex and hormone type (F2,88=4.196, p=0.018; 

Figure 13).  This result was probed by conducting separate one-way ANOVAs within each sex 

with hormone condition as a factor, as well as within each hormone condition with sex as a 

factor.  No effect of hormone type was detected in males or females (F2,43=2.915, p=0.065; 

F2,51=1.541, p

expressing cells was present in males compared to females (F1, 32=13.902, p

whereas no effect of sex was detected the fadrozole- (F1, 30=0.213, p -

treated (F1, 32=0.216, p

In addition, a significant three-way interaction was detected among hemisphere, sex and 

rhythm stimulus type (F1,88=5.164, p=0.025; Figure 12).  This result was further investigated with 

multiple two-way ANOVAs, followed by appropriate pairwise comparisons.  The interaction was 

clearly driven by an increased density of cells expressing ZENK mRNA in the left compared to 

the right hemisphere of arrhythmic song exposed males (F1,22=8.509, p

12).

None of the other possible interactions among hemisphere, sex, rhythm type, and 

treatment were statistically significant (all F<2.578, p>0.081).  Data for the individual groups are 

presented in Table 4.
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Figure 12.  ZENK expressing cells in NCM. Panel A depicts the density of cells containing ZENK 
mRNA across the sexes and auditory stimuli (mean ± SEM).  A main effect of hemisphere, with greater 
expression on the left, is indicated by *.  Different letters within the bars indicate a main effect of sex, with 
greater ZENK expression in males compared to females.  A three way interaction was detected, greater 
ZENK density was seen on the left
Panel B shows pictures of representative samples of ZENK expression in control males and females 
exposed to rhythmic song.



70 
 

Figure 13.  ZENK expression in the NCM of males and females across hormone manipulations.
Panel A depicts the density of cells (mean ± SEM) across the three treatment groups.  An interaction was 
detected; expression was greater in males than females only in the control animals, indicated by *.  Panel 
B shows representative images from a control female and male.

Tn

Similar to both auditory regions, a significant main effect of hemisphere was detected, 

with a greater density of ZENK expressing cells in the left compared to the right hemisphere 

(F1,88=18.936, p<0.001).  No main effect of sex (F1,88=2.545, p=0.114), rhythmic stimulus type  

(F1,88=2.324, p=0.131) or hormone manipulation (F2,88=1.963, p=0.147) was detected.  
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Significant interactions were also not detected among any combination of hemisphere, sex, 

rhythm type, and hormone (all F<2.606, p>0.079). Data are presented in Table 4.

Discussion

Summary of Specific Effects

Across NCM, CMM and Tn, a greater density of cells expressing ZENK mRNA was 

detected in the left hemisphere.  Sex differences in ZENK expression were detected in both 

auditory regions, although in opposite directions, with a higher density of cells in males in NCM 

and in females in CMM.  An effect of hormone manipulation was also seen in CMM, and while 

no pairwise comparisons were statistically significant, the pattern suggested greater ZENK 

expression in the control birds compared to both the E2- and fadrozole-treated groups.  

Statistically significant interactions were detected just in NCM.  In the control group only, 

the density of cells expressing ZENK mRNA was greater in males than females.  ZENK 

expressing cells were also increased in the left compared to the right hemisphere in males 

exposed to arrhythmic, but not rhythmic, song.   Thus, these groups contributed substantially to 

the main effect of hemisphere. In the present study, effects of rhythmicity of the song stimulus 

were limited, but may have been reduced by particular methodological differences from our 

earlier studies [123, 124].  Individual effects are interpreted in more detail below.

Lateralization

The finding in the present study of a higher density of cells expressing ZENK mRNA in 

the left hemisphere adds to a complex literature on lateralization of auditory perception.  In 

humans, left lateralization of linguistic functions appears consistent across production and 

perception (reviewed in [29]).  These results parallel the left lateralization following perception of 

conspecific vocalizations in the present study.  However, the literature in songbirds is less 

consistent than that from humans.  Similar to the present experiment, increased ZENK 

expression was detected in the left NCM of juvenile zebra finches exposed to novel conspecific 
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song [183].  However, the same study did not find lateral differences in adults.  Our previous 

work on juvenile zebra finches, using the same auditory stimuli as the current study [124], did 

not initially assess hemisphere as a factor, but further analysis of the data reveals no significant 

differences in the density of cells expressing ZENK protein between the left and right sides of 

the brain.  Electrophysiological studies have also provided mixed results.  Increased response 

strength in the left hemisphere has been detected among fast-learning birds trained in a 

GO/NoGO paradigm [184].  Zebra finches exposed to four or nine days of a heterospecific 

acoustic environment also showed left lateralization of electrophysiological responses in NCM 

[185], but those housed under typical conditions with conspecific song exposure showed right 

lateralization of NCM activity [185, 186].  An fMRI study indicated greater differences in 

response strength between bird’s own song, novel conspecific song, tutor song and tones in the 

right hemisphere of the zebra finch brain [84].   Given the inconsistencies that can be detected 

across different measures of neural activity, and the fact that it is possible for neurons to fire 

without inducing ZENK expression (reviewed in [91]),  further work is necessary to draw 

conclusions about the functional significance of lateral differences in gene expression detected 

in the present study.

CMM

The sex difference in CMM, with greater ZENK expression in females compared to 

males,  parallels results from our previous study with adult zebra finches without hormone 

manipulations [123].  The quality of songs is an indicator to females of the fitness of males 

[187].  Thus, the consistent increase in activity in females compared to males in CMM may 

relate to females’ use of CMM for evaluation of songs of potential mates, a function typically not 

employed by males.

The trend for increased ZENK expression in control animals compared to those treated 

with either E2 or fadrozole suggests that an optimal level of the hormone may exist.  This 

pattern of results is consistent with a study that found a trend in NCM for a reduced 
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electrophysiological response to novel conspecific song in fadrozole- and E2-treated birds

compared to saline-treated controls [188]. Together these results suggest that too much or too 

little available E2 within the auditory forebrain may inhibit optimal neural responses to auditory 

stimuli.  Fadrozole can reduce both the aromatase activity within the zebra finch brain [180] and

the total amount of E2 present in the telencephalon [189].  While our assay did not detect 

differences in plasma E2 levels between the control and fadrozole treated birds, those receiving 

the estrogen synthesis inhibitor likely experienced less E2 availability in the auditory brain due 

to decreased local synthesis as well as a possible reduction in the E2 released within NCM 

during song exposure [108, 122].

NCM

In contrast to the effect seen in CMM, a greater density of cells expressing ZENK mRNA 

was seen in males compared to females in NCM.  While this effect was not detected in our 

previous study [123], a similar pattern of activity was detected in the NCM of zebra finches using 

electrophysiology, with males showing an enhanced response to novel conspecific songs 

compared to females [188].  The interaction between hormone manipulation and sex in the 

present study indicates that this sex difference is limited to the control animals.  Similar to the 

present data from CMM, this result suggests that there may be an optimal level of circulating 

E2, and an increase or decrease can diminish sex differences in auditory processing.  In 

addition, the opposite directions of sex differences between NCM and CMM may indicate that 

these areas are functionally specialized.  Specifically, NCM may be more involved in processing 

by males for nest site defense, whereas CMM may aid in processing of song for value as a 

potential mate.

The interaction between sex, hemisphere, and rhythmicity of the song stimuli in NCM 

could present a challenge for interpretation.  A significant increase in ZENK expression in the 

left relative to the right hemisphere was detected only in males exposed to arrhythmic song; it is 

difficult to speculate on potential reasons for such a specific effect.  However, a trend for a 
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greater density of ZENK+ cells in the left hemisphere existed in all other combinations of sex 

and rhythm type.  Thus, while data from these males was largely responsible for the main effect 

of lateralization in NCM, it is unlikely that this interaction represents a functional difference 

across groups.

Tn

The lack of effect of stimulus rhythmicity detected in Tn contrasts with the results 

previously seen in adults that did not receive hormone manipulations [123], but both studies are 

consistent in finding no sex differences in ZENK expression in Tn.  It would be parsimonious to 

suggest that the hormone manipulations in the present study eliminated the increased response 

to arrhythmic song [123], however the control birds also responded similarly to the two types of 

auditory stimuli (Table 4).  Thus, other differences from our previous study likely influenced the 

results.

Methodological Issues

The lack of effects due to song stimulus type differs from our previous finding of an 

increased density of ZENK+ cells in response to arrhythmic compared to rhythmic song across 

all three brain areas investigated [123].    Several methodological aspects may relate to the 

differences between studies.  For example, birds in the present study were housed with only 

one or two conspecifics, whereas they were kept in large group aviaries in our earlier work.  It is 

possible that the current conditions were more stressful.  Keeping zebra finches in isolation 

while maintaining auditory and visual contact with conspecifics can cause changes in ZENK 

expression in the social behavior network, which includes Tn [190].  The experience of 

undergoing anesthesia, a hormone implant, and a week of daily injections likely also induced 

some stress compared to our earlier study on adults, which could have limited ZENK responses 

both directly by changing the neurochemical environment and indirectly by reducing the birds’ 

attention to conspecific vocalizations.
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Perhaps the most important difference between our studies, however, involved the 

quantification of ZENK protein in the earlier work [123] versus mRNA in the present study.  This 

change was made because the antibody used in the previous study was no longer available.  

While levels of mRNA and protein expression are often correlated, they are not always 

consistent, and the degree of correlation can vary widely between genes and tissue types [191,

192].  It is possible that the pattern of ZENK responses to the stimuli presented in this study 

differs between mRNA and protein, contributing to the variation of the present results from the 

expected pattern based on previous research.

Our results also differ from studies indicating E2’s capacity to improve auditory 

discrimination to types of stimuli not used in the present experiment, such as conspecific vs. 

heterospecific song, tones, reverse song, or white noise [108-111, 193].  It is unclear whether 

E2 can also modulate responses to auditory rhythms, as the anticipated difference between our 

stimulus types was not detected.  Further work is needed to resolve this issue.  

NCM is a large, heterogeneous brain region.  In white-throated sparrows, E2 enhances 

the ZENK response to song compared to tones in the rostral and medial portions of NCM, but

not in other regions of the nucleus [193].  The white-throated sparrow brains were sectioned in 

the sagittal plane [193], whereas the brains in the present study were sectioned coronally in 

order to maintain consistency with our earlier work [123, 124].  While the area of NCM analyzed 

here is likely in the rostral region described in the sparrow study, it is difficult to make exact 

comparisons across different planes of section.  If zebra finches are similar in the regional 

specificity of E2 sensitivity within NCM, it is possible that areas of NCM other than what was 

sampled in the present study would show greater differences in ZENK expression between 

hormone groups.

It is also possible that the hormone manipulations did not provide sufficiently large 

differences in brain E2 availability from the control group.   However, we think this is unlikely.  

While our assay was not sensitive enough to detect a significant reduction in circulating E2 in 
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fadrozole compared to the control birds, the same manipulation substantially reduces 

aromatase in the forebrain as a whole [180], where NCM, CMM and Tn are located.  The 

pattern of ZENK expression across manipulations also indicates that fadrozole was effective in 

the brain, as the sex difference detected in NCM in control animals was eliminated by this drug. 

A final methodological consideration is the duration of the hormone manipulations.  E2 is 

rapidly synthesized in the NCM of zebra finches in response to conspecific song [108, 122].  In 

addition, the effects of E2 on auditory responses can appear rapidly and are likely mediated 

through the membrane bound receptor GPER1 (previously known as GPR30) [119].

Continuous exposure to E2 for one week may have overwhelmed these rapid E2 responses, 

washing out any modulation of auditory response that increased E2 may facilitate.  We chose to 

use a longer term E2 modulation because it provided a minimally invasive way to influence E2 

levels that had the possibility of impacting modulation through multiple E2 receptor types [180].

Future studies using infusion of fadrozole or E2 into NCM could allow for assessment of rapid 

E2 effects on rhythm perception.

Conclusions

Overall the results of the present study suggest a strong left lateralization of neural 

activity in response to conspecific songs across brain regions, regardless of available E2.  This 

effect parallels the lateralization of language seen in humans.  In addition, the data suggest the 

possibility of an optimal level of E2 at which these neural responses are strongest.  Sex 

differences were also opposite between auditory regions, with greater activity in NCM in males 

and in CMM in females.  Further studies are needed to clarify potential relationships between 

E2 and rhythm perception, as well as the functional significance of sex differences and lateral 

differences in gene expression.
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CONCLUSION

Rhythm is a central component of both birdsong and human language.  A large variety of 

human disorders involve deficits in rhythm and timing perception, including speech and 

language, developmental and neurodegenerative disorders.  The neural basis of rhythm 

perception and its relation to these deficits is still poorly understood.  Developing the zebra finch 

as a model will allow investigations of the neural underpinnings of rhythm perception, as well as 

hormonal influences on this process, in a vocal learner in ways not possible in humans.

The experiments in this dissertation set out to examine the influence of auditory rhythms 

on neural activity in multiple nuclei in the auditory and song systems and one nucleus in the 

social behavior network.  In addition, I examined the development of neural responses to rhythm 

in order begin to determine whether increased responses to arrhythmic song detected in the 

adult brain are present prior to song learning, or acquired during particular stages.  I also 

assessed whether adult neural responses to rhythmicity are modulated by E2.   

Results showed that arrhythmic song induced more ZENK expression than rhythmic 

song in two regions of the auditory cortex (the caudomedial nidopallium, NCM, and caudomedial 

mesopallium, CMM), as well as in the avian homolog of the amygdala (nucleus taeniae, Tn).  

The increased ZENK expression in NCM and CMM of birds exposed to arrhythmic compared to 

rhythmic song suggests that these modified songs were similar enough to natural zebra finch 

songs to be processed as conspecific song, but birds may have detected errors relative to the 

expected song pattern.  Greater ZENK expression in females compared to males in CMM 

indicates that this region may be involved in assessment of mate songs in females, as a 

comparison to the template that is believed to be stored there as well as in NCM (reviewed in 

[194]), a function that is not typical of male zebra finches as females do not sing.  In birds, Tn 

activity is associated with pair bonding and mating activities [129, 141, 142], and in its human 

homolog, the amygdala, increased activity occurs with exposure to aversive auditory stimuli 

[146, 147].  Taken together, these ideas suggest that increased activity in Tn in response to 
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arrhythmic song may indicate a negative response to poor quality song.  This idea may be 

particularly relevant for females who use song in mate selection [36, 187], but the lack of a sex 

difference in Tn suggests that males respond to the undesirable characteristic of the stimulus in 

a similar way.

In contrast to the rhythmic differences seen in NCM, CMM, and Tn, no effects of rhythm 

were present in the anterior forebrain pathway (involved in song learning and plasticity, [61]), or 

the vocal motor pathway (critical for song production, [36]) of the song system.  In the anterior 

forebrain pathway, greater ZENK expression was present in the medial compared to the lateral 

striatum, with this difference significantly enhanced in males compared to females.  A major 

factor in this sex difference is that the song control region Area X occupies the lateral striatum in 

males, but is not present in females.  A clear absence of ZENK expression was seen within 

Area X, while sparse labeling was seen in the lateral striatum in females.  This result suggests 

that the medial striatum is involved in auditory processing, unlike Area X or the lateral striatum 

in females, but is not directly involved in rhythmic discrimination.  Unlike the striatum, little or no 

ZENK was detected in LMAN across both sexes and stimulus types.  In the vocal motor 

pathway, little or no ZENK expression was detected across sex and stimulus type within the 

premotor nucleus HVC.  Due to their uniform lack of response, both LMAN and HVC appear not 

to be involved in rhythmic processing of novel conspecific songs, although it is possible that 

HVC could discriminate rhythm in other stimulus types, such as a bird’s own song or a tutor’s 

song.

In assessing the development of differential responses to rhythmic and arrhythmic 

stimuli, I found that prior to template formation (post-hatching day 15, d15), NCM shows 

increased ZENK expression in response to rhythmic compared to arrhythmic song, indicating an 

unlearned preference for more natural conspecific vocalizations.  In contrast to NCM, where no 

rhythmic differences were present at d25 or d45, an adult-like pattern was detected in CMM 

during template formation (d25), with greater ZENK expression in birds that heard arrhythmic 
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song, but not during sensorimotor integration (d45) when no rhythm effects were detected.  One 

possible explanation is that birds are focused around d25 on accurately perceiving external 

stimuli for creation of the highest fidelity match and this focus on auditory perception is 

important again in adulthood when the quality of a song is important for mate attraction and nest 

site defense. In contrast, during sensorimotor integration around d45, male zebra finches are 

more focused primarily on the motor task of matching their own vocalizations to a preexisting 

template.  The zebra finch brain may have a greater capacity to discriminate auditory stimuli 

during times when primary attention toward auditory signals is ecologically relevant, and both 

sexes may show a reduced capacity to discriminate rhythms at ages important for sensorimotor 

integration in males.  A lack of effects found Tn suggest that ZENK responses to the rhythmicity 

of song in this region develop between post-hatching day 45 and maturity.

E2’s effect on rhythmic processing remains unclear, though some effects of E2 were 

detected.  There appeared to be an optimal level of E2 availability in the brain, with the greatest 

level of ZENK induction in CMM seen in birds with unmanipulated levels of E2, and reduced 

responses in groups with elevated or suppressed E2. Within birds in the E2 manipulation study, 

opposite sex differences were found in NCM and CMM with greater responses in females in 

CMM and males in NCM.  This sex difference could suggest that NCM is more involved in 

conspecific processing by males, whereas CMM is more involved in females.  The suggestion of 

an optimal level of E2 availability is strengthened by the sex difference in NCM being driven by 

the control animals, with no sex differences seen in the fadrozole or E2 treated groups.  In 

contrast with my earlier findings, no rhythm differences were detected across hormone 

treatments in Chapter 3.  The lack of rhythm effects in all groups, including the control birds, in 

the study in which E2 availability was manipulated in adults limits the conclusions that can be 

drawn about whether E2 is involved in rhythm processing. Several differences between this 

study and the initial adult rhythm perception study (Chapter 1) could have contributed to the 

differences in detection of rhythm effects.  For example, in Chapter 3, I measured ZENK mRNA 
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whereas the initial study in adults (Chapter 1) I assessed protein, and the manipulations likely 

induced stress compared to the original study.   While the expected effects of stimulus 

rhythmicity were not seen in the experiment involving E2 manipulation, strong left lateralization 

of ZENK induction by song was detected in contrast to the unmanipulated adults and juveniles.  

This effect was present across brain regions investigated, stimulus types, and hormone 

treatments, paralleling the left lateralization of language seen in humans.  The literature 

addressing lateralization of neural responses to auditory stimuli in zebra finches is inconsistent, 

with different findings under varied experimental conditions.  As with the differences in detection 

of rhythm effects between studies in this dissertation, the detection of lateral differences in the 

E2 manipulated birds, but not others could be due to the measurement of mRNA rather than 

protein, or the stress experienced as a result of the hormone manipulations.  Further studies are 

needed to elucidate the role of E2 both rapidly and long term, on rhythm perception.

The neural discrimination of rhythmicity detected was variable across studies in all brain 

regions analyzed.  In CMM, increased ZENK expression in response to arrhythmic song was 

detected at d25 and also in adulthood suggesting that rhythm discrimination may be enhanced 

during life stages when birds are most focused on perception of external auditory stimuli.  In the 

E2 manipulation study, no effect of rhythm was present in CMM.  This difference could have 

been due to differences between mRNA and protein expression, but could also be an indication 

that the stress induced by the manipulations in this protocol reduced the receptivity for and 

attention to external auditory stimuli, thus decreasing rhythmic discrimination.  In NCM, 

increased ZENK expression was detected in response to rhythmic song at d15 and to 

arrhythmic song in adulthood.  This change in pattern between the early juvenile period prior to 

template formation and adulthood suggests that adult rhythm discrimination may have a learned 

component, with increased responses to arrhythmic song indicating detection of errors relative 

to the learned template.  In Tn, rhythm differences were detected only in the initial adult study, 

but not in the juveniles or E2 treated birds.  The perception of the quality of social signals in Tn 
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likely develops between d45 and adulthood, during the late juvenile period.  In all regions 

analyzed, the lack of rhythm effects in the E2 manipulation study in comparison to 

unmanipulated birds could be due to either differences between mRNA and protein expression, 

or the effects of stress minimizing responsiveness and discrimination.

Across studies in adult zebra finches, greater density of ZENK expressing cells was 

present in females compared to males in CMM, but no sex differences were detected in 

juveniles.  Together this suggests that CMM plays a larger role in assessing conspecific signals 

in females, potentially for the purpose of mate quality assessment, and that this sex difference 

develops in the late juvenile period.  In NCM a sex difference was found only in the control 

treated birds in the E2 manipulation study with greater ZENK density in males compared to 

females, but not in juveniles or unmanipulated adults.  Increased response magnitude in NCM in 

males compared to females in response to novel conspecific song has previously been detected 

in zebra finches [188].  Yet other studies have measured no differences in response between 

the sexes [195].  Thus NCM may have some specialized function that necessitates greater 

activity in males, but it is unclear what experimental factors influence the detection of sex 

differences in this region.  No sex differences were seen in Tn in any of the experiments in this 

dissertation.  Given the role of Tn in pair bonding and mating behavior, it would have been 

unsurprising to find increased activity in females in response to male song, but this was not the 

case.  The data suggest that Tn is involved in evaluating conspecific song, and potentially the 

aversive nature of disrupted song, in both sexes, independent of any assessment for mate 

quality in males.

The research in this dissertation represents the first step in establishing the zebra finch 

as a model for human rhythm perception and disorders involving rhythm deficits, particularly 

stuttering.  These experiments provide an initial understanding of how the adult zebra finch 

brain processes rhythm, how rhythm processing develops in juveniles, and the effects of E2 

manipulations on the adult brain.  The foundation laid by these experiments provides the 



82 
 

opportunity for further study into the mechanisms of rhythm perception in a way that would not 

be possible in humans.  Ultimately it would be informative to conduct parallel studies to analyze 

both behavioral and neural responses to rhythm in both humans and zebra finches.  An initial 

study that would be of value to allow additional mechanistic research would be to establish 

behavioral discrimination or a behavioral preference between rhythmic and arrhythmic song in 

zebra finches.  Multiple test designs could be utilized for this purpose.  A preference test where 

the two types of songs are played at opposite ends of a long cage and the amount of time the 

bird spends in proximity to each speaker is evaluated could provide information regarding the 

birds’ preference regarding rhythmicity.  Another way to assess preference would be to link 

playback of each song type to pecking a particular key or jumping on a particular perch, and 

assessing which stimulus is played more.  An additional methodology that may allow behavioral 

assessment of rhythm discrimination would be a go/no-go paradigm, where birds are trained to 

take a particular action, such as pecking a key, when exposed to one type of stimulus, and 

withhold that response when exposed to the other type of stimulus.  Once a consistent 

behavioral discrimination was established using one of these, or a similar methodology, further 

studies could assess how various manipulations within the brain could influence the behavior 

patterns.  

Among the many mechanistic studies that could be conducted following the work of this 

dissertation would be the inactivation of the regions that show differential responses to rhythm, 

NCM, CMM, or Tn, and then assessment of the impact on behavioral responses, or on ZENK 

expression in the other areas not inactivated.  This could be done permanently through the use 

of chemical or electrolytic lesions, or transiently through the use local cooling or infusion of an 

inhibitor such as tetrodotoxin that prevents the firing of action potentials.  It would also be 

informative to assess the phenotype of the cells expressing ZENK following exposure to 

rhythmic and arrhythmic song.  Double label immunohistochemistry or in situ hybridization for 

ZENK and markers of various neurotransmitter systems could identify the types of cells 
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responding to the stimuli.  One cellular phenotype known to be present in NCM is GABAergic 

cells.  It would be informative to assess the effect of a local infusion of a GABA antagonist into 

NCM prior to a behavior test to determine if inhibitory processes influence discrimination.  

Further studies assessing the influence of E2 on rhythm discrimination would also be 

valuable.  Local infusions of E2 or fadrozole into NCM, CMM, or Tn followed by behavioral 

assessment, or assessment of ZENK expression could illuminate the influence of fast acting 

estrogen receptors in rhythm perception.  It would also be valuable to conduct microdialysis in 

NCM, to determine whether there are differences in induction of E2 synthesis between exposure 

to rhythmic and arrhythmic song.

This body of work has implications for the growing field of rhythm and timing perception 

in song birds, as well as more broadly for vocal learning species and human rhythm perception.  

Improving our understanding of rhythm perception in songbirds can provide insight and basis for

future research in healthy humans, as well as those with disorders involving deficits in rhythm 

perception.  The studies contained in this dissertation demonstrated rhythmic discrimination in 

neural responses in NCM and CMM which parallel the human auditory association cortex, and 

in Tn, which shares homology with the human amygdala [129].  These results suggest that the 

auditory association cortex and amygdala would be valuable brain regions to assess for their 

involvement in human rhythm perception in general, as well as for any deficits in those with 

disorders that involve deficits in rhythmic processing.  Few studies have assessed rhythmic 

processing in these areas.  In parallel to the increased activity detected in NCM and CMM in 

response to arrhythmic song in the initial adult study, arrhythmic tone sequences induce greater 

activity in the secondary auditory cortex in humans [135].  Rhythmic drumming produced by 

rhesus macaques induces activity in their amygdala [196].  Further studies comparing the 

amygdala’s response to rhythmic and arrhythmic sequences in monkeys, or assessing its 

response to rhythmicity in humans have not been conducted.  More studies are warranted to 

assess whether these brain regions are implicated in any rhythm processing deficits.
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The second study in this dissertation indicated that aspects of rhythmic processing may 

be learned.  This idea suggests that rhythmic training may improve processing and aid those 

with speech and language disorders involving rhythm deficits.  Continued study to improve our 

understanding of E2’s impact on rhythmic processing could aid in our understanding of sex 

differences in prevalence of disorders involving rhythm deficits, such as stuttering which is more 

common in males than females [13].  The adult studies in this dissertation consistently found 

greater activity in CMM in females compared to males; perhaps if a similar pattern is present in 

humans, greater auditory response to rhythmicity in auditory regions of the female brain could 

contribute to the lower rates of stuttering.  Further study of E2 and rhythmic processing could 

also shed light on why rates of spontaneous recovery among children who stutter are much 

greater in females [13].  Spontaneous recovery typically occurs by puberty [13], thus it is 

possible that higher rates of spontaneous recovery in females are due to increasing levels of E2 

facilitating improved rhythmic processing as they approach puberty.  The lower rates of 

stuttering in adults also parallel the greater rhythm discrimination detected in adult compared to 

juvenile zebra finches.  Further research is necessary to improve our understanding of 

continued development of rhythm perception in the late juvenile period, E2 influences on rhythm 

perception, and factors that may disrupt the capacity for neural discrimination of rhythm in zebra 

finches.



85 
 

REFERENCES



86 
 

REFERENCES

1. Grube, M., F.E. Cooper, and T.D. Griffiths, Auditory temporal-regularity processing correlates 
with language and literacy skill in early adulthood. Cogn Neurosci, 2013. 4(3-4): p. 225-30. 

 
2. Hanna, R. and S. Morris, Stuttering, speech rate, and the metronome effect. Perceptual and 

Motor Skills, 1977. 44(2): p. 452-454. 
 
3. Cherry, C. and B.M. Sayers, Experiments upon the total inhibition of stammering by external 

control, and some clinical results. J Psychosom Res, 1956. 1(4): p. 233-46. 
 
4. Johnson, W. and L. Rosen, Studies in the Psychology of Stuttering: VII.  Effects of Certain Changes 

in Speech Pattern upon Frequency of Stuttering. Journal of Speech and Hearing Disorders, 1937. 
2: p. 105-110. 

 
5. Corriveau, K., E. Pasquini, and U. Goswami, Basic auditory processing skills and specific language 

impairment: a new look at an old hypothesis. J Speech Lang Hear Res, 2007. 50(3): p. 647-66. 
 
6. Corriveau, K.H. and U. Goswami, Rhythmic motor entrainment in children with speech and 

language impairments: tapping to the beat. Cortex, 2009. 45(1): p. 119-30. 
 
7. Allman, M.J., Deficits in temporal processing associated with autistic disorder. Front Integr 

Neurosci, 2011. 5: p. 2. 
 
8. Hardy, M.W. and A.B. Lagasse, Rhythm, movement, and autism: using rhythmic rehabilitation 

research as a model for autism. Front Integr Neurosci, 2013. 7: p. 19. 
 
9. Allman, M.J. and W.H. Meck, Pathophysiological distortions in time perception and timed 

performance. Brain, 2012. 135(Pt 3): p. 656-77. 
 
10. Muneaux, M., et al., Deficits in beat perception and dyslexia: evidence from French. Neuroreport, 

2004. 15(8): p. 1255-9. 
 
11. Grahn, J.A. and M. Brett, Impairment of beat-based rhythm discrimination in Parkinson's disease. 

Cortex, 2009. 45(1): p. 54-61. 
 
12. Wieland, E.A., et al., Evidence for a rhythm perception deficit in children who stutter. Brain Lang, 

2015. 144: p. 26-34. 
 
13. Bloodstein, O., A Handbook on Stuttering. 5th ed ed. 1995, San Diego: Singular Publishing Group, 

INC. 
 
14. McAllister, J., J. Collier, and L. Shepstone, The impact of adolescent stuttering on educational 

and employment outcomes: Evidence from a birth cohort study. Journal of Fluency Disorders, 
2012. 37(2): p. 106-121. 

 



87 
 

15. Blood, G.W., et al., SELF-REPORTED EXPERIENCE OF BULLYING OF STUDENTS WHO STUTTER: 
RELATIONS WITH LIFE SATISFACTION, LIFE ORIENTATION, AND SELF-ESTEEM. Perceptual and 
Motor Skills, 2011. 113(2): p. 353-364. 

 
16. Jusczyk, P.W., et al., Perception of acoustic correlates of major phrasal units by young infants. 

Cogn Psychol, 1992. 24(2): p. 252-93. 
 
17. Chang, H.W. and S.E. Trehub, Infants' perception of temporal grouping in auditory patterns. 

Child Dev, 1977. 48(4): p. 1666-70. 
 
18. Trainor, L.J. and E.E. Hannon, Musical Development, in The Psychology of Music. 2013, Elsevier: 

Waltham, MA. 
 
19. Ellis, M.C., TEMPO PERCEPTION AND PERFORMANCE OF ELEMENTARY STUDENTS, GRADES 3-6. 

Journal of Research in Music Education, 1992. 40(4): p. 329-341. 
 
20. Wang, C.C. and R.S. Salzberg, DISCRIMINATION OF MODULATED MUSIC TEMPO BY STRING 

STUDENTS. Journal of Research in Music Education, 1984. 32(2): p. 123-131. 
 
21. Miller, L.K. and A. Eargle, THE CONTRIBUTIONS OF DEVELOPMENT VERSUS MUSIC TRAINING TO 

SIMPLE TEMPO DISCRIMINATION. Journal of Research in Music Education, 1990. 38(4): p. 294-
391. 

 
22. Strait, D.L., J. Hornickel, and N. Kraus, Subcortical processing of speech regularities underlies 

reading and music aptitude in children. Behav Brain Funct, 2011. 7: p. 44. 
 
23. Grube, M., et al., Auditory sequence analysis and phonological skill. Proc Biol Sci, 2012. 

279(1746): p. 4496-504. 
 
24. Bhide, A., A. Power, and U. Goswami, A Rhythmic Musical Intervention for Poor Readers: A 

Comparison of Efficacy With a Letter-Based Intervention. Mind Brain and Education, 2013. 7(2): 
p. 113-123. 

 
25. Grahn, J.A. and M. Brett, Rhythm and beat perception in motor areas of the brain. Journal of 

Cognitive Neuroscience, 2007. 19(5): p. 893-906. 
 
26. Toyomura, A., T. Fujii, and S. Kuriki, Effect of external auditory pacing on the neural activity of 

stuttering speakers. Neuroimage, 2011. 57(4): p. 1507-1516. 
 
27. Grahn, J.A., M.J. Henry, and J.D. McAuley, FMRI investigation of cross-modal interactions in beat 

perception: audition primes vision, but not vice versa. Neuroimage, 2011. 54(2): p. 1231-43. 
 
28. Geiser, E., M. Notter, and J.D.E. Gabrieli, A Corticostriatal Neural System Enhances Auditory 

Perception through Temporal Context Processing. Journal of Neuroscience, 2012. 32(18): p. 
6177-6182. 

 
29. Doupe, A.J. and P.K. Kuhl, Birdsong and human speech: common themes and mechanisms. Annu 

Rev Neurosci, 1999. 22: p. 567-631. 



88 
 

 
30. Patel, A.D., Musical rhythm, linguistic rhythm, and human evolution. Music Perception, 2006. 

24(1): p. 99-103. 
 
31. Cook, P., et al., A California sea lion (Zalophus californianus) can keep the beat: motor 

entrainment to rhythmic auditory stimuli in a non vocal mimic. J Comp Psychol, 2013. 127(4): p. 
412-27. 

 
32. Wilson, M. and P.F. Cook, Rhythmic entrainment: Why humans want to, fireflies can't help it, pet 

birds try, and sea lions have to be bribed. Psychon Bull Rev, 2016. 23(6): p. 1647-1659. 
 
33. Ten Cate, C., et al., Can Birds Perceive Rhythmic Patterns? A Review and Experiments on a 

Songbird and a Parrot Species. Front Psychol, 2016. 7: p. 730. 
 
34. Schachner, A., et al., Spontaneous motor entrainment to music in multiple vocal mimicking 

species. Curr Biol, 2009. 19(10): p. 831-6. 
 
35. Norton, P. and C. Scharff, “Bird Song Metronomics”: Isochronous Organization of Zebra Finch 

Song Rhythm. Frontiers in Neuroscience, 2016. 10(309). 
 
36. Zann, R.A., The Zebra Finch. 1996, New York: Oxford University Press. 
 
37. Feher, O., et al., De novo establishment of wild-type song culture in the zebra finch. Nature, 

2009. 459(7246): p. 564-8. 
 
38. Benichov, J.I., et al., The Forebrain Song System Mediates Predictive Call Timing in Female and 

Male Zebra Finches. Curr Biol, 2016. 26(3): p. 309-18. 
 
39. Benichov, J.I., E. Globerson, and O. Tchernichovski, Finding the Beat: From Socially Coordinated 

Vocalizations in Songbirds to Rhythmic Entrainment in Humans. Front Hum Neurosci, 2016. 10: 
p. 255. 

 
40. van der Aa, J., H. Honing, and C. ten Cate, The perception of regularity in an isochronous stimulus 

in zebra finches (Taeniopygia guttata) and humans. Behav Processes, 2015. 115: p. 37-45. 
 
41. McAuley, J.D., et al., The time of our lives: life span development of timing and event tracking. J 

Exp Psychol Gen, 2006. 135(3): p. 348-67. 
 
42. Stripling, R., A.A. Kruse, and D.F. Clayton, Development of song responses in the zebra finch 

caudomedial neostriatum: role of genomic and electrophysiological activities. J Neurobiol, 2001. 
48(3): p. 163-80. 

 
43. Mello, C.V., D.S. Vicario, and D.F. Clayton, Song presentation induces gene expression in the 

songbird forebrain. Proc Natl Acad Sci U S A, 1992. 89(15): p. 6818-22. 
 
44. Bailey, D.J., J.C. Rosebush, and J. Wade, The hippocampus and caudomedial neostriatum show 

selective responsiveness to conspecific song in the female zebra finch. J Neurobiol, 2002. 52(1): 
p. 43-51. 



89 
 

 
45. Bailey, D.J. and J. Wade, Differential expression of the immediate early genes FOS and ZENK 

following auditory stimulation in the juvenile male and female zebra finch. Brain Res Mol Brain 
Res, 2003. 116(1-2): p. 147-54. 

 
46. Bailey, D.J. and J. Wade, Sexual dimorphism in song-induced ZENK expression in the medial 

striatum of juvenile zebra finches. Neurosci Lett, 2006. 401(1-2): p. 86-91. 
 
47. Doupe, A.J., A neural circuit specialized for vocal learning. Curr Opin Neurobiol, 1993. 3(1): p. 

104-11. 
 
48. Doupe, A.J. and M.M. Solis, Song- and order-selective neurons develop in the songbird anterior 

forebrain during vocal learning. J Neurobiol, 1997. 33(5): p. 694-709. 
 
49. Mooney, R., Neural mechanisms for learned birdsong. Learn Mem, 2009. 16(11): p. 655-69. 
 
50. Tomaszycki, M.L., et al., Sexual differentiation of the zebra finch song system: potential roles for 

sex chromosome genes. BMC Neurosci, 2009. 10: p. 24. 
 
51. Lauay, C., et al., Female zebra finches require early song exposure to prefer high-quality song as 

adults. Animal Behaviour, 2004. 68: p. 1249-1255. 
 
52. Nowicki, S., W.A. Searcy, and S. Peters, Quality of song learning affects female response to male 

bird song. Proceedings of the Royal Society B-Biological Sciences, 2002. 269(1503): p. 1949-
1954. 

 
53. Bolhuis, J.J., K. Okanoya, and C. Scharff, Twitter evolution: converging mechanisms in birdsong 

and human speech. Nat Rev Neurosci, 2010. 11(11): p. 747-59. 
 
54. Wade, J., Zebra finch sexual differentiation: the aromatization hypothesis revisited. Microsc Res 

Tech, 2001. 54(6): p. 354-63. 
 
55. Wade, J. and A.P. Arnold, Sexual differentiation of the zebra finch song system. Ann N Y Acad Sci, 

2004. 1016: p. 540-59. 
 
56. Reiner, A., et al., Revised nomenclature for avian telencephalon and some related brainstem 

nuclei. J Comp Neurol, 2004. 473(3): p. 377-414. 
 
57. Reiner, A., et al., The Avian Brain Nomenclature Forum: Terminology for a New Century in 

Comparative Neuroanatomy. J Comp Neurol, 2004. 473: p. E1-E6. 
 
58. De Diego-Balaguer, R., et al., Striatal degeneration impairs language learning: evidence from 

Huntington's disease. Brain, 2008. 131(Pt 11): p. 2870-81. 
 
59. Bottjer, S.W., E.A. Miesner, and A.P. Arnold, Forebrain lesions disrupt development but not 

maintenance of song in passerine birds. Science, 1984. 224(4651): p. 901-3. 
 



90 
 

60. Olveczky, B.P., A.S. Andalman, and M.S. Fee, Vocal experimentation in the juvenile songbird 
requires a basal ganglia circuit. PLoS Biol, 2005. 3(5): p. e153. 

 
61. Scharff, C. and F. Nottebohm, A comparative study of the behavioral deficits following lesions of 

various parts of the zebra finch song system: implications for vocal learning. J Neurosci, 1991. 
11(9): p. 2896-913. 

 
62. Williams, H. and N. Mehta, Changes in adult zebra finch song require a forebrain nucleus that is 

not necessary for song production. J Neurobiol, 1999. 39(1): p. 14-28. 
 
63. Brainard, M.S. and A.J. Doupe, Interruption of a basal ganglia-forebrain circuit prevents plasticity 

of learned vocalizations. Nature, 2000. 404(6779): p. 762-6. 
 
64. Roy, A. and R. Mooney, Auditory plasticity in a basal ganglia-forebrain pathway during 

decrystallization of adult birdsong. J Neurosci, 2007. 27(24): p. 6374-87. 
 
65. Brainard, M.S. and A.J. Doupe, Translating birdsong: songbirds as a model for basic and applied 

medical research. Annu Rev Neurosci, 2013. 36: p. 489-517. 
 
66. Mooney, R., Neurobiology of song learning. Curr Opin Neurobiol, 2009. 19(6): p. 654-60. 
 
67. Jarvis, E.D., Learned birdsong and the neurobiology of human language. Ann N Y Acad Sci, 2004. 

1016: p. 749-77. 
 
68. Bolhuis, J.J. and M. Gahr, Neural mechanisms of birdsong memory. Nat Rev Neurosci, 2006. 7(5): 

p. 347-57. 
 
69. Jarvis, E.D., et al., Avian brains and a new understanding of vertebrate brain evolution. Nat Rev 

Neurosci, 2005. 6(2): p. 151-9. 
 
70. Bailey, D.J. and J. Wade, FOS and ZENK responses in 45-day-old zebra finches vary with auditory 

stimulus and brain region, but not sex. Behav Brain Res, 2005. 162(1): p. 108-15. 
 
71. Bolhuis, J.J., et al., Learning-related neuronal activation in the zebra finch song system nucleus 

HVC in response to the bird's own song. PLoS One, 2012. 7(7): p. e41556. 
 
72. Cheng, H.Y. and D.F. Clayton, Activation and habituation of extracellular signal-regulated kinase 

phosphorylation in zebra finch auditory forebrain during song presentation. J Neurosci, 2004. 
24(34): p. 7503-13. 

 
73. Jarvis, E.D. and F. Nottebohm, Motor-driven gene expression. Proc Natl Acad Sci U S A, 1997. 

94(8): p. 4097-102. 
 
74. Mello, C.V. and D.F. Clayton, Song-induced ZENK gene expression in auditory pathways of 

songbird brain and its relation to the song control system. J Neurosci, 1994. 14(11 Pt 1): p. 6652-
66. 

 



91 
 

75. Mello, C.V. and S. Ribeiro, ZENK protein regulation by song in the brain of songbirds. J Comp 
Neurol, 1998. 393(4): p. 426-38. 

 
76. Tomaszycki, M.L., et al., Immediate early gene (ZENK) responses to song in juvenile female and 

male zebra finches: effects of rearing environment. J Neurobiol, 2006. 66(11): p. 1175-82. 
 
77. Christy, B.A., L.F. Lau, and D. Nathans, A gene activated in mouse 3T3 cells by serum growth 

factors encodes a protein with "zinc finger" sequences. Proc Natl Acad Sci U S A, 1988. 85(21): p. 
7857-61. 

 
78. Sukhatme, V.P., et al., A zinc finger-encoding gene coregulated with c-fos during growth and 

differentiation, and after cellular depolarization. Cell, 1988. 53(1): p. 37-43. 
 
79. Milbrandt, J., A nerve growth factor-induced gene encodes a possible transcriptional regulatory 

factor. Science, 1987. 238(4828): p. 797-9. 
 
80. Lemaire, P., et al., Two mouse genes encoding potential transcription factors with identical DNA-

binding domains are activated by growth factors in cultured cells. Proc Natl Acad Sci U S A, 1988. 
85(13): p. 4691-5. 

 
81. Christy, B. and D. Nathans, DNA binding site of the growth factor-inducible protein Zif268. Proc 

Natl Acad Sci U S A, 1989. 86(22): p. 8737-41. 
 
82. Mello, C.V., T.A. Velho, and R. Pinaud, Song-induced gene expression: a window on song auditory 

processing and perception. Ann N Y Acad Sci, 2004. 1016: p. 263-81. 
 
83. London, S.E. and D.F. Clayton, Functional identification of sensory mechanisms required for 

developmental song learning. Nat Neurosci, 2008. 11(5): p. 579-86. 
 
84. Voss, H.U., et al., Functional MRI of the zebra finch brain during song stimulation suggests a 

lateralized response topography. Proc Natl Acad Sci U S A, 2007. 104(25): p. 10667-72. 
 
85. Stripling, R., S.F. Volman, and D.F. Clayton, Response modulation in the zebra finch neostriatum: 

relationship to nuclear gene regulation. J Neurosci, 1997. 17(10): p. 3883-93. 
 
86. Svec, L.A. and J. Wade, Estradiol induces region-specific inhibition of ZENK but does not affect the 

behavioral preference for tutored song in adult female zebra finches. Behav Brain Res, 2009. 
199(2): p. 298-306. 

 
87. Bolhuis, J.J., et al., Localized immediate early gene expression related to the strength of song 

learning in socially reared zebra finches. Eur J Neurosci, 2001. 13(11): p. 2165-70. 
 
88. Bolhuis, J.J., et al., Localized neuronal activation in the zebra finch brain is related to the strength 

of song learning. Proc Natl Acad Sci U S A, 2000. 97(5): p. 2282-5. 
 
89. Volman, S.F., Development of neural selectivity for birdsong during vocal learning. J Neurosci, 

1993. 13(11): p. 4737-47. 



92 
 

90. Nick, T.A. and M. Konishi, Neural song preference during vocal learning in the zebra finch 
depends on age and state. J Neurobiol, 2005. 62(2): p. 231-42. 

 
91. Ball, G.F. and T.Q. Gentner, They’re playing our song: gene expression and birdsong perception. 

Neuron, 1998. 21(2): p. 271-274. 
 
92. Jin, H. and D.F. Clayton, Localized changes in immediate-early gene regulation during sensory 

and motor learning in zebra finches. Neuron, 1997. 19(5): p. 1049-59. 
 
93. Barni, T., et al., Sex steroids and odorants modulate gonadotropin-releasing hormone secretion 

in primary cultures of human olfactory cells. J Clin Endocrinol Metab, 1999. 84(11): p. 4266-73. 
 
94. Wickham, L.A., et al., Identification of androgen, estrogen and progesterone receptor mRNAs in 

the eye. Acta Ophthalmol Scand, 2000. 78(2): p. 146-53. 
 
95. Kobayashi, K., et al., Estrogen receptor expression in bovine and rat retinas. Invest Ophthalmol 

Vis Sci, 1998. 39(11): p. 2105-10. 
 
96. Begay, V., et al., Detection of estrogen receptor mRNA in trout pineal and retina: estradiol-17 

beta modulates melatonin production by cultured pineal photoreceptor cells. Gen Comp 
Endocrinol, 1994. 93(1): p. 61-9. 

 
97. Stenberg, A.E., et al., Mapping of estrogen receptors alpha and beta in the inner ear of mouse 

and rat. Hear Res, 1999. 136(1-2): p. 29-34. 
 
98. Noirot, I.C., et al., Presence of aromatase and estrogen receptor alpha in the inner ear of zebra 

finches. Hear Res, 2009. 252(1-2): p. 49-55. 
 
99. Maruska, K.P. and R.D. Fernald, Steroid receptor expression in the fish inner ear varies with sex, 

social status, and reproductive state. BMC Neurosci, 2010. 11: p. 58. 
 
100. Caruso, S., et al., Olfactometric and rhinomanometric outcomes in post-menopausal women 

treated with hormone therapy: a prospective study. Hum Reprod, 2004. 19(12): p. 2959-64. 
 
101. Pietras, R.J. and D.G. Moulton, Hormonal influences on odor detection in rats: changes 

associated with the estrous cycle, pseudopregnancy, ovariectomy, and administration of 
testosterone propionate. Physiol Behav, 1974. 12(3): p. 475-91. 

 
102. Havlicek, J., S.C. Roberts, and J. Flegr, Women's preference for dominant male odour: effects of 

menstrual cycle and relationship status. Biol Lett, 2005. 1(3): p. 256-9. 
 
103. Walpurger, V., et al., Effects of the menstrual cycle on auditory event-related potentials. Horm 

Behav, 2004. 46(5): p. 600-6. 
 
104. Coleman, J.R., et al., Auditory brainstem responses after ovariectomy and estrogen replacement 

in rat. Hear Res, 1994. 80(2): p. 209-15. 
 



93 
 

105. Golub, M.S., S.L. Germann, and C.E. Hogrefe, Endocrine disruption and cognitive function in 
adolescent female rhesus monkeys. Neurotoxicol Teratol, 2004. 26(6): p. 799-809. 

 
106. Caruso, S., et al., Auditory brainstem response in premenopausal women taking oral 

contraceptives. Hum Reprod, 2003. 18(1): p. 85-9. 
 
107. Remage-Healey, L. and N.R. Joshi, Changing neuroestrogens within the auditory forebrain rapidly 

transform stimulus selectivity in a downstream sensorimotor nucleus. J Neurosci, 2012. 32(24): 
p. 8231-41. 

 
108. Remage-Healey, L., et al., Sex-specific, rapid neuroestrogen fluctuations and neurophysiological 

actions in the songbird auditory forebrain. J Neurophysiol, 2012. 107(6): p. 1621-31. 
 
109. Remage-Healey, L., et al., Brain estrogens rapidly strengthen auditory encoding and guide song 

preference in a songbird. Proc Natl Acad Sci U S A, 2010. 107(8): p. 3852-7. 
 
110. Maney, D.L., E. Cho, and C.T. Goode, Estrogen-dependent selectivity of genomic responses to 

birdsong. Eur J Neurosci, 2006. 23(6): p. 1523-9. 
 
111. Maney, D.L., et al., Estradiol modulates neural responses to song in a seasonal songbird. J Comp 

Neurol, 2008. 511(2): p. 173-86. 
 
112. Vyas, A., et al., Acoustic characteristics, early experience, and endocrine status interact to 

modulate female zebra finches' behavioral responses to songs. Horm Behav, 2009. 55(1): p. 50-9. 
 
113. Vyas, A., et al., Noradrenergic neurotoxin, N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine 

hydrochloride (DSP-4), treatment eliminates estrogenic effects on song responsiveness in female 
zebra finches (Taeniopygia guttata). Behav Neurosci, 2008. 122(5): p. 1148-57. 

 
114. Shen, P., et al., Isolation and characterization of a zebra finch aromatase cDNA: in situ 

hybridization reveals high aromatase expression in brain. Brain Res Mol Brain Res, 1994. 24(1-4): 
p. 227-37. 

 
115. Balthazart, J., et al., Distribution of aromatase-immunoreactive cells in the forebrain of zebra 

finches (Taeniopygia guttata): implications for the neural action of steroids and nuclear 
definition in the avian hypothalamus. J Neurobiol, 1996. 31(2): p. 129-48. 

 
116. Saldanha, C.J., et al., Distribution and regulation of telencephalic aromatase expression in the 

zebra finch revealed with a specific antibody. J Comp Neurol, 2000. 423(4): p. 619-30. 
 
117. Jacobs, E.C., A.P. Arnold, and A.T. Campagnoni, Zebra finch estrogen receptor cDNA: cloning and 

mRNA expression. J Steroid Biochem Mol Biol, 1996. 59(2): p. 135-45. 
 
118. Gahr, M., G. Flugge, and H.R. Guttinger, Immunocytochemical localization of estrogen-binding 

neurons in the songbird brain. Brain Res, 1987. 402(1): p. 173-7. 
 



94 
 

119. Remage-Healey, L., S.D. Jeon, and N.R. Joshi, Recent evidence for rapid synthesis and action of 
oestrogens during auditory processing in a songbird. J Neuroendocrinol, 2013. 25(11): p. 1024-
31. 

 
120. Acharya, K.D. and S.L. Veney, Characterization of the G-protein-coupled membrane-bound 

estrogen receptor GPR30 in the zebra finch brain reveals a sex difference in gene and protein 
expression. Dev Neurobiol, 2012. 72(11): p. 1433-46. 

 
121. Remage-Healey, L., et al., Presynaptic control of rapid estrogen fluctuations in the songbird 

auditory forebrain. J Neurosci, 2011. 31(27): p. 10034-8. 
 
122. Remage-Healey, L., N.T. Maidment, and B.A. Schlinger, Forebrain steroid levels fluctuate rapidly 

during social interactions. Nat Neurosci, 2008. 11(11): p. 1327-34. 
 
123. Lampen, J., et al., Arrhythmic song exposure increases ZENK expression in auditory cortical areas 

and nucleus taeniae of the adult zebra Finch. PLoS One, 2014. 9(9): p. e108841. 
 
124. Lampen, J., et al., Neural Responses to Rhythmicity in Juvenile Male and Female Zebra Finches. 

Behav Processes, Submitted. 
 
125. Riebel, K., Early exposure leads to repeatable preferences for male song in female zebra finches. 

Proc Biol Sci, 2000. 267(1461): p. 2553-8. 
 
126. Holveck, M.J. and K. Riebel, Female zebra finches learn to prefer more than one song and from 

more than one tutor. Animal Behaviour, 2014. 88: p. 125-135. 
 
127. Riebel, K., M. Naguib, and D. Gil, Experimental manipulation of the rearing environment 

influences adult female zebra finch song preferences. Animal Behaviour, 2009. 78(6): p. 1397-
1404. 

 
128. Van Meir, V., et al., Spatiotemporal properties of the BOLD response in the songbirds' auditory 

circuit during a variety of listening tasks. Neuroimage, 2005. 25(4): p. 1242-1255. 
 
129. Riters, L.V., et al., Vocal production in different social contexts relates to variation in immediate 

early gene immunoreactivity within and outside of the song control system. Behav Brain Res, 
2004. 155(2): p. 307-18. 

 
130. Boersma, P. and D. Weenink, Praat: Doing phonetics by computer [Computer program]. 2012, 

Software and manual available online at http://www.praat.org. 
 
131. Stokes, T.M., C.M. Leonard, and F. Nottebohm, The telencephalon, diencephalon, and 

mesencephalon of the canary, Serinus canaria, in stereotaxic coordinates. J Comp Neurol, 1974. 
156(3): p. 337-74. 

 
132. Nottebohm, F. and A.P. Arnold, Sexual dimorphism in vocal control areas of the songbird brain. 

Science, 1976. 194(4261): p. 211-3. 
 



95 
 

133. Tourville, J.A., K.J. Reilly, and F.H. Guenther, Neural mechanisms underlying auditory feedback 
control of speech. Neuroimage, 2008. 39(3): p. 1429-43. 

 
134. Guenther, F.H., S.S. Ghosh, and J.A. Tourville, Neural modeling and imaging of the cortical 

interactions underlying syllable production. Brain Lang, 2006. 96(3): p. 280-301. 
 
135. Geiser, E., M. Notter, and J.D. Gabrieli, A corticostriatal neural system enhances auditory 

perception through temporal context processing. J Neurosci, 2012. 32(18): p. 6177-82. 
 
136. Doupe, A.J. and M. Konishi, Song-selective auditory circuits in the vocal control system of the 

zebra finch. Proc Natl Acad Sci U S A, 1991. 88(24): p. 11339-43. 
 
137. Pinaud, R., et al., Inhibitory network interactions shape the auditory processing of natural 

communication signals in the songbird auditory forebrain. J Neurophysiol, 2008. 100(1): p. 441-
55. 

 
138. Gobes, S.M., M.A. Zandbergen, and J.J. Bolhuis, Memory in the making: localized brain activation 

related to song learning in young songbirds. Proc Biol Sci, 2010. 277(1698): p. 3343-51. 
 
139. Sockman, K.W., Neural orchestration of mate-choice plasticity in songbirds. Journal of 

Ornithology, 2007. 148: p. S225-S230. 
 
140. Woolley, S.C. and A.J. Doupe, Social context-induced song variation affects female behavior and 

gene expression. PLoS Biol, 2008. 6(3): p. e62. 
 
141. Svec, L.A., K.M. Licht, and J. Wade, Pair bonding in the female zebra finch: a potential role for the 

nucleus taeniae. Neuroscience, 2009. 160(2): p. 275-83. 
 
142. Dios, A.M., et al., Specific neural representation for conceptual set of behavior: pair bonding. 

Research and Reports in Biology, 2013. 4: p. 33-38. 
 
143. Newman, S.W., The medial extended amygdala in male reproductive behavior. A node in the 

mammalian social behavior network. Ann N Y Acad Sci, 1999. 877: p. 242-57. 
 
144. Goodson, J.L., The vertebrate social behavior network: evolutionary themes and variations. Horm 

Behav, 2005. 48(1): p. 11-22. 
 
145. Veenman, C.L. and A. Reiner, The distribution of GABA-containing perikarya, fibers, and 

terminals in the forebrain and midbrain of pigeons, with particular reference to the basal ganglia 
and its projection targets. J Comp Neurol, 1994. 339(2): p. 209-50. 

 
146. Kumar, S., et al., Features versus feelings: dissociable representations of the acoustic features 

and valence of aversive sounds. J Neurosci, 2012. 32(41): p. 14184-92. 
 
147. Zald, D.H. and J.V. Pardo, The neural correlates of aversive auditory stimulation. Neuroimage, 

2002. 16(3 Pt 1): p. 746-53. 



96 
 

148. Blood, A.J. and R.J. Zatorre, Intensely pleasurable responses to music correlate with activity in 
brain regions implicated in reward and emotion. Proc Natl Acad Sci U S A, 2001. 98(20): p. 
11818-23. 

 
149. Mello, C.V. and D.F. Clayton, Differential induction of the ZENK gene in the avian forebrain and 

song control circuit after metrazole-induced depolarization. J Neurobiol, 1995. 26(1): p. 145-61. 
 
150. Leonardo, A. and M. Konishi, Decrystallization of adult birdsong by perturbation of auditory 

feedback. Nature, 1999. 399(6735): p. 466-470. 
 
151. Cynx, J. and U. Von Rad, Immediate and transitory effects of delayed auditory feedback on bird 

song production. Animal Behaviour, 2001. 62: p. 305-312. 
 
152. Helekar, S.A., et al., Development and adult phase plasticity of syllable repetitions in the 

birdsong of captive zebra finches (Taeniopygia guttata). Behav Neurosci, 2003. 117(5): p. 939-
51. 

 
153. Voss, H.U., D. Salgado-Commissariat, and S.A. Helekar, Altered Auditory BOLD Response to 

Conspecific Birdsong in Zebra Finches with Stuttered Syllables. Plos One, 2010. 5(12). 
 
154. Crawley, J.N., Translational animal models of autism and neurodevelopmental disorders. 

Dialogues Clin Neurosci, 2012. 14(3): p. 293-305. 
 
155. Jones, C.A., D.J. Watson, and K.C. Fone, Animal models of schizophrenia. Br J Pharmacol, 2011. 

164(4): p. 1162-94. 
 
156. Clark, M.G., et al., Impaired processing of complex auditory stimuli in rats with induced 

cerebrocortical microgyria: An animal model of developmental language disabilities. Journal of 
Cognitive Neuroscience, 2000. 12(5): p. 828-839. 

 
157. Greenberg, J.B., The Effect of a Metronome on the Speech of Young Stutterers. Behavior 

Therapy, 1970. 1(2): p. 240-244. 
 
158. Poole, J.H., et al., Animal behaviour: elephants are capable of vocal learning. Nature, 2005. 

434(7032): p. 455-6. 
 
159. Stoeger, A.S. and P. Manger, Vocal learning in elephants: neural bases and adaptive context. 

Curr Opin Neurobiol, 2014. 28: p. 101-7. 
 
160. Janik, V.M., Cetacean vocal learning and communication. Curr Opin Neurobiol, 2014. 28: p. 60-5. 
 
161. Esser, K.H., Audio-vocal learning in a non-human mammal: the lesser spear-nosed bat 

Phyllostomus discolor. Neuroreport, 1994. 5(14): p. 1718-20. 
 
162. Prat, Y., M. Taub, and Y. Yovel, Vocal learning in a social mammal: Demonstrated by isolation 

and playback experiments in bats. Sci Adv, 2015. 1(2): p. e1500019. 
 



97 
 

163. Pepperberg, I.M., Vocal learning in Grey parrots: A brief review of perception, production, and 
cross-species comparisons. Brain Lang, 2010. 115(1): p. 81-91. 

 
164. Marler, P. and M. Tamura, CULTURALLY TRANSMITTED PATTERNS OF VOCAL BEHAVIOR IN 

SPARROWS. Science, 1964. 146(3650): p. 1483-6. 
 
165. Yanagihara, S. and Y. Yazaki-Sugiyama, Auditory experience-dependent cortical circuit shaping 

for memory formation in bird song learning. Nat Commun, 2016. 7: p. 11946. 
 
166. Menyhart, O., et al., Juvenile zebra finches learn the underlying structural regularities of their 

fathers' song. Front Psychol, 2015. 6: p. 571. 
 
167. Agate, R.J., W.R. Perlman, and A.P. Arnold, Cloning and expression of zebra finch (Taeniopygia 

guttata) steroidogenic factor 1: overlap with hypothalamic but not with telencephalic 
aromatase. Biol Reprod, 2002. 66(4): p. 1127-33. 

 
168. Holm, S., A simple sequentially rejective multiple test procedure. Scandinavian journal of 

statistics, 1979: p. 65-70. 
 
169. London, S.E., et al., Developmental shifts in gene expression in the auditory forebrain during the 

sensitive period for song learning. Dev Neurobiol, 2009. 69(7): p. 437-50. 
 
170. Braaten, R.F. and K. Reynolds, Auditory preference for conspecific song in isolation-reared zebra 

finches. Anim Behav, 1999. 58(1): p. 105-111. 
 
171. ter Haar, S.M., et al., The interplay of within-species perceptual predispositions and experience 

during song ontogeny in zebra finches (Taeniopygia guttata). Proc Biol Sci, 2014. 281(1796): p. 
20141860. 

 
172. Chao, A., A. Paon, and L. Remage-Healey, Dynamic variation in forebrain estradiol levels during 

song learning. Dev Neurobiol, 2015. 75(3): p. 271-86. 
 
173. Miller-Sims, V.C. and S.W. Bottjer, Development of neural responsivity to vocal sounds in higher 

level auditory cortex of songbirds. J Neurophysiol, 2014. 112(1): p. 81-94. 
 
174. Mello, C., F. Nottebohm, and D. Clayton, Repeated exposure to one song leads to a rapid and 

persistent decline in an immediate early gene's response to that song in zebra finch 
telencephalon. J Neurosci, 1995. 15(10): p. 6919-25. 

 
175. Pinaud, R., et al., GABAergic neurons participate in the brain's response to birdsong auditory 

stimulation. Eur J Neurosci, 2004. 20(5): p. 1318-30. 
 
176. Naie, K. and R.H. Hahnloser, Regulation of learned vocal behavior by an auditory motor cortical 

nucleus in juvenile zebra finches. J Neurophysiol, 2011. 106(1): p. 291-300. 
 
177. Fujii, T.G., M. Ikebuchi, and K. Okanoya, Auditory Responses to Vocal Sounds in the Songbird 

Nucleus Taeniae of the Amygdala and the Adjacent Arcopallium. Brain Behav Evol, 2016. 87(4): 
p. 275-89. 



98 
 

178. Tillman, G.D., Estradiol levels during the menstrual cycle differentially affect latencies to right 
and left hemispheres during dichotic listening: an ERP study. Psychoneuroendocrinology, 2010. 
35(2): p. 249-61. 

 
179. Heimovics, S.A., et al., Rapid and widespread effects of 17beta-estradiol on intracellular 

signaling in the male songbird brain: a seasonal comparison. Endocrinology, 2012. 153(3): p. 
1364-76. 

 
180. Wade, J., et al., Fadrozole: a potent and specific inhibitor of aromatase in the zebra finch brain. 

Gen Comp Endocrinol, 1994. 94(1): p. 53-61. 
 
181. Dziuk, P.J. and B. Cook, Passage of steroids through silicone rubber. Endocrinology, 1966. 78(1): 

p. 208-11. 
 
182. Replogle, K., et al., The Songbird Neurogenomics (SoNG) Initiative: community-based tools and 

strategies for study of brain gene function and evolution. BMC Genomics, 2008. 9: p. 131. 
 
183. Moorman, S., et al., Human-like brain hemispheric dominance in birdsong learning. Proc Natl 

Acad Sci U S A, 2012. 109(31): p. 12782-7. 
 
184. Bell, B.A., M.L. Phan, and D.S. Vicario, Neural responses in songbird forebrain reflect learning 

rates, acquired salience, and stimulus novelty after auditory discrimination training. J 
Neurophysiol, 2015. 113(5): p. 1480-92. 

 
185. Yang, L.M. and D.S. Vicario, Exposure to a novel stimulus environment alters patterns of 

lateralization in avian auditory cortex. Neuroscience, 2015. 285: p. 107-18. 
 
186. Phan, M.L. and D.S. Vicario, Hemispheric differences in processing of vocalizations depend on 

early experience. Proc Natl Acad Sci U S A, 2010. 107(5): p. 2301-6. 
 
187. Nowicki, S. and W.A. Searcy, Song function and the evolution of female preferences: why birds 

sing, why brains matter. Ann N Y Acad Sci, 2004. 1016: p. 704-23. 
 
188. Yoder, K.M., et al., He hears, she hears: are there sex differences in auditory processing? Dev 

Neurobiol, 2015. 75(3): p. 302-14. 
 
189. Soma, K.K., et al., Dehydroepiandrosterone metabolism by 3beta-hydroxysteroid 

dehydrogenase/Delta5-Delta4 isomerase in adult zebra finch brain: sex difference and rapid 
effect of stress. Endocrinology, 2004. 145(4): p. 1668-77. 

 
190. Elie, J.E., et al., Housing conditions and sacrifice protocol affect neural activity and vocal 

behavior in a songbird species, the zebra finch (Taeniopygia guttata). C R Biol, 2015. 338(12): p. 
825-37. 

 
191. Maier, T., M. Guell, and L. Serrano, Correlation of mRNA and protein in complex biological 

samples. FEBS Lett, 2009. 583(24): p. 3966-73. 
 



99 
 

192. Vogel, C. and E.M. Marcotte, Insights into the regulation of protein abundance from proteomic 
and transcriptomic analyses. Nat Rev Genet, 2012. 13(4): p. 227-32. 

 
193. Sanford, S.E., H.S. Lange, and D.L. Maney, Topography of estradiol-modulated genomic 

responses in the songbird auditory forebrain. Dev Neurobiol, 2010. 70(2): p. 73-86. 
 
194. Bolhuis, J.J. and S. Moorman, Birdsong memory and the brain: in search of the template. 

Neurosci Biobehav Rev, 2015. 50: p. 41-55. 
 
195. Chew, S.J., D.S. Vicario, and F. Nottebohm, A large-capacity memory system that recognizes the 

calls and songs of individual birds. Proc Natl Acad Sci U S A, 1996. 93(5): p. 1950-5. 
 
196. Remedios, R., N.K. Logothetis, and C. Kayser, Monkey drumming reveals common networks for 

perceiving vocal and nonvocal communication sounds. Proceedings of the National Academy of 
Sciences, 2009. 106(42): p. 18010-18015. 

 


