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Abstract 

Vocal learning in humans and songbirds occurs during a sensitive period 

in development.  Oscine songbirds, such as zebra finches, memorize a tutor 

song during the sensory phase and then, using auditory feedback, match their 

own vocalizations to the tutor song memory during the sensorimotor phase.  

Songbirds possess a set of anatomically distinct brain nuclei that are dedicated 

to vocal learning.  HVC is a telencephalic song nucleus with auditory and motor 

activities. 

The cellular and neural circuit determinants of sensitive periods, which 

are characterized by enhanced plasticity, are not well understood.  Activity in 

the sensorimotor song control area HVC changes during song learning 

(Crandall et al., 2007b).  For example, neurons in the HVC of juveniles have 

longer, weaker bursts than those in adults.  Changes in the circuitry of HVC that 

may underlie these developmental changes are not known.  

We have examined how population bursts in HVC change during 

sensorimotor learning in the zebra finch.  First, we found that bursts of activity in 

HVC predict stability in song during singing. This led to the hypothesis that 

bursts in HVC were stronger in the afternoon when song is known to be more 

stable (Deregnaucourt et al., 2005).  We found that bursts in HVC increase 

each day and during development.    

To examine changes in HVC burst activity during song learning, we 

recorded ensembles of HVC neurons using multiple tetrode recording in 
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anesthetized juvenile and adult zebra finches. Arrays of tetrodes, such as those 

we have used, enable simultaneous recording of many neurons and analysis of 

their functional interactions. To identify specific cells in the ensemble, we 

antidromically stimulated projections from HVC to other song nuclei and co-

clustered antidromic and spontaneous spikes.  This method enables the study 

of identified HVC projection neurons in the context of the functioning circuit.  

With combined tetrode and antidromic methods, we have begun to 

investigate interactions among HVC neurons.  We have found that both efferent 

projections of HVC are active in population bursts, and that the class of neurons 

that project to a brain pathway known to generate song variability increases its 

bursting activity in adults.  We also found that a population of functionally 

inhibitory neurons exhibits prolonged bursting in juveniles, which are active in 

developing sensory systems during a sensitive period.  Collectively, these data 

implicate HVC in song learning.  We speculate that bursts of activity in HVC, by 

virtue of a change in inhibition, limit song variability over time during 

sensorimotor learning. 
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Chapter 1  

General Introduction 
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Communication between animals can manifest itself using a variety of 

different modalities: e.g. visual, olfaction, electric, and/or acoustic. The signals 

that animals use to communicate can indicate their reproductive fitness, protect 

their territory or offspring, and/or influence social interactions with conspecifics or 

heterospecifics. Vocal communication is one form of acoustic signaling between 

individual animals that can greatly impact the nuances of an organism’s life, 

including survival, attachment to others to improve the chances of survival, and in 

some communities, development of social structure, and culture. In many 

animals, vocal communication is unlearned and consists of innately generated 

sounds to reflect the current state of the animal. However, in a subset of 

mammalian and avian species, vocal signals, such as words or songs, are 

learned. In these cases, mature vocalizations develop over several months or 

years following a period of trial-and-error learning using auditory feedback. The 

development of speech, and later language, in humans is unique amongst 

primates; language is a defining characteristic that separates man from other 

animals. How the brain acquires such a complex behavior such as speech can 

be investigated using other species that have similar neural architecture and 

learn complex, sequential motor patterns. 

The Songbird 

Learned vocal communication in the animal kingdom is relatively rare. 

Humans, cetaceans, elephants, pinnepeds (e.g. seals), and bats are the only 

known mammals known to shape their vocalizations through learning (Hauser et 

al., 2002; Seyfarth and Cheney, 2003). These mammalian vocal learners 



 

 3 

comprise fewer than 300 species (Williams, 2004). However, many species of 

birds learn their vocalizations, including parrots and hummingbirds (comprising 

roughly 700 species total), and oscine songbirds (~4,500 species) serve as 

excellent models for unraveling the neural mechanisms of human speech 

acquisition. Oscine songbirds are members of the avian order of perching birds, 

Passeriformes; these species of birds learn their vocalizations from a tutor 

animal. In contrast, one genus in the Passeriformes suborder, suboscines 

(~1,150 species), do not learn vocalizations, and produce only innate, unlearned 

calls (Williams, 2004).  

One member of the oscine family, the male zebra finch (Taeniopygia 

guttata), has emerged as a superior model for determining the neural 

mechanisms of vocal learning. Its ability to readily reproduce in captivity, rapid 

maturity, and near-constant singing behavior are useful for laboratory 

investigations. The single and repetitive nature of its song facilitates the study of 

normal song acquisition, and sequence learning. For example, song learning can 

be analyzed motif-by-motif, syllable-by-syllable as a bird progressively shapes 

his vocalizations into a mature song (Deregnaucourt et al., 2005). In addition to 

wild-caught birds, such as song or swamp sparrows, other songbirds are also 

routinely used in laboratory studies. The Bengalese finch is an attractive model 

for syntactic development, and the canary is widely studied because it is an 

open-ended learner (repeated, seasonal learning). In addition to producing 

innate, unlearned calls, each of these species produces robust singing behavior 

that results from learning a song from a tutor animal.  Songs from different 
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species can vary dramatically in spectral and temporal information, but all songs 

serve similar functions: to attract mates, and to defend and establish territory 

(Williams, 2004). Calls are produced by all species of bird and serve a variety of 

functions including intimidation, mating, alarm, and food solicitation (Zann, 1996); 

they are short, monosyllabic vocalizations that are less complex and more 

spectrotemporally variable than songs. In many species, only the male produces 

singing behavior, using it to attract the attention of females for the formation of a 

pair bond and reproduction.  

Song Structure 

In the zebra finch, only males produce song. Songs consist of multiple 

syllables that are repeated in a specific pattern to form motifs, the repeated unit 

of a song (Sossinka and Bohner, 1980) (Figure 1). Syllables are the smallest 

component of song and are surrounded by brief periods of silence (~ 15 – 20 

ms). Syllables are composed of harmonics and may be rapidly modulated in 

amplitude and frequency. The hearing range of the zebra finch is concentrated in 

the 2-5 kHz range; accordingly, most syllables have greatest power in that 

frequency (Woolley, 2004). A song bout is formed from multiple, nearly identical 

motifs. In adults, each motif consists of the same pattern of syllables and has 

high stereotypy. Typically, songs are composed of 2 - 8 motifs (Sossinka and 

Bohner, 1980).   
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Figure 1. Structure of a crystallized zebra finch song.  
An example of a mature zebra finch song shows four repeated motifs. Each motif is composed of 
different syllables that are repeated in the same order. Note the low variability in the temporal and 
spectral properties of the song. Color indicates the power at each frequency (red = higher power; 
yellow = lower power). 

Song learning 

The process that a zebra finch uses to learn his song is very similar to 

how humans acquire speech (Doupe and Kuhl, 1999). It consists of several 

phases during a critical period. Sensory critical periods (Hubel and Wiesel, 1970; 

Hensch, 2004; Knudsen, 2004) provide excellent windows in time to study the 

characteristics of neural plasticity. Though song acquisition varies depending on 

the species, the stages of learning are consistent across all known songbird 

species (Williams, 2004). Figure 2 schematizes the process of song learning in 

the zebra finch. In normal song development, juveniles interact with a tutor, 

usually their father, who provides them with a song model they learn to copy. 

Two types of experiments revealed how song learning is achieved. Isolation from 

a tutor clarified the time window of the sensory phase; birds reared in isolation 

developed abnormal song and were unable to sculpt their vocalizations to a 

mature song following exposure to a tutor (Konishi and Nottebohm, 1969). 

Deafening experiments highlighted the importance of auditory feedback (Konishi, 

1965). Song learning begins with a sensory phase and is followed by a 
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sensorimotor phase of vocal exploration (Thorpe, 1958; Marler, 1970; Marler and 

Peters, 1977). Song learning concludes when the song crystallizes and becomes 

resilient to further change. The template-matching theory (Konishi, 1965) 

suggests that songbirds form a memory of a tutor song during a sensory phase 

that serves as a template to guide song during sensorimotor learning to its 

crystallized state.  

 

Figure 2. Phases of song learning in the zebra finch. 
Juvenile male zebra finches learn a mature song in two overlapping stages. The sensory phase 
begins ~20 days post hatch and concludes around Day 65. During the sensory phase, the 
juvenile memorizes a song from his tutor that he will later copy. The sensorimotor phase is 
characterized by the onset of vocalization at ~35 days. The bird progresses from “subsong”, a 
babbling state, to crystallized song by ~90 days using trial & error learning. Adapted from 
(Thorpe, 1958; Konishi, 1965; Marler, 1970; Marler and Peters, 1977). 

In both humans and songbirds, the sensory phase is a silent period of 

sensory acquisition, in which the animal is exposed to the acoustic features of 

speech or song. Isolation experiments have shown that the sensory phase 

begins at roughly 25 days post hatch (dph) and concludes around 60 days 

(Nottebohm, 1968; Immelmann, 1969; Eales, 1985). During this phase, juvenile 

zebra finches are exposed predominately to their father’s song, and form a 

memory of his song (the “tutor song”). They can also acquire components from 

neighboring males, particularly following fledging from the nest at 18 days in the 

wild, or in laboratory colonies (Williams, 1990). Zebra finches require interaction 
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to best acquire their songs (Adret, 1993); however, inanimate models of male 

zebra finches can also serve as sufficient social partners using operant 

conditioning paradigms (Deregnaucourt et al., 2005).  

Zebra finches have overlapping stages of sensory and sensorimotor 

learning. At ~35 dph, while the juvenile is still acquiring his sensory template, he 

begins to actively vocalize, which initiates the sensorimotor phase of vocal 

learning. Initial vocalizations are low-volume and have variable spectral and 

temporal components; these vocalizations are commonly referred to as 

“subsong” and are considered equivalent to babbling in human infants. These 

vocalizations allow the juvenile to explore the range of his vocal abilities and 

constitute the first forays in his matching his vocalizations to his tutor song 

memory. 

Throughout the sensorimotor phase, the juvenile actively sculpts his 

vocalizations to match his stored template. This stage consists of trial-and-error 

learning, in which the juvenile must selectively stabilize individual components of 

his vocalizations over time to perfect his song. The strategies that juvenile 

finches use to learn song are diverse, and not well understood, but include 

repeating the same syllable to perfection or sculpting the motif as a whole and 

varying changes to syllables with each rendition (Tchernichovski et al., 2001; Liu 

et al., 2004). By approximately 100 days, the animal has developed a mature 

song that is resistant to change, and bears close resemblance to the tutor song. 

Auditory feedback is not only critical for the acquisition of speech or song, 

but also for the maintenance of these vocalizations. Young children deafened 
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during speech learning show substantial degradation in speech (Plant and 

Hammarberg, 1983). Similarly, zebra finches deafened during sensorimotor 

learning develop highly abnormal song (Price, 1979). In addition, birds deafened 

in adulthood show marked deterioration of their songs within one year; songs 

become more “scratchy” and are prone to syllable addition or deletion (Nordeen 

and Nordeen, 1992). Auditory perturbation also shows that feedback influences 

human speech (Houde and Jordan, 1998; Jones & Munhall, 2000) and adult 

song (Leonardo and Konishi, 1999; Sober and Brainard, 2009).  Birds actively 

shift the pitch of song renditions when they receive distorted auditory feedback 

that alters their perception of their vocalization. These studies underscore the 

importance of auditory feedback in sensorimotor learning and maintenance of 

song. 

The Song System 

Oscine songbirds possess a series of anatomically discrete brain nuclei in 

the telencephalon and basal ganglia that are dedicated to song learning and 

production. These seven brain regions are collectively known as the song system 

(Nottebohm et al., 1976). The song system (diagrammed in Figure 3) is 

composed of two primary pathways: the descending motor pathway and the 

anterior forebrain pathway (AFP). The descending motor pathway is composed 

of two pallial (cortical) song nuclei: HVC (used as its proper name) (Reiner et al., 

2004), and its efferent target the robust nucleus of the arcopallium (RA) 

(Nottebohm et al., 1976; Katz and Gurney, 1981; McCasland and Konishi, 1981; 

Margoliash, 1983; Bottjer et al., 1989; Theunissen and Doupe, 1998; Mooney, 
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2000). HVC receives projections from the auditory areas CM (caudal 

mesopallium) and Nif (interfacial nucleus of the nidopallium) (Nottebohm et al., 

1982; Bottjer et al., 1989; Bauer et al., 2008). RA projection neurons synapse 

(Karten, 1991) onto motor neurons in the tracheosyringeal portion of the nucleus 

of the twelfth nerve (nXIIts) and on respiratory premotor neurons in the nucleus 

retroambigualis (Ram), which controls expiration, and the nucleus parambigualis 

(PAm), which controls inspiration (Nottebohm et al., 1982; Wild and Arends, 

1987; Wild et al., 2000).  The second primary pathway, in the songbird brain, the 

AFP, is network of nuclei that are similar to mammalian cortical-basal ganglia 

pathways (Doupe et al., 2005). The AFP is composed of three brain regions: 

Area X (a striatal/pallidal area), DLM (medial nucleus of the dorsolateral 

thalamus) and LMAN (lateral magnocellular nucleus of the anterior nidopallium). 

RA receives dual cortical input from HVC and LMAN. These three song nuclei 

(HVC, RA, and LMAN) are pallial (cortical) and are evolutionary and 

developmentally related to mammalian cortex (Reiner et al., 2005). Though the 

organization of the song system is radically different from the layered mammalian 

cortex and produces one very specific behavior – singing – there are many 

similarities between its neural circuitry and mammalian systems, even those not 

dedicated to vocal learning (Farries and Perkel, 2002). These similarities allow 

for comparison between the neural circuits in the song system and mammalian 

systems to elucidate mechanisms of learning and memory.  
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Figure 3. Simplified schematic of the zebra finch song system nuclei. 
The oscine song system is composed two primary pathways: the motor pathway (green), and the 
anterior forebrain pathway (AFP; gray). The motor pathway is critical for song production, and the 
AFP is necessary for song learning. In the motor pathway, the sensorimotor song nucleus HVC 
(its proper name) receives auditory input from primary auditory cortex and thalamus. It sends an 
excitatory projection to motor nucleus RA (robust nucleus of the arcopallium), which innervates 
motor neurons in the brainstem to drive singing behavior. RA also receives excitatory input from 
LMAN (lateral nucleus of the anterior nidopallium), the output nucleus of the AFP. Area X (analog 
to the basal ganglia) has inhibitory projections to DLM (medial portion of the dorsolateral thalamic 
nucleus). DLM sends excitatory projections to LMAN.  
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The Motor Pathway 

Lesioning studies have revealed the contribution of each song nucleus to 

vocal production and learning. HVC and RA are required for vocal production; if 

either of these song nuclei is lesioned, all vocalizations cease (Nottebohm et al., 

1976; Aronov et al., 2008). Both HVC and RA show premotor neural activity 

(McCasland and Konishi, 1981; Yu and Margoliash, 1996; Hahnloser et al., 2002) 

and low current electrical stimulation of RA or HVC in awake zebra finches elicits 

vocal patterns (Vicario and Simpson, 1995). The forebrain nucleus HVC has both 

motor and auditory activities in the song system and is required for normal song 

perception (Brenowitz, 1991; Gentner et al., 2000). HVC receives efferents from 

a thalamic song nucleus, Uva (nucleus uvaeformis), which codes motor signals 

and is important for song production (Bottjer et al., 1989; Williams and Vicario, 

1993) and from auditory brain regions.  Auditory signals in HVC are from CM 

(Bauer et al., 2008), a homologue of secondary auditory cortex; and the forebrain 

song nucleus Nif (interfacial nucleus of the nidopallium) (Katz and Gurney 1981; 

Bottjer et al., 1989; Wild, 1994), which is also innervated by Uva. Neurons in 

HVC respond preferentially to playback of the Bird’s Own Song (BOS) and have 

stereotyped responses to BOS and other auditory stimuli (Margoliash, 1983, 

1986; Fortune and Margoliash, 1995; Lewicki and Arthur, 1996; Volman, 1996; 

Theunissen and Doupe, 1998), including tutor song as juveniles (Nick and 

Konishi, 2005a).  Selective BOS responses are first observed in Nif (Coleman 

and Mooney, 2004) in the ascending auditory pathway.  
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 In addition to its auditory properties, mounting evidence suggests the 

temporal properties of song are patterned in HVC (Vu et al., 1994; Yu and 

Margoliash, 1996; Long and Fee, 2008). For example, electrically stimulating 

HVC during singing resets the motif; the animal must restart his motif from the 

beginning. Stimulating song nuclei outside of the motor pathway, such as Area X 

in the AFP, does not elicit similar patterns of vocal activity (Ashmore et al., 2005; 

Vu et al., 1994). In addition, specific bilateral cooling of HVC (but not RA) with a 

Peltier device slowed neural activity resulting in intact spectral properties of the 

song, but lengthened motifs relative to the degree of cooling (Long and Fee, 

2008). These data are also consistent with a model of distributed coding of song 

patterning.  

The Anterior Forebrain Pathway 

  Efferent neurons from HVC are not confined to the motor pathway; the 

projection from HVC to Area X, a nucleus in the avian basal ganglia, positions 

HVC as a sensorimotor area at the nexus between the motor and anterior 

forebrain pathways. The latter pathway is a specialized cortical-basal ganglia-

thalamic-cortical loop that is common to all mammalian and avian vocal learners 

(Perkel and Farries, 2000; Jarvis et al., 2005 Jurgens, 2009), which suggests that 

there are common neural mechanisms for learned vocal production.  

 The analog of the basal ganglia in songbirds is Area X, one of two 

projection targets from HVC. In general, the basal ganglia are critical for learning 

sequential movement (Middleton & Strick, 2000). For example, the AFP plays an 

important role in vocal exploration necessary for song learning (Kao et al., 2005; 
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Andalman and Fee, 2009). There are many similarities between avian and 

mammalian basal ganglia components. First, the striatum and globus pallidus in 

mammals are comprised of inhibitory spiny and aspiny neurons. Similarly, in 

songbirds, spiny and aspiny neurons in Area X release the inhibitory 

neurotransmitter, GABA; they also have similar electrophysiological properties to 

those seen in mammalian basal ganglia systems (Farries and Perkel, 2000, 

2002). Similar to mammalian systems, four major cell classes in the striatum are 

found in Area X: medium spiny neurons that are immunopositive for either 

enkephalin or substance 2, fast-spiking interneurons, cholinergic neurons that 

are tonically active, and low threshold spiking interneurons that are active in vitro 

and in the awake, behaving animal (Farries and Perkel, 2002; Goldberg et al., 

2010). Combined with pallidal-like projections that are distinctly similar to the 

direct and indirect pathways found in the mammalian pallidum, it is clear that 

Area X has structural and functional similarities to mammalian basal ganglia 

circuits (Reiner, 2009).  

 The output nucleus of the anterior forebrain pathway is the pallial song 

nucleus, LMAN, which receives input from DLM. LMAN sends an excitatory 

projection to RA (Nottebohm et al., 1982). Though they are not considered a part 

of the motor pathway, LMAN and Area X show premotor activity (Hessler and 

Doupe, 1999; Leonardo and Fee, 2001). Activity in LMAN is influenced by social 

interactions and modestly influences adult song. In directed singing conditions (a 

male singing to a female), song becomes more stereotyped and less variable 

than undirected (song not directed at an audience) stereotyped, crystallized  
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song (Kao et al., 2008).  LMAN exhibits precise firing during directed singing 

compared to undirected singing. In addition, lesioning LMAN in adults reduces 

the variability of undirected song (Kao et al., 2005). These studies suggest that 

LMAN influences song output in adult animals (albeit modestly compared to the 

motor pathway); its role in song learning is more substantial. 

Lesions to AFP nuclei in juveniles impair vocal learning, but do not disrupt 

song production (Bottjer and Arnold, 1984; Scharff and Nottebohm, 1991; 

Brainard, 2004). Bilateral ablation of Area X disrupts song learning by stalling 

vocal production in a permanently variable state. Juvenile finches with Area X 

lesions are unable to match the tutor song model and retain highly variable song 

with low stereotypy (Bottjer and Arnold, 1984). In contrast, bilateral lesions to 

LMAN, the output nucleus of the AFP, result in immediate crystallization of an 

immature song (Bottjer and Arnold, 1984). Subsequent song has very high 

stereotypy, but vocalizations never mature into a typical zebra finch song. These 

data, combined with data from adult animals (Kao et al., 2005) suggest that 

LMAN is responsible for “injecting” variability into the song – enhancing the range 

of vocalizations that the juvenile produces – which may manifest itself in trial-

and-error learning necessary for mature vocalizations. Therefore, during 

development, LMAN is crucial for providing plasticity in song.  LMAN activity is 

from excitatory projections from DLM, which receives inhibitory projections from 

Area X; this is one pathway through which Area X is capable of reducing activity 

in LMAN.  The developmental changes in the AFP, and other brain regions (such 
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as the ventral tegmental area) that may directly influence LMAN activity during 

song learning are still unknown.  

HVC and song learning 

The AFP is critical for song learning (e.g. Bottjer et al., 1984; Kao et al., 

2004).  Despite having both auditory and motor properties, the role of HVC is 

song learning is not well understood. Simple lesion experiments were adequate 

for initially assessing the role of AFP song nuclei in song learning and 

maintenance (Bottjer et al., 1984; Kao et al., 2004), but lesions to HVC prevent 

singing (Nottebohm et al., 1976).  Therefore, determining the contribution of HVC 

to song learning, and how its circuitry is remodeled during sensorimotor trial-and-

error learning is important to elucidate the neural mechanisms of vocal learning.   

Chronic, multi-unit studies have been used to analyze changes in HVC 

during sensorimotor learning in juveniles, and in adults.  These studies have 

shown that premotor activity is tightly correlated with vocalization in the adult 

(McCasland and Konishi, 1981).  Longitudinal recordings have shown that there 

is a stronger auditory response to the most current version of a juvenile’s song 

during sleep (Nick and Konishi, 2001) and a response to the tutor song in HVC 

during waking in juveniles (Nick and Konishi, 2005a).  These observations 

provided evidence that HVC and/or its inputs change during song learning, and 

that HVC processes signals that code for the most current version of the song 

and the tutor song memory (Nick and Konishi, 2005a).   

Neural activity in HVC is developmentally regulated (Crandall et al., 

2007a). In the juvenile, multiunit population activity in HVC is observed before the 
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onset of vocalization and outlasts the vocalization (Crandall et al., 2007a). During 

song learning, activity bursts in HVC decrease in duration (Crandall et al., 

2007a).    The change in HVC burst duration is correlated with song maturation 

(Crandall et al., 2007a), which suggests that shorter bursts of population activity 

during singing reflect more mature song. Collectively, these data indicate that 

HVC may have a role in vocal learning. 

Chronic, multi-unit recordings are used to examine how a population of 

neurons changes over time, in awake, behaving animals.  Despite their long-term 

stability, one drawback is that the identity of individual neurons in the recording is 

unknown. However, multiple studies from the birdsong field suggest that 

interneurons are the primary cell type that is recorded using multi-unit techniques 

(Crandall et al., 2007a; Yu & Margoliash, 1996; Rauske et al., 2003). Therefore, 

other recording techniques, such as intracellular recording, or single-unit 

extracellular recordings, are required to determine the firing patterns and activity 

of different classes of neurons within HVC during auditory playback and during 

singing.  

Classes of HVC projection neurons 

There are three primary types of neurons in HVC (Kirn et al., 1991; 

Johnson and Bottjer, 1993; Mooney, 2000): There are two non-overlapping 

populations of projection neurons, HVCX (project to the basal ganglia nucleus 

HVC), HVCRA (project to the motor nucleus RA), and a local population of HVCINT 

(interneurons). Interneurons do not project outside of HVC, which may allow for 

local synaptic processing (Katz and Gurney, 1981; Mooney, 2000). The synaptic 
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connectivity between HVC neurons has been determined using paired 

intracellular recordings (Mooney and Prather, 2005). Briefly, they found that 

HVCRA may inhibit HVCX neurons via multiple parvalbumin-positive interneurons, 

HVCINT innervate both types of projection neurons, and HVCRA neurons and 

HVCX neurons are synaptically coupled. The interconnectivity among neurons 

within HVC is particularly interesting because the output of HVC is to both motor 

cortex (RA) and the basal ganglia (Area X).   

Neurons in HVC that project to Area X (HVCX) may play an important role 

in song learning due to their input to the vocal variability-inducing (AFP) circuit. 

Area X is important for learning and perception (Bottjer and Arnold, 1984; Scharff 

and Nottebohm, 1991; Scharff et al., 1998; Kao et al., 2005). One hypothesis is 

that HVCX neurons relay an error signal to the AFP based on auditory feedback 

from the BOS.  Previous studies have shown that HVC (Schmidt and Konishi, 

1998; Nick and Konishi, 2005a), Area X, and LMAN (Solis and Doupe, 1999) 

have selective responses to BOS in sleeping or anesthetized birds than to other 

auditory stimuli; the response is less robust in awake-behaving finches (Schmidt 

and Konishi, 1998). These auditory representations in the AFP likely originate 

from HVCX projections (Prather et al., 2008; Prather et al., 2009). Intracellular 

HVCX recordings revealed that they have strong auditory-selective properties 

(Mooney 2000). HVCX neurons fire in bursts at precise times in the motif during 

singing (Kozhevnikov and Fee, 2007; Prather et al., 2008) and their activity is 

likely shaped by HVCINT (Mooney, 2000). The firing patterns of HVCX neurons 
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were not altered when distorted auditory feedback was presented to a juvenile 

songbird during learning (Kozhevnikov and Fee, 2007).   

Projections from HVC to motor area RA (HVCRA) do not show precise 

auditory responses (Katz and Gurney, 1981; Lewicki and Arthur, 1996), but do 

show precise firing during singing (Hahnloser et al., 2002). HVCRA cells fire ultra 

sparse, high-frequency bursts that are time-locked to the fine structure of a 

syllable. These bursts typically occur once per motif, further implicating the role 

of HVC in coding pattern and timing in song production (Hahnloser et al., 2002). 

This timing may influence the activity of neurons in RA, which produce relatively 

sparse burst time-locked to multiple syllables with 0.2 ms of precision (Yu and 

Margoliash, 1996; Chi and Margoliash, 2001).  

HVCRA neurons synapse with multiple neurons in RA (Nixdorf, 1989), and 

in HVC with interneurons and HVCX neurons (Mooney and Prather, 2005). 

Synapses from HVCRA cells form within RA at approximately ~25 days, prior to 

the onset of vocalization, which is ~10 days after initial synapses from LMAN 

form in RA (Mooney, 1992). In addition, HVCRA neurons are replaced by adult 

neurogenesis, and are functionally active in circuits (Alvarez-Buylla et al., 1990; 

Kirn et al., 1991).  

The final class of HVC neurons is HVCINT, local inhibitory interneurons, 

which arborize within HVC (Nixdorf, 1989; Mooney, 2000). Compared to 

projection neurons, interneurons have higher spontaneous firing rates, shorter 

action potential durations, and high frequency, nonadapting action potential 

bursts in response to depolarizing stimulation (Dutar et al., 1998; Kubota and 
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Taniguchi, 1998; Mooney, 2000; Rauske et al., 2003). Interneurons also fire 

tonically during singing and during BOS playback, compared to the more 

sparsely firing projection neurons (Margoliash, 1997; Mooney, 2000; Hahnloser 

et al., 2002; Rauske et al., 2003). Interneurons in HVC are all immunoreactive for 

one or more of the calcium-binding proteins: parvalbumin, calbindin, or calretnin 

(Wild et al., 2005). Differences in morphology and immunoreactivity suggest 

there are at least nine separate subclasses of local HVC interneurons (Wild et 

al., 2005).  

A role for interneurons in senstive periods in development  

The role of interneurons in shaping HVC activity is of special interest not 

only with regard to song learning (in HVC and/or other song nuclei), but also 

more broadly to critical period plasticity (Hensch, 2005).  Evidence that 

interneurons are crucial for regulating critical period plasticity is predominately 

from research on the critical period for ocular dominance (Hensch, 2005).  

Interneurons are typically inhibitory and are thought to play crucial roles in 

regulating neural activity during development and throughout life. GABAergic 

interneurons detect changes in sensory input (Fagiolini 2004), regulate 

excitability of glutamatergic pyramidal neurons (Rudolph 2007), refine local 

cortical circuits (Hensch 1998), influence cortical development (Wang & 

Kriegstein, Zheng & Knutsen 1999), and synchronize brain regions (Galaretta & 

Hestrin 2001; Gonzalez-Burgos & Lewis 2008, Tamas 2000).  

Prolonged bursting of interneurons has been observed in developing 

sensory systems with critical periods, such as ocular dominance plasticity 
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(Fagiolini and Hensch, 2000).  Prolonged bursting diminishes as the system 

matures (Hensch, 2005).  In the birdsong system, neural activity in HVC is 

characterized by prolonged bursts in juvenile animals (Crandall et al., 2007a). A 

group of fast-spiking, putative interneurons were shown to have activity both 

before and after vocalization in the juvenile.  These data further implicate 

interneuron development as an important factor in critical period plasticity, 

specifically, in this case, in the songbird.  Understanding how interneurons may 

modify neural ensembles in the song system is an important step in elucidating 

the neural mechanisms of vocal learning. 

One class of interneurons that is particularly relevant to the study of critical 

period plasticity contains the calcium-binding protein, parvalbumin (PV). 

Parvalbumin-positive (PV+) interneurons, which are less than 8% of mammalian 

neocortical neurons (Xu et al., 2010), control cortical rhythms and, thus, circuit 

activity and function (Engel et al., 2001; Womelsdorf and Fries, 2007; Cardin et 

al., 2009).  In addition, PV+ interneurons are fast spiking and are preferentially 

surrounded by extracellular matrix structures called perineuronal nets (PNN) that 

are composed of chondroitin-sulfate proteoglycans (Hartig et al., 1999; Hensch, 

2005).  PNNs have been found in experience-dependent sensory (and 

sensorimotor) systems that have critical periods including the visual system 

(Pizzorusso et al., 2002), mouse barrel cortex (McRae et al., 2007), and the song 

system (Balmer et al., 2009).  In the visual system, destruction of PNNs using the 

Chondroitinase-ABC (ChABC) enzyme reopens the critical period for ocular 

dominance plasticity (Pizzorusso et al., 2002).  These data suggest that the 
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formation of PNNs is a hallmark of a mature sensory system at the end of its 

critical period; elimination of the nets reverses the system to a more immature 

state. 

In the song system, PNNs are found in the seven primary nuclei (Uva, Nif, 

HVC, RA, Area X, LMAN, and DLM), in addition to primary sensory areas such 

as the visual Wulst, Field L (auditory), and nucleus basalis (somatosensory) 

(Balmer et al., 2007).  PV+ interneurons and PNNs are developmentally 

regulated, and net expression is highest in adults with crystallized song.  These 

data suggest that the presence of PNNs in the song system may be important for 

the closure the critical period for vocal learning, which is similar to the role that 

PNNs have in ocular dominance plasticity (Hensch, 2005). The appearance of 

perineuronal nets is experience-dependent, and may serve as a physical marker 

for mature sensory and/or sensorimotor systems.  PNNs are also known to 

stabilize sensory circuits and affect neuronal excitability (Hockfield and McKay, 

1983; Zaremba et al., 1989). Collectively, these data suggest that interneurons 

are critical for neural development.  Therefore, it is important to elucidate the role 

of interneurons in a developing sensory and sensorimotor systems.   

The current project 

This dissertation project explores changes in HVC neural activity that 

occur in tandem with vocal learning, introduces a new method that permits 

analysis of intact forebrain circuits that may be important for vocal learning, and 

describes changes in populations of antidromically and functionally identified 

single units.  The experiments contained within this dissertation were designed to 
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understand how neural activity in HVC correlates with song behavior, and to ask 

how circuit dynamics change in a forebrain region (HVC) during experience-

dependent learning. 

Song learning is achieved by sculpting variable sounds into mature copies 

of a learned tutor song.  This process is critical for song learning, but it is unclear 

how neural activity in the song system relates to restricted vocal plasticity as 

song matures. Chapters 2 and 3 analyze multiunit activity in juveniles at the end 

of the sensorimotor learning period to monitor population changes in HVC activity 

during song learning. Chapter 2 investigates the role of premotor activity in 

regulating song on a millisecond timescale. We found that millisecond-by-

millisecond, HVC activity predicts stability in song behavior. Specifically, bursts in 

HVC stabilize individual song features such as frequency, and decrements in 

HVC activity predict variability of specific parts of the motif.  

HVC burstiness (the tendency to fire short duration, high rate bouts of 

action potentials) during singing increases with development (Chapter 3). This 

finding suggests that weakening of HVC activity might enable profound daily 

regulation of vocal plasticity observed in juveniles (Deregnaucourt et al., 2005). 

Chapter 3 directly tests the hypothesis that less activity in HVC results in greater 

vocal plasticity each morning in juveniles during song learning. The data show 

that HVC activity is weaker in the morning when song is more plastic and that 

activity is greater in the evening when song is more stable.  

The changes that were observed in the pattern of HVC activity led to the 

development of a new method to record single units in ensemble recordings. 
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Chapter 4 details how antidromic stimulation and tetrode recording can be 

combined to identify projection neurons in an active circuit, and how dozens of 

pairs of neurons can be recorded simultaneously to analyze functional network 

connectivity. Finally, Chapter 5 implements the novel technique described in 

Chapter 4 and shows developmental changes in identified units in HVC. In 

addition to antidromically identified neurons, we characterized two populations of 

cells in HVC using coherence to identify a subset of cells ‘coactive’ with the 

population, and a subset that fires independently of the population. These 

‘anticorrelated’ cells have longer burst durations in the juvenile, which is 

consistent with Crandall et al. (2007).  These data also support the hypothesis 

that inhibition of HVCX neurons during the sensorimotor phase may be important 

for song development.  We propose that HVC entrains the AFP via HVCX cells to 

promote song learning.  Consistent with this hypothesis, we report that HVCX 

units have longer burst durations in adults than in juveniles. We did not observe 

changes in HVCRA cells. Together, these changes provide insight into the neural 

mechanisms that underlie vocal learning in the zebra finch.  
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Chapter 2  

Top-down regulation of plasticity in the birdsong system: “premotor” activity in the 

nucleus HVC predicts song variability better than it predicts song features 

 

Day NF*, Kinnischtzke AK*, Adam M, Nick TA (2008) 

J Neurophys 100: 2956-2965 

 

*These authors contributed equally to this work.
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We studied real-time changes in brain activity during active vocal learning 

in the zebra finch songbird. The song nucleus HVC is required for the production 

of learned song. To quantify the relationship of HVC activity and behavior, HVC 

population activity during repeated vocal sequences (motifs) was recorded and 

temporally aligned relative to the motif, millisecond by millisecond. Somewhat 

surprisingly, HVC activity did not reliably predict any vocal feature except 

amplitude and, to a lesser extent, entropy and pitch goodness (sound 

periodicity). Variance in “premotor” HVC activity did not reliably predict variance 

in behavior. In contrast, HVC activity inversely predicted the variance of 

amplitude, entropy, frequency, pitch, and FM. We reasoned that, if HVC was 

involved in song learning, the relationship of HVC activity to learned features 

would be developmentally regulated. To test this hypothesis, we compared the 

HVC song feature relationships in adults and juveniles in the sensorimotor 

“babbling” period. We found that the relationship of HVC activity to variance in 

FM was developmentally regulated, with the greatest difference at an HVC 

vocalization lag of 50 ms. Collectively, these data show that, millisecond by 

millisecond, bursts in HVC activity predict song stability on-line during singing, 

whereas decrements in HVC activity predict plasticity. These relationships 

between neural activity and plasticity may play a role in vocal learning in 

songbirds by enabling the selective stabilization of parts of the song that match a 

learned tutor model.
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INTRODUCTION 

Experience permanently alters the brain through cellular and circuit 

changes during critical or sensitive periods of sensory development (Wiesel and 

Hubel, 1963; Knudsen, 2004; Hensch, 2005). We do not yet understand the 

mechanisms that define sensitive periods in the development of motor circuits 

that control behavior. Vocal learning in songbirds provides an ideal model of a 

sensitive period in the development of a complex, sequential behavior. Zebra 

finch songbirds, like humans, learn their vocalizations (Marler, 1970; Doupe and 

Kuhl, 1999). During the sensorimotor period, finch vocalizations progress over an 

~55-day period from simple prototypes to a mature song motif, which is an ~1-s 

series of complex sounds emitted in a stereotyped pattern (Bolhuis and Gahr, 

2006). Sounds separated by silence are termed “syllables.” Syllables are 

concatenated to form motifs, and motifs are concatenated to form songs. Emitted 

sounds are progressively matched to a learned tutor song using auditory 

feedback (Konishi, 1965). The process of learning can be observed motif-by-

motif, syllable-by-syllable, as the bird slowly sculpts his song toward the mature 

form (Deregnaucourt et al., 2005). 

The neural song system is a series of anatomically distinct clusters of 

neurons (nuclei) in the thalamus, basal ganglia, and pallium (cortex) that are 

dedicated to the production and plasticity of song (Nottebohm et al., 1976; Bottjer 

et al., 1984). The nucleus HVC (Reiner et al., 2004) is a pallial brain region that 

controls song behavior (Nottebohm et al., 1976; Vu et al., 1994). During 

anesthesia (Volman, 1993) and sleep (Nick and Konishi, 2005b), HVC always 
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responds preferentially to the bird’s own song, even very early in song 

development. HVC activity during singing changes as song matures, most 

dramatically demonstrated by prolonged afterdischarges or bursts in juveniles 

that are rarely observed in adults (Crandall et al., 2007a). During the sensitive 

period for vocal learning in the wake state, a neural signal that is selective for the 

tutor song has been recorded in HVC (Nick and Konishi, 2005a), which suggests 

that instructive auditory signals have access to the juvenile HVC during waking 

and, perhaps, during singing. In addition, HVC activity during sleep is positively 

correlated with overnight song stability in juveniles (Crandall et al., 2007b), which 

suggests that HVC sleep activity may have a role in song learning. Collectively, 

these data indicate that HVC activity is dynamically regulated during song 

learning and suggest that it is a locus of vocal plasticity. The simplest test of the 

role of HVC in song plasticity would be to lesion it. However, lesioning HVC 

prevents production of learned song (Nottebohm et al., 1976). Instead, male 

finches with HVC lesions produce primitive vocalizations that are song-like 

(Simpson and Vicario, 1990; Aronov et al., 2008). Thus direct neural–behavioral 

comparisons during song learning have been used to ascertain the role of HVC 

in plasticity (Crandall et al., 2007b; Crandall et al., 2007a). 

HVC seems to code song behavior at the motif level, as opposed to the 

level of syllables or songs (Vu et al., 1994; Yu and Margoliash, 1996; Hahnloser 

et al., 2002). Analysis of song development indicates that shaping of song occurs 

at the level of the motif, because syllables mature in the temporal context of the 

motif, with no transpositions (Tchernichovski et al., 2001). For these reasons, our 
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laboratory has focused on neural–behavioral comparisons during motifs to study 

the role(s) of HVC in song plasticity (Crandall et al. 2007b). Bursts of population 

activity during motifs decrease in duration and increase in rate during vocal 

development (Crandall et al., 2007a). How might these bursts relate to behavior? 

A basal ganglia-thalamic-cortical loop, the anterior forebrain pathway 

(AFP), is necessary for song plasticity (Bottjer et al., 1984; Brainard and Doupe, 

2000). Recent studies have clarified the role of the AFP in plasticity (Kao et al., 

2005; Olveczky et al., 2005; Kao and Brainard, 2006; Thompson et al., 2007): the 

AFP seems to induce variability in song behavior that is necessary for vocal 

learning through trial-and-error (Fig. 1). Furthermore, two of these studies 

indicate that gross anatomical lesioning or inactivation of one of the nuclei of the 

AFP [the lateral magnocellular nucleus of the anterior nidopallium (LMAN)] 

correlates with an immediate decrement in moment-by-moment song variability 

(Olveczky et al., 2005; Kao and Brainard, 2006). Collectively, these data suggest 

that the role of the AFP role in song plasticity is to induce variability on short time 

scales and thus enable trial-and-error. What selects the sounds that are 

stabilized? What restricts motor plasticity during development? If the AFP alone 

controls song variability, why does activity in the afferent nucleus HVC change 

with development (Volman, 1993; Nick and Konishi, 2005b; Crandall et al., 

2007b; Crandall et al., 2007a) and why is auditory information routed through 

HVC? Because a memory of the tutor song guides song learning through 

auditory feedback (Konishi, 1965), a neural representation of the tutor song and 

auditory signals must play a role in song stabilization. If tutor song–selective 
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neural auditory signals stabilize the bird’s own song (BOS), where is the memory 

of the BOS stored? HVC responds selectively to both the BOS and the tutor song 

(Margoliash, 1983; Margoliash and Konishi, 1985; Volman, 1993; Nick and 

Konishi, 2005a) and projects directly to Area X, which is part of the AFP. In 

addition, the HVC neurons that project to Area X do not distinguish between 

hearing and production of the BOS in the mature adult (Prather et al., 2008), 

which suggests that the HVC neural signal driven by BOS auditory playback may 

be sensorimotor, as opposed to purely sensory, in nature. Consistent with a role 

for HVC in sensorimotor integration, HVC activity during singing (Crandall et al. 

2007b) and in response to auditory playback of the BOS (Volman, 1993; Nick 

and Konishi, 2005b) and the tutor song (Nick and Konishi, 2005a) changes with 

developmental song learning. Does HVC have a role in the auditory-guided 

restriction of plasticity during vocal learning? 

To assess the relationship of HVC activity to song plasticity and stability, 

we examined HVC population activity millisecond by millisecond during singing in 

juvenile and adult zebra finches. Instead of profoundly altering the song system 

using gross inactivation and lesioning, we used developmental song learning to 

naturally change behavior over thousands of motifs and show underlying neural 

mechanisms. These experiments are only possible in longitudinal recordings. 

Using established methods, we extracted motifs and corresponding neural 

activity across entire days and weeks (Crandall et al., 2007b). We used multiunit 

recordings that are very stable and more informative (better at predicting 

behavior) than any other intracortical signal, including single unit activity and 
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local field potentials (Stark and Abeles, 2007). We found that peaks in HVC 

activity predicted song stability, whereas activity troughs predicted plasticity. 

These data suggest that, in addition to its well-know role in song production 

(Nottebohm et al., 1976; Vu et al., 1994), HVC may also regulate song variability 

and, consequently, trial-and-error learning. 

METHODS 

Subjects 

Forty-one juvenile (age 61–90 days; in the late sensorimotor stage of song 

development) and 22 adult (>90 days) male zebra finches (Taeniopygia guttata) 

were surgically implanted with chronic population recording electrodes. Of the 

juveniles, 17 had high-quality neural recordings (premotor RMS signal:noise >2), 

but only 10 sang ~100 motifs in at least 1 day and were used for this study. Of 

the adults, five had high quality neural recordings and sang ~100 motifs. Three of 

the finches implanted as juveniles (Blue-70, Blue-15, and Blue-81) were also 

recorded after day 90 (~100 motifs) and thus included in the adult group for those 

days. All song recordings were made in the absence of a female (undirected). 

Undirected song is thought to reflect song practice (Jarvis et al., 1998). All 

juvenile and three of the adult finches were reared in our facility on a 12:12 light 

cycle. Two adult birds were obtained from a commercial supplier. Although 

experience and not age is probably the strongest predictor of song system 

maturity, age is correlated with experience and presents a more quantifiable 

parameter. None of the finches used in these experiments were ever exposed to 

auditory playback. The finches were allowed to hear their own vocalizations. All 
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procedures were approved by the University of Minnesota Institutional Animal 

Care and Use Committee. 

Chronic physiological recording 

Basic methods have been previously described (Crandall et al., 2007a). 

For population recordings, finches were implanted with a set of recording 

electrodes: one or two 50-µm nichrome-formvar electrodes in HVC (not plated, 

1.1–1 MΩ, AM Systems, Carlsborg, WA), a 50-µm nichrome-formvar electrode 

adjacent to HVC for use as a reference electrode, and 75-µm silver ground and 

EEG electrodes. The headstage and recording environment were previously 

described (Schmidt and Konishi, 1998; Nick and Konishi, 2001). 

All data were acquired with custom-written (Datafleet, Minneapolis, MN) 

LabView software (National Instruments, Austin, TX) at a sampling frequency of 

44.1 kHz. During recording, a lightweight operational amplifier was attached to 

the bird and connected to a mercury commutator via a flexible cable. HVC neural 

activity was amplified 1,000 times and filtered 300–10,000 Hz. Song was 

monitored with a microphone (Earthworks, Milford, NH), high-pass in-line filtered 

at 100-Hz (Shure, Chicago, IL), and recorded. Localization of electrodes to HVC 

was confirmed with premotor activity in all cases and cresyl-violet histology in 7 

of 16 finches. 

Song behavior analysis 

All data were analyzed with custom-written Matlab functions. Initial song 

analysis consisted of the sorting of sound data and exclusion of movement noise. 

Sound data were further sorted according to temporal properties. Preliminary 
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songs were defined as sounds lasting ~500 ms with time gaps of no more than 

20 ms. 

To specifically study activity during learned song behavior, a canonical 

motif was identified by a skilled observer from the oldest day available from each 

finch and used to extract motifs and corresponding neural activity throughout the 

recording period. Multiple motif forms could have been selected depending on 

the developmental stage. However, we were most interested in how HVC activity 

changed once the overall rhythm had been established and thus selected the 

most mature motif available. Because perfusion and histology were performed as 

soon as the electrode recording declined, the final mature motif may not have 

been achieved by some subjects. 

We focused our analysis on behaviorally relevant vocalizations (instead of, 

for example, movements) by band-pass filtering our vocal data (1–8 kHz). 

Amplitude envelopes of the canonical motif and all preliminary songs were 

constructed by filtering the rectified sound recording with a Savitzky-Golay 

smoothing filter (4th-order polynomial fit; 20-ms frame size). Amplitude envelopes 

of the canonical motif and preliminary songs were cross-correlated (Crandall et 

al., 2007a). Sharp peaks in the cross-correlation indicated the onset of a motif 

that matched the canonical motif. Behavioral song motifs and corresponding 

neural activity were excised and saved for further analysis. 

Song was quantified based on six features: amplitude, Weiner entropy, 

frequency, pitch, FM, and pitch goodness (a measure of sound periodicity). 

These features were calculated from the raw motif in 9.3-ms bins with sliding 1-
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ms steps with a subprogram of Sound Analysis Pro (Tchernichovski et al., 2000), 

ported to Matlab by S. Saar. 

Multiunit physiology analysis and comparisons to song features 

To examine patterns of population spiking activity during the motif, 

amplitude envelopes of neural activity during motifs were created by band-pass 

filtering 300–6,000 Hz, rectifying, and smoothing with a Savitzky-Golay 

smoothing filter (4th-order polynomial fit; 50-ms frame size). 

For each bird, neural data for all available motifs were temporally aligned, 

and the mean and variance for each millisecond was taken across all motifs for 

each day. Likewise, data for each song feature were aligned, and the mean and 

variance for each millisecond was taken across all motifs. For the three birds that 

spanned the 90-day age, data preceding and on/following day 90 were analyzed 

separately and classed as “Juvenile” or “Adult,” respectively. 

Statistical analysis and data presentation 

Vectors representing the mean or variance for neural activity or vocal 

features were compared using multiple linear regression. Neural activity 

preceding song features by 30–70 ms was used for comparisons. Pearson’s 

correlation coefficients (Rs) were compared between adults and juveniles using 

unpaired Student’s t-test (2-tailed). For linear regression comparisons of 

juveniles and adults, ideally each bird would contribute only one Pearson R value 

for each feature and time lag, even though multiple days were recorded. Thus for 

each bird, single vectors for each feature and for neural activity were calculated 

by taking the mean of each parameter for each millisecond across multiple days. 
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All bars represent means and all error bars represent SE. Significance was 

defined as p= 0.05. A Bonferroni correction for multiple comparisons was applied 

to the five time-point analyses (30 –70 ms neural preceding song) of the same 

vocal feature. The criterion for significance in these cases was P α/5 = 0.01. 

RESULTS 

Lulls in HVC activity occur during plastic song syllables 

Qualitative comparison of song behavior and smoothed HVC population 

activity showed that lulls in HVC bursting were correlated with increased plasticity 

in the corresponding song syllable. The example shown in Fig. 2 shows data 

from a relatively mature finch (99 days) that had a partially crystallized song. 

There was strong HVC population burst rhythm except during a syllable that was 

still quite variable with regard to duration (Fig. 2; other examples in 

Supplementary Figs. 1 and 2). Note the decrease in HVC activity during the 

variable syllable (solid arrowheads and yellow boxes). These exemplar data 

suggest that song plasticity increases when HVC activity decreases. The 

remainder of the study quantifies and elaborates this idea. 

Temporal alignment of song motifs shows reliable patterns in HVC activity and 

song features 

To quantitatively test the hypothesis that HVC oscillations relate to song 

plasticity, it is important to identify temporal song segments or syllables that are 

plastic and compare them over multiple renditions. However, if the song segment 

is plastic, it is difficult to identify it based on its own song features because they 
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are inherently unstable. Therefore we used the temporal context of the motif to 

align song elements, both stable and plastic. 

We measured HVC activity during singing across multiple days. Zebra 

finches were maintained in the same recording chamber for many days before 

and during recording. Finches were only disturbed for food and water 

replenishment. The electrodes were never experimentally adjusted. These efforts 

resulted in stable recordings over many days and, in a few cases, for several 

weeks. For all data shown, the finch had recovered from surgery for ~6 days, 

been in the recording chamber for ~3 days, and sang in the chamber at least 1 

day. All HVC activity in this manuscript occurred during undirected song motifs. 

“Juveniles” were 61–90 days of age (in the late sensorimotor stage of song 

development) and “adults” were >90 days of age (Supplementary Table 1). 

As in a previous study (Crandall et al., 2007a), cross-correlation of the 

amplitude envelopes of each bird’s relatively mature motif and his entire song 

database enabled precise extraction of song motifs and corresponding neural 

activity. For analysis, HVC activity was rectified and smoothed. Song motifs were 

analyzed using six song features calculated by a subprogram of Sound Analysis 

Pro (Tchernichovski et al., 2000): amplitude, entropy, frequency, pitch, FM, and 

pitch goodness (sound periodicity). Temporal patterns relative to the motif (Fig. 

3A) were found in both the neural activity (Fig. 3B) and song features (Fig. 3, C 

and D). The reader may note the bars of red (high levels) and blue (low levels). 

Although the overall pattern of HVC activity was stable, there were small 

changes in some bars (e.g., they shifted in time relative to the motif and/or 
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changed in duration). To quantify the pattern of HVC activity across each day, we 

took the mean and variance of the HVC activity for each millisecond. Similar to 

this millisecond level analysis of HVC activity, daily patterns of song features 

were quantified by taking the mean and variance across all motifs for each 

millisecond of the motif. 

HVC activity correlates with the mean and variance of some song features 

To directly assess potential effects of HVC activity on song features, we 

compared the mean and variance vectors computed for each millisecond of the 

motif. We used linear regression to compare the relationship of song features at 

each millisecond to the neural activity preceding that millisecond. Figure 4 shows 

the comparison of mean HVC activity (50 ms prior) to respective song features: 

the mean and variance of amplitude and FM. As would be expected for a 

premotor area, HVC activity was correlated with the mean amplitude of song 

(Fig. 4A). Mean HVC activity inversely predicted amplitude variance (Fig. 4B). In 

contrast to amplitude, HVC did not directly predict FM (Fig. 4C). More 

interestingly, HVC weakly predicted FM variance. 

Although HVC activity predicts some song features, the predictive capacity is not 

developmentally modulated or temporally precise 

To quantitatively assess the effects of HVC activity on song behavior 

across development, we compared the Pearson Rs for mean HVC activity versus 

the mean of each song feature using unpaired t-test (Fig. 5). The relationship of 

song features at each millisecond was compared with the neural activity 

preceding that millisecond by 30–70 ms. Increased HVC activity directly 
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predicted increased amplitude at all time points examined (Fig. 5, row 1). The 

peak relationship was with HVC activity preceding the corresponding song 

millisecond by 40 ms, although the relationship in the time range 30–50 ms was 

fairly stable. This suggests that HVC’s prediction of amplitude is not temporally 

precise. Mean HVC activity also weakly predicted decreased entropy and 

increased pitch goodness in juveniles (Fig. 5, rows 2 and 3). However, these 

effects were not temporally precise (compare 30 – 60 ms) or significantly 

different between juveniles and adults. The reader may note the near-significant 

comparison at 50 ms for pitch goodness (significance with a Bonferroni 

correction is P < 0.01). Collectively, these data indicate that HVC activity levels 

do not directly specify song features with temporal precision or developmental 

regulation. 

Variance of HVC activity predicts variance in some song features, but the 

predictive capacity is not developmentally modulated 

One might predict that variance in the activity of a premotor area would be 

reflected in the variance of behavior. Surprisingly, this is not what we generally 

found in the time range typically defined as “premotor” in HVC (40 – 60 ms; Fig. 

6; Supplementary Fig. 3) (McCasland and Konishi, 1981; Troyer and Doupe, 

2000b). HVC activity variance 50 ms before the corresponding song feature is 

shown in Fig. 6. The variance of HVC activity weakly predicted variance in song 

amplitude but little else. These relationships were not significantly 

developmentally modulated. These data suggest that a great deal of HVC activity 

preceding song does not directly specify spectral aspects of vocalizations. 
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Mean HVC activity predicts variance in five song features, three with temporal 

precision and developmental regulation 

Unlike the variance in HVC activity, which had little predictive value for 

song variation, mean HVC activity did predict variance in most song features. In 

juveniles, the variances of all features except pitch goodness were inversely 

predicted by HVC activity [note the nonzero R values for juveniles (black) in Fig. 

7]. The variance of amplitude and Weiner entropy were equally well predicted by 

HVC activity in juveniles and adults (Fig. 7, rows 1 and 2). In contrast, FM was 

developmentally regulated (Fig. 7, row 6). In addition, the developmental 

regulation of frequency and pitch was near significant (Fig. 7, rows 4 and 5). 

Notably, the developmental modulation was significant for FM variance when it 

was compared with HVC activity 50 ms prior, but not other time points, indicating 

that the developing HVC–FM variability relationship was temporally precise (Fig. 

7, row 6, column 3). Likewise, the relationship of the variance of frequency and 

pitch to mean HVC activity peaked at 50 ms in the juvenile. Thus the strongest 

relationships between neural activity and song variance were with neural activity 

leading behavior by 50 ms. These results confirm prior reports that have 

estimated an ~50-ms neurobehavioral delay (McCasland and Konishi, 1981; 

Troyer and Doupe, 2000b). 

DISCUSSION 

This study provides the first evidence that the song nucleus HVC may 

restrict plasticity during sensorimotor learning. Evidence indicates that HVC is 

involved in the production of learned song (Nottebohm et al., 1976; Simpson and 
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Vicario, 1990; Vu et al., 1994). This would suggest that HVC activity should be 

correlated with song. However, direct comparison of HVC activity and emitted 

sounds during singing showed that the mean HVC activity did not correlate well 

with the mean of most song features, nor did the variance of HVC activity 

correlate well with the variance of most song features. In contrast, mean HVC 

activity levels correlated with decreased song variance, millisecond by 

millisecond (Fig. 8). In addition, the relationship of mean HVC activity levels and 

song variance was temporally precise and, for frequency components, 

developmentally modulated. These data strongly suggest that HVC activity is 

actively and dynamically involved in real-time song learning. Furthermore, they 

showed an additional, novel mechanism through which premotor brain areas may 

shape vocal behavior through selective stabilization of specific time windows of 

sequentially modulated sounds. 

Does HVC activity affect song stability through the AFP? 

We analyzed the HVC song nucleus in a behavioral context and found 

that, in addition to its well-known role in song production (Nottebohm et al., 1976; 

Simpson and Vicario, 1990; Vu et al., 1994), HVC also seems to decrease song 

variability on moment-to-moment time scales. Potentially, increased HVC activity 

could more strongly drive the HVC projection to the nucleus robustus arcopallialis 

(RA; song “motor cortex”) and thereby reduce behavioral variability. However, the 

relationship between HVC activity levels and the variance of song was 

differentially regulated during development based on song feature, suggesting a 

more interesting model. Increased HVC activity could entrain the activity of the 
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AFP via HVC’s only other efferent connection, to Area X (song basal ganglia). 

Previous correlative lesioning and inactivation studies have argued that the AFP, 

which is not in the direct motor pathway, drives song variability (Fig. 1; Kao and 

Brainard 2006; Olveczky et al. 2005). Lesioning the output nucleus of the AFP 

(LMAN) correlates with decreased song variability and impaired vocal learning 

(Bottjer et al. 1984; Kao et al. 2005; Olveczky et al. 2005). If the HVC-to-RA 

motor pathway alone could induce song variability and enable trial-and-error 

learning, why would lesioning the AFP block song learning (Bottjer et al. 1984)? It 

is possible that the memory of the learned tutor song is stored or compared with 

ongoing behavioral feedback in the AFP. However, studies from many 

laboratories using a variety of techniques indicate that the locus of the tutor 

memory and the site of memory-feedback comparison are found upstream of 

HVC (Mello and Clayton, 1994; Jarvis and Nottebohm, 1997; Nick and Konishi, 

2005a; Bolhuis and Gahr, 2006; Phan et al., 2006). Although some neural 

processing loops could place the AFP upstream of HVC, synaptic delays and 

coding efficiency support the more parsimonious explanation that auditory areas 

and/or the nuclei that project to HVC (uva, nucleus interfacialis, and the medial 

magnocellular nucleus) contain the tutor song memory and compare it to auditory 

feedback. In light of the data presented here, we propose that modulation of HVC 

activity level controls song variability and trial-and-error learning by controlling 

the AFP. If the effect of HVC on song variability is orchestrated through the AFP, 

it cannot be considered direct motor control but higher order planning or 

prediction. If the effects of HVC on song variability are direct through RA, the 
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proposed role of the AFP in inducing song variability and thereby enabling vocal 

experimentation (Olveczky et al., 2005) should be reassessed. 

Cellular model of motor control in the song system 

How might HVC population activity affect song variability? Population 

activity is relatively uniform across the nucleus HVC (Schmidt, 2003; Nick and 

Konishi, 2005b). Inhibitory interneurons maintain spatially broad oscillations 

(Buzsaki and Chrobak, 1995) and promote synchronous activity in cortex/pallium 

(Galarreta and Hestrin, 2001; Hasenstaub et al., 2005b). The most active 

neurons in HVC are fast-spiking neurons, which dominate multielectrode single-

unit recordings (Crandall et al. 2007b) and which may become more 

synchronous with development (N. Aoki, D. Q. Nykamp, and T. A. Nick, 

unpublished observations). Collectively, these data led us to propose that faster 

oscillatory bursting activity characteristic of the adult HVC (Crandall et al. 2007b) 

is caused by the synchronous firing of interneurons. Interneurons shape the 

activity of projection neurons (Cobb et al., 1995; Klausberger et al., 2003). We 

propose that synchronous activity in HVC interneurons entrains the activity of 

Area X–projecting HVC neurons and thus entrains the activity of the AFP. Control 

of the AFP would control variability in the behavior, because the output nucleus 

of the AFP (LMAN) seems to induce variability in vocal output (Kao et al., 2005; 

Olveczky et al., 2005). We hypothesize that as HVC interneuron bursts become 

stronger in development, the activity of Area X–projecting neurons becomes 

more entrained, the AFP becomes more entrained, the song becomes less 

variable, and plasticity becomes more difficult to induce. A companion hypothesis 
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predicts that HVC interneurons entrain RA-projecting neurons as well to produce 

more stable behavior. It is also possible that the effects on song variability that 

we observe result at least partially from the introduction of synaptic “noise” 

directly onto the HVC neurons that project to RA, particularly when HVC activity 

is dominated by lower-frequency activity in juveniles (Crandall et al. 2007b). 

However, the fact that lesions of the AFP block song plasticity (Bottjer et al., 

1984; Williams and Mehta, 1999; Brainard and Doupe, 2000) suggests that 

control of song variability and plasticity involves the AFP (see above). We have 

examined correlations between neural activity and behavior in finches that have 

been relatively unperturbed by our experiments but strongly perturbed by the 

developmental processes that naturally occurred during our long-term 

recordings. Our findings were only possible because we allowed the system to 

develop naturally without experimental manipulation. The next set of experiments 

will test the cellular hypotheses that arose from these longitudinal 

neurobehavioral studies using technically easier, shorter-term recording and 

acute perturbation with pharmacological and electrical methods. 

Song learning in the context of top-down motor control 

All areas of the cerebral cortex are subject to top-down control, through 

which complex information at higher processing stages shapes lower-level 

processes (Gilbert and Sigman, 2007). However, the developmental assembly of 

top-down control is completely uncharted. Furthermore, potential roles of top-

down control in the development of complex behaviors are not understood. Top-

down control in the song system may represent an expectation of the bird’s own 
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song based on prior experience. Such feed-forward predictions alter the 

influence of bottom-up sensory inputs (Driver and Frith, 2000). As a 

consequence, strong top-down control may be anathema to sensory-guided 

plasticity (Engel et al., 2001). If so, initially weak top-down influences may be 

crucial for sensorimotor learning (Engel et al., 2001; Buschman and Miller, 2007). 

During song development, we speculate that release of top-down control may be 

necessary for bottom-up influences to affect network activity and shape the 

vocalization. After song maturation, increased top-down control of song through 

increased oscillatory activity may explain the lack of immediate effects of 

perturbation of sensory feedback (Zevin et al., 2004). 

The oscillatory pattern in HVC may represent an expectation or prediction 

of the learned song that is driven by auditory signals. In the mature adult, the 

prediction could be driven by both the motor program, contained in the pattern of 

firing of HVC RA-projecting neurons and/or extrinsic inputs, and by auditory 

stimuli that match the product of the motor program, the bird’s own song. In the 

juvenile, the sensorimotor expectation should be weaker, according to this 

hypothesis. Previous work has shown that the auditory response to playback of 

the bird’s own song increases with development (Nick and Konishi, 2005b). A 

tutor song matching signal (Nick and Konishi, 2005a) could strengthen the bird’s 

own song prediction based on the degree of the match between the song 

produced and the tutor song. Because the prediction would not directly drive 

behavior, Hebbian processes would be released from the constraints of synaptic 

motor and auditory feedback delays (Troyer and Doupe, 2000b). Prolonged 
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bursting in juvenile, but not adult, HVC neurons (Crandall et al., 2007a) provides 

a potential mechanism through which the delay between premotor activity that 

predicts sound A and auditory feedback signals from sound A could be bridged 

during a sensitive period in development and thereby increase interconnections 

of effective functional networks. 

The correlations that we report are relatively weak. This may be due to the 

fact that HVC is inherently sensorimotor, not just motor, and thus sensory 

feedback signals during singing may cloud the purely premotor–behavioral 

relationship. The weak correlations may be necessary for song learning, which 

proceeds over an ~55-day period. Stronger effects of HVC activity on song 

variability may not allow enough plasticity or stability for optimal song learning. 

Whatever the case, no correlation between song system activity and song 

variance has ever been reported, and thus the effects of differing degrees of 

correlation have no context for evaluation. 

Neuroethological implications 

Why would a premotor area selectively modulate plasticity in frequency 

components during a vocal sensitive period? Song is an indicator trait that 

conveys the fitness of a male zebra finch to prospective female mates. Such a 

trait can only be reliable if it is costly (Zahavi, 1975). There seem to be trade-offs 

between song frequency bandwidth and syllable rate, with an upper performance 

limit defined by the highest bandwidth and rate (Podos, 1997; Ballentine et al., 

2004). Female swamp sparrows and canaries prefer males performing nearest 

this upper performance limit (Draganoiu et al., 2002; Ballentine et al., 2004). HVC 
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seems to have a role in song timing and thus rate (Hahnloser et al., 2002; Solis 

and Perkel, 2005). We have provided the first evidence that HVC also may have 

a role in regulating song FM. Furthermore, the relationship of HVC to variance of 

frequency components changes with development. This finding is consistent with 

the “developmental stress” hypothesis that proposes that, for song indicator 

traits, the costs occur during development rather than production (Nowicki and 

Searcy, 2005). Because the relationship of HVC to FM variance is 

developmentally regulated and the burst rate of HVC activity during singing 

increases during song learning (Crandall et al., 2007a), it is possible that HVC is 

the site of bandwidth rate optimization during developmental song learning. 
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Figure 1. Recent data have suggested that the neural circuitry that generates vocal 
fluctuations is located outside and parallel to the song motor pathway in the Anterior 
Forebrain Pathway (AFP). 
(A) The AFP appears to generate song variability, which is necessary for trial-and-error learning 
(Kao et al., 2005; Olveczky et al., 2005; Kao and Brainard, 2006). Stimulation of LMAN induces 
behavioral variability, possibly by inducing variability in the motor pathway through synapses in 
RA (Kao et al., 2005). (B) Lesioning or gross inactivation of LMAN decreases song variability 
(Kao et al., 2005; Olveczky et al., 2005; Kao and Brainard, 2006). How is song stabilized during 
development and shaped by auditory signals? Auditory signals selective for the learned song are 
passed from HVC to both the motor pathway and the AFP. Accumulating data indicate that 
activity in song nucleus HVC changes during the sensorimotor sensitive period of vocal learning 
(Volman, 1993; Nick and Konishi, 2005b, a; Crandall et al., 2007b; Crandall et al., 2007a), 
suggesting that HVC is involved in auditory-guided plasticity. The current study examines how 
HVC activity relates to behavior during singing on multiple timescales. Abbreviations, clockwise 
from top: HVC: this acronym is the proper name; Area X: this is the proper name; DLM: 
dorsolateral part of the medial thalamus (inhibited by Area X projections); LMAN: lateral 
magnocellular nucleus; RA: robust nucleus of the arcopallium. 
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Figure 2. HVC activity oscillates with lower power during song syllables that are plastic.  
Data from a relatively mature animal illustrate differences in activity between relatively stable and 
more plastic syllables. The yellow boxes and black arrowheads indicate a syllable that varied in 
duration within single songs. Note the dampening of HVC oscillations during the plastic syllable 
relative to other activity within the same motif. HVC activity was rectified and smoothed. Scale 
bar: 200 msec. Representative data are from bird Blue-81, age 99 days. 
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Figure 3. Example data from a single day show alignment of bursts of HVC neural activity, 
song amplitude, and song frequency modulation.  
(A) A representative motif for comparison with cross-day data. (B) HVC activity bursts at reliable 
times during the motif. The arrow indicates that the mean of neural activity was calculated for 
each millisecond across motifs. (C) Song amplitude varies across each motif, but is relatively 
stable across motifs at a given millisecond. The arrow indicates that the mean and variance of 
song features were calculated for each millisecond across motifs. (D) Song frequency modulation 
is also relatively stable across motifs at a given millisecond. Example data are from bird Blue 70, 
age 90 days. 
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Figure 4. Neural activity correlates with some song features, but not others.  
(A) Mean HVC activity correlates with mean song amplitude. (Top) The same representative 
sonogram is shown at the top of each feature plot for temporal orientation purposes only. (Middle) 
Mean amplitude (green) is plotted on the same axis as mean smoothed HVC activity to 
demonstrate temporal correlations. Note that when HVC activity is high, so typically is the mean 
amplitude. (Bottom) Linear regression reveals a direct relationship between HVC activity and 
song amplitude. (B) Amplitude variance is negatively correlated with HVC activity. (Middle) 
Amplitude variance (red) appears to peak when HVC activity is low, and vice-versa. (Bottom) 
HVC activity inversely correlates with amplitude variance, as shown by linear regression. (C) 
Mean frequency modulation does not appear to be correlated with HVC activity. (D) In contrast, 
the variance of frequency modulation peaks when HVC activity is low, and vice-versa (Middle). 
(Bottom) This leads to a small inverse correlation. Example data are from bird Red 136, age 65 
days. 
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Figure 5. HVC activity directly predicts mean amplitude, but little else.  
Bar plots of juvenile (black; N = 10 finches) and adult (gray; N = 8 finches) mean Pearson R’s 
reveal no developmental modulation of HVC-song feature relationships. Each row contains the 
temporal data from a single song feature. Each column contains the feature for a given HVC-song 
lag. With a Bonferroni correction for multiple comparisons, significance is defined as p < 0.01.  



 

 

 

51 

Figure 6. Variance in HVC activity directly predicts variance in amplitude, but little else. 
Bar plots of juvenile (black; N = 10) and adult (gray; N = 8) mean Pearson R’s reveal no 
significant developmental modulation of variance of HVC - variance of song feature relationships. 
Each row contains the temporal data from a single song feature, with the compare HVC activity 
preceding the song feature by 50 ms.  
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Figure 7. HVC inversely predicts song feature variance.  
In juveniles (black; N = 10), all features examined except for pitch goodness were inversely 
predicted by mean HVC activity. This relationship did not change with development for amplitude 
and entropy. In contrast, the relationship of neural activity and frequency, pitch, and frequency 
modulation trended to be stronger in juveniles than in adults (gray; N = 8). This difference was 
significant for frequency modulation. As in Figure 5, each row contains the temporal data from a 
single song feature. Each column contains the feature for a given HVC-song lag. With a 
Bonferroni correction for multiple comparisons, significance is defined as p < 0.01.  
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Figure 8. HVC activity peaks relate to stability in frequency components, amplitude, and 
entropy in juveniles, whereas activity troughs predict plasticity in these song features.  
In contrast, HVC activity in adults does not predict stability or plasticity in frequency components, 
but does relate to more stable amplitude and entropy. 
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Chapter 3  

Daily and developmental modulation of "premotor" activity in the birdsong system 

Day NF, Kinnischtzke AK, Adam M, Nick TA (2008)
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Human speech and birdsong are shaped during a sensorimotor sensitive 

period in which auditory feedback guides vocal learning. To study brain activity 

as song learning occurred, we recorded longitudinally from developing zebra 

finches during the sensorimotor phase. Learned sequences of vocalizations 

(motifs) were examined along with contemporaneous neural population activity in 

the song nucleus HVC, which is necessary for the production of learned song 

(Nottebohm et al., 1976; Simpson and Vicario, 1990). During singing, HVC 

activity levels increased as the day progressed and decreased after a night of 

sleep in juveniles and adults. In contrast, the pattern of HVC activity changed on 

a daily basis only in juveniles: activity bursts became more pronounced during 

the day. The HVC of adults was significantly burstier than that of juveniles. HVC 

bursting was relevant to song behavior, since the degree of burstiness inversely 

correlated with the variance of song features in juveniles. The song of juveniles 

degrades overnight (Deregnaucourt et al., 2005). Consistent with a relationship 

between HVC activity and song plasticity (Day et al., 2008), HVC burstiness 

degraded overnight in young juveniles and the amount of overnight degradation 

declined with developmental song learning. Nocturnal changes in HVC activity 

strongly and inversely correlated with the next day's change, suggesting that 

sleep-dependent degradation of HVC activity may facilitate or enable subsequent 

diurnal changes. Collectively, these data show that HVC activity levels exhibit 

daily cycles in adults and juveniles, whereas HVC burstiness and song 

stereotypy change daily only in juveniles. In addition, the data indicate that HVC 



 

 

 

56 

burstiness increases with development and inversely correlates with song 

variability, which is necessary for trial and error vocal learning. 

INTRODUCTION 

Complex sequential behaviors such as speech require dynamic guidance 

from sensory feedback and temporal coordination of multiple muscles. Our 

understanding of how neural networks control these sensorimotor behaviors is 

improving. The birdsong system has been used to elucidate neural mechanisms 

of a complex motor skill (e.g., (McCasland and Konishi, 1981; Scharff and 

Nottebohm, 1991; Perkel, 2004; Prather et al., 2008). Birdsong and human 

speech are both learned vocalizations that are acquired during a sensitive period 

of development and controlled by a series of specialized forebrain nuclei (Marler, 

1970; Nottebohm et al., 1976; Doupe and Kuhl, 1999). Songbirds and humans 

learn their vocalizations by first memorizing species-typical sounds from a 

tutor(s) during a sensory phase and then by matching their vocalizations to this 

memory using auditory feedback during a sensorimotor phase (Konishi, 1965). 

Birdsong consists of continuous sounds known as ‘syllables’ that are separated 

by silent periods. Syllables are arranged in a stereotyped sequence known as a 

‘motif’, which is repeated to form songs. Song learning in the zebra finch can be 

observed motif-by-motif, syllable-by-syllable, as the bird slowly sculpts his song 

towards its mature form (Deregnaucourt et al., 2005). 

The neural song system is a series of anatomically-distinct clusters of 

neurons (nuclei) in the thalamus, basal ganglia, and pallium (cortex) that are 

dedicated to the production and plasticity of song (Nottebohm et al., 1976; Bottjer 
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et al., 1984). HVC (this acronym is the proper name) (Jarvis et al., 2005) is a 

pallial song nucleus that controls song behavior (Nottebohm et al., 1976; Vu et 

al., 1994; Aronov et al., 2008). HVC lies at the interface of auditory and motor 

networks and transmits auditory signals to all downstream song nuclei, including 

the Anterior Forebrain Pathway (AFP), which has roles in plasticity and the 

induction of song variability (Doupe and Konishi, 1991; Kao et al., 2005; 

Olveczky et al., 2005).  

Lesioning studies have confirmed that HVC is required for the production 

of learned song (Nottebohm et al., 1976; Simpson and Vicario, 1990; Aronov et 

al., 2008), but HVC’s role in song plasticity, if any, has remained unclear. Data 

suggest that the AFP serves to destabilize song behavior (Kao et al., 2005; 

Olveczky et al., 2005; Thompson et al., 2007). Recently, our lab has shown that 

HVC ‘premotor’ activity during singing correlates with song stability, millisecond 

by millisecond (Day et al., 2008). This suggests that HVC and the AFP function 

antagonistically during song plasticity. In addition, HVC activity during singing 

changes with development (Crandall et al., 2007a) and HVC activity during sleep 

is positively correlated with overnight song stability in juveniles (Crandall et al., 

2007b). HVC receives or generates neural signals that are selective for tutor 

song (Nick and Konishi, 2005a) and the bird's own song (Volman, 1993; Nick and 

Konishi, 2005b) depending on behavioral state (Nick and Konishi, 2005a). 

Collectively, these data indicate that HVC activity changes dynamically during 

song learning, responds selectively to tutor songs, and may stabilize the 

developing song.  
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Previously, Deregnaucourt and colleagues showed that song changes 

rapidly in the morning, stabilizes later in the day and degrades over a night of 

sleep (Deregnaucourt et al., 2005). The daily and nightly changes in behavior 

were dramatic, with the largest vocal changes in newly trained finches 

approaching 15% for some song syllables (Deregnaucourt et al., 2005). In 

addition, neurophysiological studies have implicated sleep in song learning (Dave 

and Margoliash, 2000; Crandall et al., 2007b; Shank and Margoliash, 2009). 

Based on these findings and recent data that show a correlation between HVC 

activity and song stability (Day et al., 2008), we hypothesized that premotor 

bursts in the juvenile HVC impede song plasticity and vary in predictable 

daily/nightly patterns. According to this hypothesis, HVC bursts will be weakest in 

the morning when song is most plastic and will become stronger later in the day 

as the song stabilizes. Here, we investigated daily and overnight changes in the 

HVC bursting activity that occurred during singing. We report that HVC ‘premotor’ 

bursting activity strengthened each day and degraded each night. These results 

are consistent with the hypotheses that HVC bursting activity stabilizes song and 

that daily changes in song behavior (Deregnaucourt et al., 2005) are driven by 

daily changes in HVC bursting activity. 

 
METHODS 

Subjects 

41 juvenile (age 61 - 90 days; in the late sensorimotor stage of song 

development) and 22 adult (> 100 days) male zebra finches (Taeniopygia 

guttata) were subject to surgical implantation with chronic population recording 
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electrodes. Of the juveniles, 17 had high quality neural recordings (premotor 

RMS signal:noise > 2), but only 10 sang at least 100 motifs in at last 1 day and 

were used for this study. Of the adults, 5 had high quality neural recordings and 

sang ≥100 motifs in one day. Three of the finches implanted as juveniles (Blue-

70, Blue-15, and Blue-81) were also recorded after day 90 (≥100 motifs/day) and 

thus included in the adult group for those days. All song recordings were made in 

the absence of a female (undirected). Undirected song is thought to reflect song 

practice (Jarvis et al., 1998). All juveniles and 3 of the adult finches were reared 

by their parents until day 45 in our facility on a 14:10 light cycle. Two adult birds 

were obtained from a commercial supplier. Although experience and not age is 

probably the strongest predictor of song system maturity, age is correlated with 

experience and presents a more quantifiable parameter. None of the finches 

used in these experiments were ever exposed to auditory playback. The finches 

were allowed to hear their own vocalizations. The University of Minnesota 

Institutional Animal Care and Use Committee approved all procedures.  

Chronic physiological recording 

Basic methods have been previously described (Crandall et al., 2007b). 

For population recordings, finches were implanted with a set of recording 

electrodes: 1 or 2 50-µm nichrome-formvar electrodes in HVC or a control brain 

area adjacent to HVC (not plated, 1.1 – 1.8 MΩ, AM Systems, Carlsborg, WA), a 

50-µm nichrome-formvar electrode adjacent to HVC for use as a reference 

electrode, and 75-µm silver ground and electroencephalogram (EEG) electrodes. 
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The headstage and recording environment have been previously described 

(Schmidt and Konishi, 1998).  

All data were acquired with custom-written (Datafleet, Minneapolis, MN) 

LabView software (National Instruments, Austin, TX) at a sampling frequency of 

44.1 kHz. During recording, a lightweight operational amplifier was attached to 

the bird and connected to a mercury commutator via a flexible cable. HVC neural 

activity was amplified 1000 times and filtered 300 – 10,000 Hz. Song was 

monitored with a microphone (Earthworks, Milford, NH), high-pass in-line filtered 

at 100-Hz (Shure, Chicago, IL), and recorded. Localization of electrodes to HVC 

was confirmed with premotor activity in all cases and cresyl-violet histology in 7 

of 15 finches. 

Song Behavior Analysis 

All data were analyzed with custom-written Matlab functions. Initial song 

analysis consisted of the sorting of sound data and exclusion of movement noise. 

Sound data were further sorted according to temporal properties. Preliminary 

songs were defined as sounds lasting ≥ 500 msec with time gaps of no more 

than 20 msec.  

To specifically study activity during learned song behavior, a canonical 

motif was identified by a skilled observer from the oldest day available from each 

finch and used to extract motifs and corresponding neural activity throughout the 

recording period. Multiple motif forms could have been selected depending on 

the developmental stage. However, we were most interested in how HVC activity 

changed once the overall vocal pattern had been established and, thus, selected 
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the most mature motif available. Since perfusion and histology were performed 

as soon as the electrode recording declined, some subjects may not have 

achieved the final mature motif.  

We focused our analysis on behaviorally relevant vocalizations (instead of, 

for example, movements) by band-pass filtering our vocal data (1 – 8 kHz). 

Amplitude envelopes of the canonical motif and all preliminary songs were 

constructed by filtering the rectified sound recording with a Savitzky-Golay 

smoothing filter (4th order polynomial fit; 20-msec frame size). Then, amplitude 

envelopes of the canonical motif and preliminary songs were cross-correlated 

(Crandall et al., 2007a). Sharp peaks in the cross-correlation revealed the onset 

of a motif that matched the canonical motif. Behavioral song motifs and 

corresponding neural activity were then excised and saved for further analysis.  

Song was quantified based on 6 features: amplitude, Weiner entropy, 

frequency, pitch, frequency modulation, and pitch goodness (a measure of sound 

periodicity). These features were calculated from the raw motif in 9.3-msec bins 

with sliding 1-ms steps with a subprogram of Sound Analysis Pro (Tchernichovski 

et al., 2000), ported to Matlab by S. Saar. The variance of vocal features was 

calculated across 20 aligned motifs millisecond by millisecond relative to time 

within the motif. The mean variance across all milliseconds in the motif provided 

a measure of song variance that was calculated separately for the first and last 

20 motifs. 
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Multi-Unit Physiology Analysis and comparisons to song features 

Data for analysis was limited to days during which a bird produced at least 

100 identified motifs. HVC activity during motifs was digitally band-pass filtered 

300 – 6000 Hz. To examine levels of population spiking activity during the motif, 

the root mean square (RMS) was calculated across the entire motif.  

In preliminary studies, it appeared that the level of population burstiness 

was changing throughout the day in juveniles. Therefore, we developed a 

method to quantify the level of burstiness. Because of our requirement that the 

RMS of premotor activity be at least double the RMS of non-singing 'noise' 

activity, the bulk of the multi-unit data presented in this manuscript meets or 

exceeds a 3:1 signal:noise (Kao et al., 2008). This may not be obvious on the 

long time scales of songs and motifs (Fig. 1 A, B). However, increasing the 

temporal resolution during non-singing periods reveals large units that peak at >3 

times the noise (Fig. 1C1). Even higher resolution examination reveals single 

units that fire alone or in population bursts (Fig. 1C2, asterisk). This quality of 

data has been subjected to thresholding and detailed temporal analysis of 

population activity (Crandall et al., 2007a). During periods of high HVC 

population activity, such as during singing, the amount of activity is so great that 

spiking events of multiple units are consistently simultaneous or near-

simultaneous (Fig. 1D1-2). Smaller events can sum to exceed the threshold. 

Events that might normally be above threshold can be lost because they overlap 

temporally with other events of opposite polarity (Fig. 1D2, asterisk). In addition, 

multiple synchronous or near-synchronous events register as a single spike or no 
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spike at all. If synchrony of activity changes during development and/or the day, 

thresholding methods applied to multi-unit recordings will fail to detect it. 

Because of these concerns, we sought to analyze our data with a technique that 

is better at quantifying multi-unit activity. We used a Savitzky-Golay filter which 

smoothes data in the temporal domain (4th order polynomial fit; 50-msec frame 

size). To measure burstiness, the peak:valley % was computed by first creating 

an HVC activity envelope by rectifying and smoothing the mean HVC activity 

amplitude. Then, the mean of the millisecond time windows that contained the 

maximum 25% of amplitude measurements was divided by that of the minimum 

25%. This quotient was then decremented by 1 and multiplied by 100 to obtain 

the peak:valley %.  

Statistical analysis and data presentation 

All bars represent means and all error bars represent standard errors of 

the mean. Paired t-tests were used to compare data from the same finch. 

Unpaired t-tests were used to compare mean data across days from juveniles 

and adults. Significance was defined as α = 0.05.  

RESULTS 

To investigate the role of the song nucleus HVC in song learning, we 

measured neural sensorimotor activity during singing across days, over nights, 

and through the end of the sensitive period for vocal plasticity. HVC population 

activity during stereotyped vocal sequences (motifs) was measured across 

multiple consecutive days. Zebra finches were maintained in the same recording 

chamber for many days before and during recording. Finches were only 
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disturbed for food and water replenishment. The electrodes were never 

experimentally adjusted. These efforts resulted in stable recordings over many 

days and, in a few cases, for several weeks. For all data shown, the finch had 

recovered from surgery for at least 6 days, been in the recording chamber for at 

least 3 days, and sang in the chamber at least one day prior. All HVC activity in 

this manuscript occurred during song motifs. These points are relevant to the 

daily changes in HVC activity that we report below.  

HVC activity levels during singing increase daily and decrease overnight in 

juveniles and adults 

From all available song data, we extracted and temporally aligned song 

motifs using established methods (Crandall et al., 2007a). The RMS of HVC 

population activity during song motifs increased over the course of the day in 

juveniles and adults (Fig. 2 and Supp. Video; example raw traces across days 

and development are shown in Supp. Fig. 1). HVC activity during a motif that was 

produced early in the day (Fig. 2A,C) was smaller amplitude than a motif 

produced later in the day (Fig. 2B,C and Supplementary Figure 2). We often 

noted obvious diurnal increases and nocturnal resets in HVC activity levels (Fig. 

3 and Supp. Video). These changes in HVC activity occurred in the absence of 

fluctuations in recording chamber temperature (data not shown), which indicates 

the involvement of an intrinsic physiological process. We quantified the daily 

increase in HVC activity by examining 94 days of data in which each bird sang at 

least 100 motifs that were recognized by our motif finder program. We compared 

the HVC activity during the first 20 motifs with that during the last 20 motifs. HVC 
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activity significantly increased between the first and last motifs produced each 

day (Fig. 2, D,E; p < 0.03, paired t-test). The daily change was quite variable 

across animals and days (Supp. Fig. 3). The percent daily increase (Fig. 2F) was 

not different in juveniles compared to adults. To examine the overnight change in 

HVC activity, we used pairs of consecutive days during which at least 100 motifs 

were produced. The last 20 motifs from the first day were compared with the first 

20 motifs from the next day. The overnight decrease in HVC activity level was not 

significantly different in juveniles and adults (Fig. 2G). Collectively, these data 

indicate that HVC activity levels during singing increase through the day and 

decrease overnight.  

Simultaneous control recordings of a non-song related brain area 

immediately adjacent to HVC and within 200 µm of the HVC recording electrodes 

were achieved in four juveniles. In contrast to the singing-related HVC activity, 

which increased each day, control activity during singing decreased (HVC: +3.25 

± 6.19 RMS µV; Control: -5.83 ± 6.12 RMS µV; N = 4). The daily change in 

activity in HVC versus the control brain region was significantly different (p = 

0.03, paired t-test). 

During the day, the pattern of HVC activity becomes burstier in juveniles 

Diurnal and nocturnal changes in HVC activity levels were similar in adults 

and juveniles (Figure 2). We asked whether the changes in activity were evenly 

distributed across the motif. We found that peaks of activity increased more than 

valleys during the day in juveniles, but not adults (Fig. 4). Peaks are upward 

deflections of the rectified and smoothed voltage trace (as in Fig. 4C), whereas 
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valleys are downward deflections. During the day, the juvenile HVC typically 

concentrated more power into specific time windows that already had more 

power (peaks) and less power in other windows (valleys). That is, HVC became 

more ‘bursty’. The term ‘burst’ refers to intermittent bouts of accelerated spiking 

activity, whereas the term ‘bursty’ refers to the tendency to exhibit bursts of 

activity. The examples in Fig. 4 A-B show sonograms of the first and last motifs 

of a given day for a juvenile (A) and an adult (B). Note the relative variability of 

the juvenile motifs (Fig. 4A) compared to those of the adult (Fig. 4B), as 

previously reported (Immelmann, 1969; Deregnaucourt et al., 2005). Comparison 

of mean smoothed and rectified HVC activity during the first and last 20 motifs 

reveals that peaks increased more than valleys in the juvenile (Fig. 4C), but not 

the adult (Fig. 4D). Millisecond-by-millisecond, juvenile HVC activity during the 

first 20 motifs correlated with the change in HVC activity during the same day, 

indicating that peaks preferentially increased (Fig. 4E). Further analysis of the 

data shown in Fig. 2 provides another example of increased juvenile burstiness 

during the day (Supp. Fig. 1). In the adult example, the relationship between 

HVC activity and the change in HVC activity that day was negative (Fig. 4F). 

These data show that HVC burstiness increases during the day in juveniles, but 

not adults. 

To quantify the increase in burstiness, we calculated the percent of 

amplitude difference between peaks and valleys of rectified, smoothed HVC 

activity (such as that shown in Fig. 4C-D). As with RMS calculations, data for 

analysis was limited to days in which at least 100 motifs were produced. In 
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juveniles, peak:valley % significantly increased between the first 20 and the last 

20 motifs (Fig. 5A; example RMS and peak:valley % data for 10 days and 3 

finches are shown in Supp. Fig. 4). In adults, peak:valley % trended to decrease 

or not change over the day, and was not significant (Fig. 5B). Comparison of the 

mean diurnal change in peak:valley % by animal revealed that the daily change 

in burstiness was significantly greater in juveniles than adults (Fig. 5C). In 

contrast to diurnal changes, HVC burstiness during singing slightly decreased 

between the last 20 motifs on one day to the first 20 motifs on the next day (Fig. 

5D). This overnight change was rather variable and not significantly different 

between juveniles and adults (Fig. 5D). Collectively, these data indicate that HVC 

burstiness increases during a day of singing in juveniles, but not adults. 

HVC burstiness increases with development 

Data above show that juvenile HVC burstiness increases diurnally and 

decreases to a lesser extent nocturnally. This suggests that diurnal increases in 

HVC burstiness may accumulate in development. To test this hypothesis, we 

compared the HVC peak:valley % in juveniles and adults. Comparing day-by-

day, the juvenile HVC is less bursty than that of the adult (Fig. 6A; For this panel, 

each day is considered a separate data point, so individual finches may 

contribute more than one data point). Collapsing data by taking the mean 

peak:valley % of all days for each animal revealed the same trend as the day-by-

day data, but was not significant (Fig. 6B; For this panel, each finch was only 

allowed to contribute one data point). 
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The cumulative developmental increase in HVC burstiness could be 

observed in single juveniles. In Fig. 6C, the peak:valley % for all recorded motifs 

from a single finch from days 82 – 99 are indicated by gray dots. The red line 

indicates the median peak:valley % for each day. Note how the red line becomes 

more positive, indicating that HVC becomes burstier, as the animal aged. We 

noted very little change in burstiness on days when this finch sang relatively little 

(days 82-84), but we did not observe this correlation in every finch (data not 

shown). Combining all juvenile data, we found a significant positive correlation 

between age and the HVC burstiness during the first 20 motifs (Fig. 6D). 

Interestingly, the correlation between age and the burstiness of last 20 motifs 

was less correlated (Fig. 6E). Subtraction of the burstiness values for the first 20 

motifs from the last 20 motifs provides a daily change metric. Since the 

burstiness of the first 20 motifs increased with age and this relationship was 

degraded during the last 20 motifs, we predicted that the relationship of the daily 

change in burstiness to age would be negative to account for this difference. 

Indeed, the degree of daily change in burstiness decreased with age in juveniles 

(Fig. 6F). These data reveal a developmental change in HVC bursting activity 

that accrues daily during song learning. As the animal ages, the degree of daily 

change decreases and burstiness stabilizes. 

HVC burstiness is inversely correlated with song variance in developing finches 

How might HVC activity impact behavior? HVC activity is correlated with 

behavioral stability 50-ms into the future (Day et al., 2008). Higher amplitude 

bursts appear to finely limit song variability in discrete time windows. 
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Correspondingly, increased HVC burstiness may enable fine song stability 

control in multiple time windows, locking in additional temporal fragments of the 

song as sensorimotor development proceeds. If so, increased HVC burstiness 

should predict decreased overall song variability. To calculate overall motif 

variability, we temporally aligned the first 20 motifs of each day and, for each 

millisecond of the aligned motifs, took the variance across motifs of 6 song 

features: entropy, amplitude, frequency modulation, frequency, pitch, and pitch 

goodness (periodicity). We then took the mean variance of each feature across 

all milliseconds of the motif. We found that the variance of all 6 song features 

was inversely correlated with HVC burstiness (Fig. 7, Supp. Fig. 5). Fig. 7 shows 

one of the features, FM variance. The other 5 features can be seen in Supp. Fig. 

5. On a day when HVC had relatively little bursting activity during singing (lower 

panels of A,C,E), the behavior was variable (upper panels of A,C,E). Several 

spectrotemporal segments that were particularly variable are highlighted in red 

and yellow. Later in development, HVC was more bursty (lower panels of B,D,F), 

and the behavior was less variable (upper panels of B,D,F). This correlation was 

significant for data from all juveniles (Fig. 7G), but not adults (Fig. 7G inset). The 

burstiness-song variance relationship was also noted across days in individual 

finches (data from each finch shown in Fig. 7G are represented by a different 

colored symbol in Supp. Fig. 6). 
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The overnight change in burstiness is inversely correlated with the change in 

burstiness the next day 

Previous work has shown that juvenile finches have less nocturnal HVC 

activity and that nocturnal HVC activity appears to stabilize song behavior 

(Crandall et al., 2007b). In addition, the total degree of overnight destabilization 

of song in juveniles positively correlates with how well they ultimately copy their 

tutor’s song (Deregnaucourt et al., 2005). Collectively, these studies suggest that 

nocturnal changes in HVC activity may have a role in song learning. These data, 

combined with the data presented above, led us to hypothesize that HVC 

burstiness should degrade more overnight early in song learning, relative to later 

in development. This should enable destabilization of song, if HVC burstiness 

stabilizes behavior (Fig. 7). Consistent with this hypothesis, we found that the 

degree of overnight decrement in HVC burstiness became smaller with 

development (Fig. 8A). We next asked how the overnight decrement in HVC 

burstiness related to daily changes in song: did daily changes in burstiness 

correlate more with the change in burstiness the night before or the night after? 

We found that the overnight change in HVC burstiness strongly and inversely 

correlated with the change in burstiness the next day (Fig. 8B). The day’s change 

in burstiness also correlated with the next night’s change, but not as strongly 

(Fig. 8C). Combined with the data in Fig. 7, these data suggest that nocturnal 

degradation of HVC activity enables variability in song behavior the next day and 

subsequent reforming of a new HVC activity pattern. 
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DISCUSSION 

This study investigated the role of the song control nucleus HVC in vocal 

learning. It provides the first evidence that HVC activity levels change on a daily 

cycle. In juveniles and adults, HVC activity levels increased during the day and 

decreased at night. Burstiness increased each day in juveniles, but not in adults. 

These observed changes in burstiness are relevant to behavior: HVC activity 

levels inversely correlate with song variability, on the timescales of milliseconds 

(Day et al., 2008), days, and development (current study). In addition, burstiness 

degrades overnight in juveniles, which may underlie a daily cycle of song 

learning and stabilization during the day and destabilization at night. 

Daily cycling of HVC activity 

We have found that HVC activity increases daily. In juveniles, the 

oscillatory burst pattern of HVC activity typically becomes stronger during the day 

(Fig. 9A). In adults, overall HVC levels increase, but burst dynamics are relatively 

unchanged (Fig. 9B). Figure 9C presents a simple representation of our results in 

juveniles. In the morning, lower HVC activity levels and bursting correlate with 

plasticity in song behavior (upper right 3 sonograms). Later in the day, increased 

HVC activity correlates with increased song stereotypy, particularly during parts 

of the song that correspond to bursts in HVC activity (Day et al., 2008). As 

development proceeds, burstiness continues to increase, which may enable tight 

temporal control of song in the adult. The correlation between HVC burstiness 

and behavioral variance on the timescales of days and development could 

indirectly result from processes that coincidentally affect both (e.g. circadian 
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rhythms). However, another study found the same inverse relationship between 

HVC bursts and song variance on a millisecond timescale (Day et al., 2008), 

which suggests that daily and developmental processes alone cannot explain the 

predictive capacity of HVC activity on song variability. In addition, neural activity 

recorded outside of the song system does not show the same pattern of 

increased activity during the day in juveniles as it does in HVC (see Results).  

Why cycle premotor activity? 

Avian and mammalian sleep share fundamental characteristics, such as 

slow wave activity (Jones et al., 2008; Low et al., 2008). The synaptic 

homeostasis hypothesis (Tononi and Cirelli, 2006) posits that sleep serves in a 

homeostatic fashion to downscale synaptic strengths that are enhanced during 

waking. Sleep-dependent downscaling may increase the signal-to-noise ratio by 

decreasing the probability that a neuron will fire in response to a given input. The 

model proposes that slow-wave sleep increases the energetic efficiency of the 

brain by universally downscaling all synaptic strengths without regard to previous 

experience-dependent change. Our data are consistent with this model. We 

observe: (1) HVC activity potentiates during waking, which may reflect synaptic 

potentiation (current study); (2) Increased burst strength correlates with stability 

of song 50-ms into the future, suggesting underlying mechanisms of activity-

dependent plasticity (Day et al., 2008); (3) HVC activity levels typically decrease 

after sleep regardless of developmental status or learning state, which may 

reflect nonspecific synaptic downscaling (current study). We have found that 

levels of HVC singing activity in adult finches increase each day and decrease 
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each night, but oscillatory bursting and song stability do not appear to cycle. In 

contrast, juveniles cycle all three parameters: HVC activity levels, burstiness, and 

song stereotypy. These data are consistent with a synaptic homeostasis model in 

which, throughout the day, synapses are selectively strengthened during specific 

song time windows (during bursts), perhaps due to an auditory-driven instructive 

signal (Nick and Konishi, 2005a). According to this model, relative differences in 

strengths of adult synapses are already large, as evidenced by strong bursts 

during the first 20 motifs, relative to juveniles. Thus, further synaptic 

strengthening has little effect on the burst pattern. In contrast, juveniles have 

relatively weak bursts, a subset of which become stronger as the day 

progresses. In this model, during sleep, both adults and juveniles would 

experience nonspecific synaptic decrement, which would be reflected in a 

decrease in activity levels. Decreases in activity levels need not be reflected in a 

decrease in measured burstiness and a change in burst pattern in animals with 

already strong HVC bursts (i.e., adults). Since HVC bursts predict song stability 

(Day et al., 2008), adults may exhibit increased song stereotypy because they 

have a strong and stable HVC burst pattern that is resistant to the effects of 

sleep-dependent synaptic downscaling. 

In the context of the synaptic homeostasis hypothesis, the sleep ‘replay’ or 

'rehearsal' of song-related neural patterns (Dave and Margoliash, 2000; Shank 

and Margoliash, 2009) represents a trace of synaptic enhancement that occurred 

during waking (Tononi and Cirelli, 2006). If the activity pattern that we observe 

during singing is a neural prediction or expectation that is strengthened after 
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each of thousands of motifs, then the synaptic trace pattern should be very 

strong in adults and weaker in juveniles. Consistent with this hypothesis, 

previous work has shown that putative sleep ‘replay’ activity is significantly less in 

juveniles as compared to adults (Crandall et al., 2007b).  

Pressing questions 

The current study has raised many new questions regarding birdsong 

learning. In terms of percentages, are the small changes in activity levels 

behaviorally significant? Since daily cycling of neural activity levels during a 

specific behavior has never been reported and never shown to correlate with 

behavioral variability (as we observe), no scale exists with which to judge the 

size of the effect. Is sleep required for the resetting of HVC activity, or does it 

result from a circadian rhythm? Developmental analysis of song behavior has 

revealed that sleep can reset the song entropy variance (Deregnaucourt et al., 

2005; Shank and Margoliash, 2009), which suggests that sleep may be involved 

in the resetting of HVC activity that is closely tied to behavioral variance (current 

study, (Day et al., 2008). Does auditory feedback affect the oscillatory burst 

strength of HVC population activity? Auditory signals increase HVC population 

activity during singing (Sakata and Brainard, 2008), consistent with the 

hypothesis that an instructive signal strengthens HVC bursts (Nick and Konishi, 

2005a). Does HVC entrain the activity of the AFP? Fast-spiking putative 

interneurons dominate multi-electrode single-unit recordings (Crandall et al., 

2007a) and may become more synchronous with development (N. Day, S. 

Kerrigan, N. Aoki, D.Q. Nykamp, and T.A. Nick, unpublished observations). Thus, 
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the strong oscillatory bursting activity characteristic of the adult HVC (Crandall et 

al., 2007a) may be due to the synchronous firing of interneurons. Synchronous 

activity in HVC interneurons may entrain the activity of Area X-projecting HVC 

neurons and thus entrain the activity of the AFP. Alternatively, HVC interneurons 

may directly entrain the HVC neurons that project down a pathway directly 

involved in producing song (the neurons that project to the Robust Nucleus of the 

Arcopallium). What stabilizes the neural oscillation at the end of vocal learning 

and decreases song variability in adults? Other studies have found that 

perineuronal nets may close critical periods and stabilize developing networks 

(Sur et al., 1988; Pizzorusso et al., 2002). Perineuronal nets appear in the song 

system during the sensorimotor phase (T. Balmer, V. Carels, J. Frisch, and T.A. 

Nick, unpublished observations). Answering these questions will illuminate the 

role of HVC in vocal learning and, perhaps, reveal fundamental mechanisms of 

sensorimotor learning. 
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Figure 1. The complex nature of HVC multi-unit activity during singing renders 
thresholding methods inadequate.  
(A) For reference, a sonogram of recorded vocalizations is temporally aligned with B. (B) HVC 
population activity typically increases during singing as compared to non-singing. In juveniles, 
there is often some activity immediately preceding and/or following song (Crandall et al., 2007a). 
Gray bars indicate time windows that are shown at higher resolution below. (C1,2) Higher 
temporal resolution of activity during non-singing reveals relatively distinct spiking events. (D1, 
D2) Higher resolution singing activity reveals near continuous overlap and interference of multiple 
units. All data are from finch Blue-46, age 66 days. Scale bar: 100 µV, A,B: 1 s; C1, D1: 55 ms; 
C2, D2: 3 ms. 
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Figure 2. HVC activity levels increase each day and decrease overnight in juvenile and 
adult zebra finches.  
A motif produced early in the day (A, red), was accompanied by less HVC activity than a motif 
produced later in the same day (B, green). In A and B, the top panel is a sonogram of a 
stereotyped learned motif. The colored outlines correspond with the colored points in C. The 
lower panel shows HVC population activity. Scale bar: 100 ms; 100 µV. (C) The RMS of HVC 
population activity during singing increases during the day. The RMS's during the motifs shown in 
A and B are indicated by their respective colors. Exemplar data in A-C are from bird Blue-81 age 
87 days. (D-E) Comparing the first 20 motifs with the last 20 motifs of each day revealed that 
HVC activity significantly increases in juveniles (D) and adults (E; *p < 0.03, paired t-test; day Ns 
in parentheses). By finch, the percent change in singing activity levels over the day (F, p = 0.63) 
and overnight (G, p = 0.86; finch Ns in parentheses) was not different between juveniles and 
adults. In general, HVC activity during singing increased during the day (F) and decreased 
overnight (G).   
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Figure 3. Apparent cycling of HVC activity during song motifs was noted in many 
longitudinal recordings.  
Mean HVC activity during each motif for seven consecutive days is plotted versus the time of day. 
HVC activity increased until approximately noon each day. Occasionally activity decreased during 
the day, as on day 78. HVC activity in the morning trended to be lower than the evening before. 
The inset shows a sonogram of the canonical motif from bird Blue-70 that was used to extract all 
other motifs. All data in this figure are from Blue-70. Scale bar: 100 msec.  
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Figure 4. HVC singing activity becomes burstier each day in juveniles, but not adults.  
In juveniles (A,C,E), peaks in neural activity during motif production typically increased more than 
valleys, such that the burstiness increased. In adults (B,D,F), HVC bursting activity was generally 
stable or declined during the day. (A) Sonograms of the first and last song motif reveal that the 
juvenile song (A) became more structured and complex during the day, whereas the adult song 
(B) was relatively stable. (C,D) HVC neural activity also changed more in the juvenile (C) than in 
the adult (D). (C) In the juvenile, comparison of the mean rectified and smoothed HVC activity of 
the first 20 motifs (red) to that of the last 20 motifs (black) reveals that the increase in neural 
activity during the day was focused in the peaks, with relatively little increase in activity during 
troughs. (D) An adult recording with an overall decrease in burstiness highlights the differences 
between adults and juveniles. (E,F) The change in HVC activity was directly proportional to the 
starting HVC activity (the first 20 motifs) during the same millisecond (relative to the motif) in the 
juvenile (E), and inversely proportional in the adult (F). Data are from Blue-57, age 58 days and 
Orange-331 age 100 days. Two other examples similar to C and D are shown in Fig. 8 A,B. 
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Figure 5. As measured by peak:valley comparison, HVC singing activity becomes burstier 
each day in juveniles, but not adults.  
Juveniles (A; **p < 0.02, paired t-test), but not adults (B, p = 0.75), exhibit significant changes in 
HVC burstiness (peak:valley %) each day. (C) The percent daily change in juvenile burstiness 
was significantly greater in juveniles (*p < 0.04, unpaired t-test). (D) The percent overnight 
change in burstiness was not significantly different in juveniles versus adults (p = 0.77). 
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Figure 6. HVC burstiness increases with development, whereas the degree of diurnal 
change in burstiness decreases with development.  
(A) HVC burstiness, as measured by peak:valley % across days, was greater in adults than 
juveniles (*p < 0.0005, unpaired t-test). (B) Analysis of data by bird yielded the same trend as the 
daily analysis, but the difference was not significant (p = 0.12). (C) The increase in HVC 
burstiness was observed day-by-day in longitudinal recordings of juveniles. The peak:valley % for 
each motif is shown in gray dots, the median per day is indicated by the line. (D) Burstiness 
increased with age in juveniles and was most clearly observed in the first 20 motifs of each day. 
(E) HVC burstiness during the last 20 motifs of each day also correlated with age, but the 
relationship appeared more complex. (F) The percent daily change in burstiness decreased with 
age in juveniles. 
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Figure 7. HVC burstiness inversely correlates with behavioral variability.  
A day during which behavior was relatively more variable and HVC activity was less bursty is 
shown in the left column (A,C,E; bird Blue-70 age 77 days), compared to a day during which 
behavior was more stable and HVC activity was more bursty (B,D.F; bird Blue-70 age 89 days). 
The top panel of each example shows spectral derivatives, which are similar to sonograms, with 
parts of the song spectrotemporal field labeled with red and yellow for clarity. These song 
segments were relatively variable in the left column compared to the right. For example, note the 
leftmost red mark in each panel. Note how this sound is variable in A,C compared to E. Note how 
this sound is relatively simple compared to the corresponding and stable sound in B,D, and F. 
The bottom panel of each example shows rectified and smoothed HVC activity. Note the shallow 
peaks and valleys in the left column compared to the right. (G) Day-by-day comparison of HVC 
burstiness (peak:valley %) and FM variance reveals a weak but significant correlation in juveniles. 
Data are from 10 birds, with multiple values reflecting multiple days from the same finch (Supp. 
Fig. 6). Exclusion of the rightmost outlier results in R = -0.39, p = 0.006. Inset: Adult HVC 
burstiness and song variance are not well correlated. 



 

 

 

83 

 

Figure 8. Nocturnal decrements in burstiness decrease with development and inversely 
correlate with the next day’s change in burstiness.  
(A) Overnight decrements in HVC burstiness decreased with age in juveniles. (B) The overnight 
change in burstiness strongly and inversely correlated with the degree of change in burstiness the 
next day. (C) The change in burstiness during the day correlated with the overnight change in 
bursting the following night. 
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Figure 9. A model of daily cycling of motor control during song learning.  
Nightly decrement of HVC activity levels and bursting may allow song variability and subsequent 
rearrangement and/or strengthening of HVC activity pattern via activity dependent plasticity. In 
turn, activity-dependent plasticity may result in daily increment in HVC activity levels and bursting. 
(A) Mean juvenile HVC activity for the first 20 motifs (red) was greater than that of the last 20 
(black) motifs on the same day. (B) Mean adult HVC activity for the first 20 also increased relative 
to the last 20 motifs on the same day. HVC activity levels cycled in both juveniles (A) and adults 
(B). In contrast, the relative burstiness increased during the day in juveniles (A), but was relatively 
stable in adults (B). For A and B, y-axis: relative voltage; x-axis: time relative to the motif; scale 
bar: 200 msec. (C) We propose that increasing HVC activity increases the entrainment of 
projection neurons and stabilizes behavior. In the morning, juvenile HVC population activity is low 
amplitude with low oscillatory power (red). Lack of correlated interneuron bursting in juveniles 
may allow variability in the firing of projection neurons and consequent variability in song behavior 
(the 3 motif sonograms in the upper right). Later in the day, HVC interneuron population activity is 
higher amplitude (black) and concentrated in more compact bursts. The hypothesis predicts that 
putative interneuron bursts entrain the activity of projection neurons and thereby decrease 
behavioral variability (the 3 motif sonograms in the lower right. 
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Chapter 4  

Identification of single neurons in a forebrain network 

Day NF, Kerrigan SJ, Aoki N, Nick TA (in press) J Neurophys
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Behaviors are generated from complex interactions among networks of 

neurons. Single unit ensemble recording has been used to identify multiple 

neurons in functioning networks. These recordings have provided insight into 

interactions among neurons in local and distributed circuits. Recorded units in 

these ensembles have been classed based on waveform type, firing pattern, or 

physical location. To specifically identify individual projection neurons in a cortical 

network, we have paired tetrode recording with antidromic stimulation. We have 

developed techniques that enable antidromic identification of single units and 

study of functional interactions between these neurons and other circuit 

elements. These methods have been developed in the zebra finch, and should 

be applicable, with potential modifications that we discuss here, to any neural 

circuit with defined subpopulations based on projection target. This methodology 

will enable elucidation of the functional roles of single identified neurons in 

complex vertebrate circuits. 
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INTRODUCTION 

Neural circuits have been probed using multi-unit, serial single-unit, and 

single-unit ensemble (e.g., tetrode or multi-electrode) recordings. In the 

investigation of circuit dynamics, single unit ensemble recordings such as tetrode 

recordings have effectively isolated the simultaneous spike trains of multiple 

single units. These powerful recordings enable analysis of spike time 

relationships and the functional connectivity among neurons.  

Tetrode recordings have been used extensively in the forebrain to study 

functional ensembles of single units (McNaughton et al., 1983; Gray et al., 1995; 

Hargreaves et al., 2005; Johnson and Redish, 2007). Analysis of tetrode records 

relies on spike waveform characteristics to enable sorting of single-unit activities. 

In ensemble recordings, cellular identity is inferred by spike waveforms, firing 

patterns, and physical location. However, in many systems, identification using 

these parameters is not feasible due to the relative homogeneity of spike trains 

and waveforms in functionally heterogeneous neuronal subtypes. In these 

instances, methods that have been used to identify single neurons in the 

population have included dye fills (Steinberg and Schmidt, 1970; Hill and Oliver, 

1993; Dutar et al., 1998; Mooney and Prather, 2005) and antidromic stimulation 

(Lipski, 1981; Swadlow, 1998; Hahnloser et al., 2002; Lim and Anderson, 2007; 

Prather et al., 2008). In some of these cases, network connectivity has been 

determined using paired intracellular recordings (Mooney and Prather, 2005; 

Yoshimura and Callaway, 2005; Debanne et al., 2008) or inferred using post-hoc 

alignment of serially recorded neurons with stereotyped behavior or stimuli 
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(Richmond et al., 1990; Kozhevnikov and Fee, 2007). Intracellular recording in 

vocalizing and sleeping animals has provided insight into the membrane 

properties of antidromically-identified neurons that are active during specific 

behaviors (Long et al., 2010). 

Understanding the neural control of behavior cannot be achieved without 

an understanding of neural networks (Harris-Warrick and Marder, 1991). In 

invertebrate systems, study of neural circuits has been facilitated by 

simultaneous recording of multiple neurons with known identities (e.g.(Selverston 

et al., 1976; Stent et al., 1978; Church and Lloyd, 1994). To identify neurons in a 

vertebrate forebrain circuit, we combined two powerful techniques: tetrode 

recording and antidromic stimulation. Living neurons with specific projection 

patterns can be identified by antidromically stimulating their axons (Ranck, 1975). 

Previous studies have used combined multi-electrode single unit recording and 

antidromic stimulation in order to examine the relationship of the activity of single 

identified neurons to Local Field Potentials and behavior (Soteropoulos and 

Baker, 2006; Witham and Baker, 2007). Combining single unit ensemble 

recording with antidromic identification enables the study of identified neurons 

within the broader circuit, the measurement of functional interactions among 

neurons in real time, and the enhancement of neuron classification, particularly 

interneurons, based on functional interactions.  

To functionally characterize cell-cell interactions in a forebrain region that 

contains heterogeneous neuronal subtypes, we recorded ensembles of single 

units with a four tetrode array in HVC (this acronym is the proper name). HVC is 
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a cortical nucleus that is critically involved in the production of learned song 

(Nottebohm et al., 1976; Simpson and Vicario, 1990; Vu et al., 1994; Aronov et 

al., 2008). HVC contains a functionally heterogeneous population of neuronal 

subtypes based on projection target: interneurons and two populations of 

pyramidal-like neurons with mutually-exclusive projection targets (Dutar et al., 

1998; Mooney, 2000; Wild et al., 2005). A population of cortico-cortical neurons 

(HVCRA) projects to the Robust Nucleus of the Arcopallium (RA), a song motor 

control area. Another population of cortico-basal ganglia neurons (HVCX) projects 

to Area X, the song basal ganglia. We have achieved antidromic identification of 

both of these subtypes in neuronal ensembles of up to 21 units. This has enabled 

examination of the spike trains of identified projection neurons in the context of 

local forebrain circuits and how these spike trains relate to those of other neurons 

in the ensemble. Determining the interactions among neurons in a circuit is a 

critical step in understanding the mechanisms of behavior. Below, we describe 

the approach, pitfalls, and available solutions that are inherent in this new 

combined method. Proof-of-concept is provided using conditional probabilities to 

assess spike train relationships of projection neurons with other neurons that 

were recorded at the same time. We report the novel finding that both projection 

neuron subtypes are co-active with multiple other HVC neurons in population 

recordings. This finding would be impossible with serial single unit recordings. 
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METHODS 

Animals and surgery 

Tetrode recordings were obtained from 42 male zebra finches 

(Taeniopygia guttata) that originated from our breeding colony or an outside 

supplier. Birds were housed under a 14:10-hr light:dark cycle and were given 

food and water ad libitum. The Institutional Animal Care and Use Committee at 

the University of Minnesota approved all procedures.  

Prior to surgery, all animals were deprived of food and water for a 

minimum of 1 hour before an initial intramuscular injection of 20% urethane (60-

70 µl). Two additional subdoses (not exceeding 30 µl/dose) were given at 30-45 

minute intervals. The bird was placed in a stereotaxic apparatus (Herb Adams 

Engineering) and lidocaine (1%, Xylocaine) was injected under the scalp. After 

resection of the scalp, craniotomies were made over the following right 

hemisphere brain regions using established coordinates from the bifurcation of 

the midsagittal sinus at a 20˚ head angle from the horizontal: HVC 

(approximately 2.5 mm lateral), Area X (1.4-1.6 mm lateral, 3.9-4.1 mm anterior) 

and RA (1.8-2.2 mm lateral, 1.8-2.0 mm posterior).  

Custom-made bipolar stimulating electrodes were constructed from 200 

µm Teflon-coated tungsten wires (A-M Systems, Sequim, WA) that were stripped 

~2 mm at the tips and epoxied together approximately 200-500 µm apart (100 kΩ 

impedance). These stimulating electrodes were cemented into place with dental 

acrylic within Area X at a depth of 3.9-4.5 mm (Figure 1A). A reference electrode 

(125 µm bare silver wire) was cemented in place between the dura mater and the 
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brain approximately 3.5 mm anterior and 4 mm lateral. A headpost was also 

cemented to the bird’s skull. After this preparatory surgery, the animal was 

moved into a sound-attenuating chamber (Industrial Acoustics Company, New 

York) on an air table (TMC, Peabody, MA). Once the animal was secured by the 

headpost, a bipolar stimulating electrode (FHC, Bowdoin, ME) (300-500 kΩ 

impedance) was inserted 0.9-1.4 mm at a 30˚ angle into RA under the control of 

a microdrive (Siskiyou, Grants Pass, OR).  

Recording and electrical stimulation 

Ensembles of single units in HVC were recorded extracellularly in 10-15 

minute recording sessions with a 4-tetrode array (A4x1; Neuronexus 

Technologies, Ann Arbor, MI) attached to a 16-channel headstage preamplifier 

(10x) that fed to a Model 3600 16-channel AC amplifier (A-M Systems). Tetrodes 

were linearly distributed within HVC parallel to the midsagittal sinus in the rostral-

caudal plane with a spacing of 150 µm (Figure 1B). Tetrodes (0.5-2.0 MΩ 

impedance) with a recording site area of 312 µm2 were used. Signals were 

amplified (1000x), filtered (300 – 10,000 Hz), and acquired at 22.05 kHz with 

custom written Matlab (Mathworks, Natick, MA) software. Activity in HVC was 

collected on 15-channels; the 4th recording site on one tetrode was not recorded 

to enable collection of chamber sound events on our analog-to-digital PCI card 

that was limited to 16 channels (PCI 6251; National Instruments, Austin, TX).  

Electrical stimulation was delivered by a stimulus isolation unit triggered 

by a Master 8 (AMPI, Jerusalem, Israel) to the efferent targets of HVC: Area X 

and RA. Only one target was stimulated at a time. Single, monophasic pulses of 
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200 µs duration were delivered at a rate of 0.5 Hz. Stimulation intensity (20 - 400 

µA) was gradually increased until reliable spikes were observed in HVC.   

In a subset of recordings, collisions of spontaneous and antidromic spikes 

were obtained to further test the antidromicity of the stimulation and to rule out 

the possibility of intervening synapses. For spike collisions, a two-window 

discriminator (FHC) was used to identify specific spontaneous spikes and 

selectively trigger stimulation within 1.5-ms. 

For the study shown in Figure 8, auditory stimuli were played back through 

a tweeter speaker (Focal, France). Song playback order was randomly 

determined within each trial. Each auditory playback session consisted of 15 

trials, with an 8 second interstimulus interval. Auditory stimuli included Bird’s 

Own Song (BOS), reverse BOS (REV), conspecific, and silence.  

Spike Sorting  

Multiple spikes on the same tetrode were sorted using automatic 

clustering followed by manual checking of each cluster. Following each 

recording, spikes were identified using custom software if they crossed a 

relatively low, predetermined threshold (mean + 4 SD; calculated independently 

on each channel for each recording session). 22-point (~1-ms) spike waveforms 

and their corresponding timestamp were used for clustering. Our conservative 

threshold included numerous ‘noise’ events, which were subsequently sorted out, 

to eliminate the possibility of excluding part of a cluster. Features of thresholded 

waveforms (for each channel: Energy, Derivative of Energy, and First Principal 

Component) were then calculated (MClust, A.D. Redish) and subjected to 
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unsupervised clustering with a Gaussian mixture model with unconstrained 

covariance matrices (KlustaKwik; K. Harris, Rutgers, 

http://klustakwik.sourceforge.net) to obtain a maximum of 30 initial “preclusters” 

using a classification expectation-maximization (CEM) algorithm. KlustaKwik 

allows for a variable number of clusters, penalized by the Akaike Information 

Criterion (AIC). The initial preclusters identified by KlustaKwik were manually 

checked and occasionally combined or split, using MClust 3.5 (A.D. Redish; 

http://redishlab.neuroscience.umn.edu/MClust/MClust.html) in the Matlab 

environment. Clustering was performed either on a Dell PC or blade server with a 

64-bit processor and Windows XP.  

Four criteria were used to determine cluster quality to ensure that sorted 

spikes accurately reflected single units. Clusters that did not pass all criteria were 

discarded. The four criteria for cluster quality were: (1) L-ratio score < 0.1; (2) 

Isolation Distance >16; (3) less than 1% violations of a 1-ms refractory period; 

and (4) visual separation of the cluster from “noise” and other clusters on at least 

2 (of 12) dimensions. The L-ratio is a measure of the compactness of a cluster. 

Isolation distance quantifies how well a cluster separates from other clusters 

(Harris et al., 2001; Schmitzer-Torbert et al., 2005; Jackson et al., 2006). For 

spike waveform display (Figures 5C, 6B, 7E-F) and analysis, a matrix of 64-point 

waveforms was created with the same indices as the 22-point waveform matrix 

that was used for clustering. 
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Identification of clustered antidromic single units  

All units used for further analysis, including those identified by antidromic 

stimulation, met the criteria described above. A subset of spontaneous spikes 

typically co-clustered with antidromic spikes. In collision experiments, 

spontaneous spikes that triggered spike collisions also co-clustered with 

antidromic spikes. The co-clustering of spontaneous spikes with antidromic 

and/or collided spikes enables the identification of spontaneous events. Spike 

times for events occurring after stimulation were used to identify fixed latency 

spikes and to calculate latency time and latency variability relative to the 

stimulus. Antidromic latency was defined as the mean time from stimulation to 

the peak of the action potential for at least 10 trials. Latency variability was 

defined as the standard deviation of the latencies. All spikes that were collected 

during and 100 ms after stimulation were excluded from analyses of waveform 

properties and network interactions. Based on our finding that antidromic units 

identified with spike collisions had latency variabilities of up to 119 µs (see 

Results, Figure 5), the latency variability cut-off for identification of unit as a 

projection unit was set at <125 µs. 

Auditory analyses 

Post-hoc alignment of song stimuli and corresponding neural activity 

enable comparison of single neuron auditory responses across multiple trials. 

Dot rasters were created with a 1-ms binning window. Peristimulus time 

histograms (PSTHs) were constructed by smoothing the summed dot raster from 

all trials using a moving average with a 5-ms binning window. 
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Analyses of functional interactions and statistics 

All units used for quantitative analysis were from recordings of 

spontaneous activity in adult finches (> 130 days post hatch). Conditional 

probabilities were calculated to assess functional connectivity between pairs of 

units in the circuit. The entire recording between stimulation epochs was used for 

conditional probability calculations. We examined spike train relationships by 

calculating the probability of projection neurons firing pair-wise with all other 

neurons: the conditional probability of the projection neuron firing ± 5 ms, given 

that the other unit had fired. We shuffled the interspike intervals of one of the 

spike trains to control for overall firing rate (Nadasdy et al., 1999). All conditional 

probability calculations were performed on both the recorded and shuffled data 

sets. The Wilcoxon signed-rank test was used to compare recorded and shuffled 

conditional probabilities with significance defined as p < 0.05. Except where 

noted, all measures of central tendency are shown as median with interquartile 

range. 

RESULTS 
Using combined antidromic stimulation and tetrode recording, we 

identified single projection neurons within ensembles of single units in the zebra 

finch HVC song nucleus. Figure 1 schematically diagrams the placement our 

recording tetrode array and two stimulating electrodes in the brain nuclei of the 

song system. 41 adult zebra finches were successfully implanted with stimulating 

and recording electrodes. Of these, 35 animals had antidromic units that fired 

reliably with low latency variability during the recording. Eleven animals had 
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antidromic units that met our four conservative criteria for cluster quality. 

Identified units from two of these animals were discarded because their latency 

variability was greater than 125 µs and collision data were unavailable. 

Ultimately, 12 antidromic units (HVCX= 5; HVCRA= 7) from 9 animals were 

included in our final quantitative analyses.  

Tetrode recordings in the zebra finch 

Figures 2A and 3A show spontaneous activity on four channels of a single 

tetrode from different adult animals, including the activity of an identified HVCX or 

HVCRA neuron, respectively. Because the relative distance from the neuron 

varies across the sites of a tetrode, spike waveforms of individual neurons differ 

across each of the recording channels of the tetrode. Sorting techniques exploit 

these differences to identify spikes of single units. The raster plot (Figure 2B) 

shows the relative spike times of 3 single units recorded by the 4-tetrode array 

during a 30-ms period, including an HVCX. The time frame is expanded in Figure 

2C (3 sec) to show the simultaneous activity of these 3 units plus an additional 

12 that were recorded and clustered in the same session. Similar plots of the 

activity of an HVCRA unit in the context of its local circuit are shown in Figure 3. 

Figure 4 shows that spike sorting of tetrode data captures every spike in the 

characteristic high-frequency burst of an HVCRA projection unit previously 

reported using single wire recordings (Hahnloser et al., 2002) The firing rate of 

spikes within HVCRA bursts using our methods was 248 ± 121 Hz, which is 

consistent with previously published results (Hahnloser et al., 2002; Long et al., 

2010). Across all 9 adult animals included in this study, we recorded 134 single 
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units over 12 10-15 minute recording sessions. The number of simultaneously 

recorded units ranged between 5 and 21.  

Antidromic stimulation is used to identify single units in an ensemble 

In order to identify specific cell types, we drove antidromic spikes in HVC 

with stimulation of Area X or RA and recorded the resulting activity with a 4-

tetrode array. The stimulus parameters were similar to those used in single unit 

studies (Hahnloser et al., 2002; Hahnloser et al., 2006): 0.5 Hz stimulation 

between 20 and 400 µA. Figure 5A shows action potentials in an HVC neuron 

stimulated with an electrode in RA. Six sets of simultaneously acquired and 

temporally aligned traces from the 4 recording channels of one of the 4 tetrodes 

are overlaid. This HVCRA neuron had an antidromic latency of 8.09 ms stimulated 

with 110 µA of current. The latency variability of the antidromic spike was 119 µs. 

This was higher than that previously reported (94 µs; (Hahnloser et al., 2006). 

The range of antidromic latencies for putative HVCX and HVCRA neurons agreed 

with previously reported data (Hahnloser et al., 2006): The latency to first spike of 

HVCX neurons was 3.4 - 9.9 ms (Mean ± SD: 5.1 ± 2.4 ms), whereas that of 

HVCRA neurons was 3.5 - 8.1ms (5.4 ± 1.7 ms). The latency variability of HVCX 

neurons used in further analyses was 0.078 ± 0.035 ms (Mean ± SD), whereas 

that of HVCRA neurons was 0.072 ± 0.027 ms. Antidromically identified projection 

units were included in later analyses if the latency variability of a given unit was 

less than 125 µs. 

To definitively determine that the spikes triggered in single neurons were 

antidromically stimulated, we performed collision tests on a subset of units that 
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had a fixed latency. Collision tests are the best method for confirming the direct 

stimulation of a neuron’s axon, as opposed to synaptic activation of that neuron 

through axonal stimulation of a cell that is presynaptic to that neuron (Lipski, 

1981). “Orthodromic” refers to the physiological conduction of an action potential 

from cell body to synaptic terminal, whereas “antidromic” refers to the reverse 

conduction of an action potential from axon to cell body. The cell body of a 

projection neuron, which lies in HVC, can be invaded antidromically after a 

spontaneous spike with a minimal delay of T, which is defined as: 

T = R + 2T1, 

where R is the absolute refractory period and T1 is the antidromic latency. If a 

stimulus is applied during the critical delay (W), 

W = T1 + R, 

no antidromic spike will be observed in the cell body due to collision of the 

orthodromic and antidromic spikes within the axon. 

For these experiments, a two-window discriminator identified spontaneous 

spikes that were used to trigger stimulation. In pilot experiments, it was 

determined that a single trigger window was insufficient to isolate the spikes of 

single neurons in an ensemble recording due to triggering by multiple units. The 

stimulation occurred within 1.5 ms of the spontaneous spike, and resulted in a 

collision of the orthodromic and antidromic spikes (Figure 5B).  
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Solutions to the problem of multiple overlapping spikes triggered by the 

antidromic stimulation 

A problem inherent in the combination of tetrode recording and antidromic 

stimulation is that of overlapping waveforms. A barrage of near-simultaneous 

spikes can be triggered by stimulation. The waveforms can then overlap and 

preclude clustering based on the features of waveforms. To overcome this 

problem, site areas and spacing for the tetrode configuration, as well as the 

duration of waveforms used for feature calculation, must be carefully selected 

and optimized for each brain region. Larger site areas that record many units 

may be ideal for monitoring large numbers of neurons, but may be unsuitable for 

identifying a subset of single units using antidromic stimulation due to co-

activation of many neurons and subsequent occlusion of waveforms used in 

clustering. In addition, the lowest stimulation current that triggers an antidromic 

spike in at least one high signal:noise unit should be used. Attempting to 

increase the number of antidromically-identified units by increasing stimulation 

strength can be detrimental by causing near-simultaneous activation of multiple 

units and subsequent failure of spike feature clusters to meet quality criteria. If, 

even with these steps, two units are consistently stimulated at latencies that yield 

overlapping waveforms, the tetrode array could be moved slightly to eliminate 

one of the units from the recording. Alternatively, spontaneous spikes that drive 

collisions may be used to identify each unit, as described below. 
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Clustering of antidromic units 

We determined that antidromically identified units could be successfully 

isolated from other simultaneously recorded units (Figure 6). Antidromic 

stimulation was delivered at the beginning and end of each recording session. 

Antidromic spikes and spontaneous spikes that were used to trigger collisions 

were clustered with all other spikes from the recording, as described above. All 

antidromic units were held to the same cluster quality criteria as other units (L-

ratio, Isolation Distance, ISI Violations, visual separation). Note the separation of 

a cluster that was identified as an HVCRA from both noise and other clusters in 

Figure 6A-B.  

A solution to the potential problem of waveform differences in spontaneous and 

antidromically-stimulated spikes 

Comparison of overlaid waveforms (Figure 6C) demonstrates that 

antidromic and spontaneous waveforms were very similar. However, there were 

slight differences in waveform, such as the initial segment spikes (arrowheads in 

the left panel of Figure 6C) characteristic of antidromic waveforms (Lipski, 1981). 

The appearance of this voltage fluctuation that is typical of intracellular 

recordings in the median of our extracellularly-recorded events demonstrates the 

reliability and fidelity of this method. Because of these differences in antidromic 

and spontaneous waveforms, two visually-separated subclusters often appeared 

in a subset of dimensions (data not shown). It is possible that, in some systems, 

antidromic spikes may differ sufficiently from orthodromic spikes to produce two 

separate clusters in several dimensions, preventing identification of the 
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spontaneous and other orthodromic spikes of the projection neuron as those of a 

projection neuron. However, we found that spontaneous spikes that triggered 

spike collisions reliably clustered with those obtained in the absence of 

stimulation based on our four criteria (Figure 6C-D). The co-clustering of 

spontaneous spikes that resulted in collisions with other orthodromic events 

enables antidromic identification while avoiding the complications of both the 

overlap of near-simultaneous antidromically-stimulated waveforms and any 

potential differences between orthodromic and antidromically-driven waveforms. 

Simultaneous recording of multiple projection neurons 

Tetrode recording with antidromic identification enables simultaneous 

recording of multiple identified projection neurons. Figure 7 shows the activity of 

three HVCX neurons together with other neurons in a population burst. Two of 

these projection neurons were recorded on the same tetrode, and were identified 

as different units based on their locations in feature space and different fixed 

latencies. Each of the identified neurons passed our strict cluster criteria. 

Simultaneous recordings of multiple projection neurons will facilitate 

understanding of the functional interactions among the projection neurons, their 

regulation by the local network (e.g., Do the same interneurons appear to 

functionally inhibit multiple projection neurons?), and the output of the network. 

Auditory playback 

Neurons in HVC respond preferentially to playback of Bird’s Own Song 

(BOS) and have stereotyped responses to BOS and other auditory stimuli 

(Margoliash, 1983; Margoliash and Fortune, 1992). Combining tetrode recording 
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with antidromic stimulation enables simultaneous recording of identified 

projection neurons and their local circuits. Figure 8 shows the patterns of activity 

of two single units to playbacks of different song stimuli (A1-D1). One unidentified 

unit responds more to Bird’s Own Song (Figure 8 A2-A3), than to other songs (B, 

C, D 2-3). An HVCX fires precisely across repeated playbacks of BOS, as 

observed in previous single unit studies (Prather et al., 2008). 

Evaluating spike time relationships among identified HVC neurons 

Combining antidromic stimulation with tetrode recording enables analysis 

of spike time relationships among projection neurons and their local circuits. A 

defining characteristic of song system activity is its bursts of population activity 

that involve multiple neurons (Schmidt and Konishi, 1998; Crandall et al., 2007a; 

Day et al., 2009; Shank and Margoliash, 2009). However, the types of HVC 

neurons that are co-active in the bursts have not been determined. Toward this 

end, we have calculated conditional probabilities between pairs of neuronal spike 

trains. We determined the probability that a projection neuron fired, given that 

another neuron in HVC had fired. The conditional probability was obtained using 

a ± 5 ms window set by the spike time of any neuron in the recording. This 

allowed us to examine the probability of a projection neuron firing with other 

neurons. Conditional probabilities of pairs of real spike trains were compared to 

conditional probabilities calculated from the same data, but with one spike train 

shuffled by randomly reordering the interspike intervals (Nadasdy et al., 1999). 

We found that both types of HVC principal neurons were active with the 

population under anesthesia (Figure 9). Example raster plots in Figure 9A-B 
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show HVCX and HVCRA neurons that were active during population bursts. 

Compared to shuffled spike times, both HVCX and HVCRA units were significantly 

more likely to fire when other units were active (N: HVCX = 86 pairs; HVCRA = 43 

pairs; p < 1.5 x 10-6, p < 2.1 x 10-7 respectively; Figure 9C-D).  

DISCUSSION 
We have combined two electrophysiological techniques to identify 

individual neurons in ensemble recordings. This new method of combined tetrode 

recording and antidromic identification enables the study of identified neurons in 

the context of a functioning forebrain network. Knowledge of the network, in turn, 

can provide information, such as functionally inhibitory interactions, that enables 

classification of additional neurons. Although the study of identified neurons in a 

functioning circuit has been possible for decades in invertebrate preparations 

(Frazier et al., 1967; Selverston et al., 1976), vertebrate work has focused on the 

physiological study of either single identified neurons (Hahnloser et al., 2002; 

Herfst and Brecht, 2008; Long et al., 2010) or large neuronal ensembles 

(Nicolelis et al., 1997; Johnson and Redish, 2007). Reliable and repeatable 

identification of neuronal subtypes using a combination of electrophysiological 

techniques will facilitate and hasten understanding of vertebrate circuits and their 

regulation. 

One particular advantage of ensemble recordings is the large number of 

units that can be simultaneously monitored. This approach allows for analysis of 

hundreds of neuron-neuron interactions using analytical methods such as 

conditional probability or coherence. However, one limitation of tetrode 
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recordings in brain areas with functionally heterogeneous subtypes has been the 

definitive identification of these subtypes and subsequent attribution of patterns 

of activity and functional connectivity. Identification of specific cells in the circuit, 

when possible, can more accurately inform our understanding of neuronal 

interactions. In many systems, cellular identification technologies limit the 

possible number of recorded pairs (e.g., dye fills) or the ability to detect real-time 

interactions (e.g., antidromic stimulation combined with serial single-unit 

recording). Functionally inhibitory interactions, in particular, are impossible to 

detect with serial single-unit recording.  

There are potential pitfalls and limitations of this technique. Antidromic 

stimulation of multiple neurons or single neurons with local synaptic connections 

can result in a barrage of near-simultaneous spiking activity. Coincident, 

overlapping spiking events occlude waveforms that are used for spike clustering. 

We addressed this significant problem in several ways: (1) the spacing and site 

area of the tetrodes was optimized to record a relatively small number of 

neurons; (2) the stimulation magnitude was always decreased to the minimum 

required for the activation of at least one antidromic unit in the entire recording; 

(3) the waveform duration used for feature calculation was optimized; and (4) 

spike collisions were developed as an alternative method to identify units, since 

the spontaneous spike that triggers the collision typically occurs in relative 

isolation and thus provides a less occluded waveform. The first two of these 

optimizations required a compromise, because the number of all possible units 

and antidromic units, respectively, had to be decreased in order to achieve 
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unoccluded waveforms. For any system, application of this technique will require 

a compromise, since the number of units in the recording will likely need to be 

decreased to enable antidromic identification of a small subset of those units. 

Because the stimulation is minimal, some units in the recording that project to the 

target will not be identified as such. This is also the case with antidromic 

identification in serial single-unit recordings (Ranck, 1975; Lipski, 1981).  

Another potential pitfall of using antidromic stimulation to identify single 

units in an ensemble is the inherent difference between spontaneous and 

antidromically-driven waveforms. This is best exemplified by the initial segment 

spike that appears in antidromically-driven, but not spontaneous, waveforms 

(Figure 6C;(Lipski, 1981). We found that, in the system under study (the birdsong 

nucleus HVC), spontaneous and antidromic waveforms still tended to co-cluster 

in most dimensions that we analyzed and met our conservative criteria for cluster 

quality. To ensure that the antidromic and spontaneous waveforms did indeed 

represent the activity of the same unit, we examined spike collisions: 

Spontaneous spikes that triggered collisions possessed waveforms that were 

identical to spontaneous waveforms that were used for the analysis of circuit 

activity. 

A problem inherent in antidromic stimulation in general, whether used in 

combination with serial single-unit or multiple-unit ensemble recordings, is that 

the stimulation itself may alter circuit activity. We sought to minimize this problem 

by stimulating only at the beginning and end of each recording session, with 

continuous recording throughout initial stimulation, circuit monitoring in the 
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absence of stimulation, and re-stimulation. Our stimulation parameters matched 

those used in previous serial single-unit studies, with stimulation magnitudes 

consistently on the lower end of the range reported (Hahnloser et al., 2002). 

Even with these optimizations, there are neural systems where antidromic 

identification of units in neural ensembles may not be useful for identifying cells 

as a particular projection neuron subtype. For example, in brain areas where all 

neurons project to the same target, such as the granular layer of the dentate 

gyrus, antidromic stimulation would not provide additional information regarding 

cellular identity. However, in these cases, this technique may provide valuable 

information by confirming the identity of a specific projection neuron at the 

beginning and end of the recording. Additionally, in situations in which 

pharmacological manipulation may cause spontaneous spiking to cease, 

antidromic stimulation can be used to reconfirm that the cell is still alive and 

capable of spiking. In brain areas where cells are densely packed or tend to fire 

simultaneously in population bursts, combination of antidromic stimulation and 

tetrode recording may theoretically not be possible. However, we were able to 

identify multiple single units in HVC, which has relatively dense clusters of tightly-

packed neurons that are characterized by their population bursts. This suggests 

that this technique can be applied to other brain areas that might initially seem 

intractable.  

Combining antidromic stimulation with tetrode recording has allowed us to 

identify single projection units in a complex neuronal network during both 

spontaneous and auditory-evoked neural activity. This technique could be easily 
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adapted to recordings of neuron populations with multiple single wire electrodes 

instead of the compound multi-electrode (tetrode) recordings that we describe 

here. Assessing the functional connectivity of neural networks is paramount in 

understanding how circuits work. We have demonstrated the feasibility of the 

technique in a challenging brain area with dense clusters of neurons that fire in 

bursts. In the intact, anesthetized birdsong system, we found that both types of 

projection neurons (cortico-cortical and cortico-basal ganglia) participate in 

population bursts. Future experiments will utilize functional interactions with 

identified projection neurons to class other neuronal subtypes. Other potential 

applications of this technique are to enable the discovery of the topography of 

activity within and among neuronal subtypes across heterogeneous brain areas 

and to delve into circuit changes that occur in tandem with behavioral plasticity 

and the insertion of new neurons. 
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Figure 1. Schematic of the recording design used in this study. 
A) A 16-channel, 4-tetrode recording array was placed in the cortical song nucleus HVC in the 
zebra finch brain. Bipolar stimulating electrodes were placed in its efferent projection targets, the 
song motor nucleus RA, and song basal ganglia, Area X. Arrows denote a subset of connections 
among song system nuclei. B) A simplified diagram of HVC shows the tetrode configuration. 
Tetrode shanks were placed 150 µm apart along the rostral-caudal axis. HVC neurons may 
project to either RA or Area X, but not both. The axons of a third group, interneurons, ramify 
solely within HVC. For this study, axons that terminated in Area X or RA were stimulated to 
antidromically identify single units in the context of a functioning forebrain network. 
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Figure 2. Ensemble recordings capture the simultaneous activity of an HVCX with its local 
circuit neurons. 
A) Raw HVC multi-electrode voltage traces of four recording sites from the same tetrode are 
temporally aligned. The asterisk indicates the action potential of an HVCX. Voltage events have 
variable amplitudes across channels depending on the recording site location relative to the 
neuron. B) Raster marks indicate the activity of the HVCX and two other neurons from the same 
tetrode that were active in the same time frame. Scale bar: 2.5 ms, 100 µV. C) Spikes of single 
neurons across all tetrodes of the recording are shown in a longer time window. The activity of 
the HVCX unit (top) is labeled on the left. All clusters (n=15) from a given tetrode are indicated by 
the line at left and shared color. Scale bar: 125 ms. Data are from O-365, age 155 days. 
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Figure 3. Ensemble recordings capture the simultaneous activity of an HVCRA with its local 
circuit neurons.  
A) Raw HVC multi-electrode voltage traces of four recording sites from the same tetrode are 
temporally aligned. Asterisks indicate the action potentials of an HVCRA. B) Raster marks indicate 
the activity of the HVCRA and two other neurons from the same tetrode that were active in the 
same time frame. Scale bar: 10 ms, 50 µV. C) Spikes of single neurons across all tetrodes of the 
recording are shown in a longer time window. The activity of the HVCRA unit (top) is labeled on 
the left. All clusters (n=15) from a given tetrode are indicated by the line at left and shared color. 
Scale bar: 125 ms. Data are from O-236, age 139 days. 
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Figure 4. Single-unit bursts are captured in ensemble recordings and subsequent 
clustering analysis.  
A) Raw HVC multi-electrode voltage traces of three recording sites from the same triode are 
temporally aligned. Asterisks indicate each action potential in an HVCRA burst. B) Raster marks 
indicate the activity of the HVCRA and two other neurons from the same tetrode that were active in 
the same time frame. Scale bar: 5 ms, 50 µV. Data are from R-757, age 270 days. 
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Figure 5. Antidromic identification of projection neurons can be achieved in ensemble 
recordings. 
A) Stimulation of the premotor song nucleus RA (200 µs, 42 µA) reliably drove an HVC spike at a 
latency of 8.1 ms. Six traces are overlaid and temporally aligned for each of the four recording 
sites. B) Triggering the stimulus by a spontaneous spike resulted in orthodromic-antidromic 
collisions. Scale bar: 5 ms, 500 µV. Data are from bird R-161, age 150 days. 
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Figure 6. The spikes of antidromically-identified units were identified by co-clustering 
spontaneous and stimulus-related waveforms. 
A) A plot of 2 of the 12 parameters used to sort spikes shows the spike event cluster of an RA-
projecting unit (black) and 2 other units (purple, orange) that were identified. Light gray dots 
consist of spikes and noise that were not clustered in the dimensions shown. The black cluster 
contains spontaneous as well as antidromic spikes that were evoked by stimulation of RA. L-ratio: 
0.001; Isolation Distance: 120.9. B) A 3D plot shows 3 additional waveform features that were 
used to identify the RA-projecting unit. Note that in this view, the orange and purple clusters are 
no longer visually separated, but the HVCRA (black) cluster remains well isolated. C) Waveforms 
are segregated according to their relationship to antidromic stimulation: antidromically driven 
(magenta), spontaneous collided (blue), and spontaneous during the stimulation-off recording 
period (black). Note the similarity of all waveforms. The median voltage is overlaid in the color 
corresponding to the graph in D. Arrowheads (left panel) indicate the presence of the initial 
segment spike in antidromically-stimulated waveforms. Scale bar: 2 ms, 40 µV. D) The 
antidromic, collided, and spontaneous spikes cluster together based on clustering criteria and 
visual inspection. Data are from bird R-161, age 150 days. 
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Figure 7. Multiple simultaneously active projection neurons can be studied using 
combined tetrode recording and antidromic identification. 
Raster marks indicate the activity of all units that were active during a 1.2 sec time window. 3 
HVCX neurons recorded on two tetrodes were active in a population burst. Antidromic latencies 
for each projection neuron were (from top to bottom): 9.47 ms, 10.85 ms, 6.68 ms. Single units 
from the same tetrode are indicated by the same color. Scale bar: 250 ms. B) Overlaid 
waveforms (gray) and the median waveform (color) of 50 randomly selected spikes of 
simultaneously active HVCX units shown in (A) and three other example waveforms of units active 
in the same session. Single units from the same tetrode are indicated by the same color. Tetrode 
1: Red; 2: Black; 3: Blue; 4: Orange. Scale bar: 150 µV (all but C, Left), 250 µV (C, Left); 1 ms. 
Data are from O-37, age 49 days.  
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Figure 8. Auditory-evoked activity in simultaneously-recorded single units.  
A1-D1) Spectrograms of auditory stimuli. A2-D2, A4-D4) Aligned raster plots of individual units for 
15 trials of auditory playback show responses to an HVCX (bottom) and a unit in its local circuit 
(top). Note the precision of firing in the HVCX. A3-D3, A5-D5). Peristimulus time histograms 
(PSTHs) show the moving averages with a 5-ms binning window. Scale bar: 1 sec. E, F). 
Waveforms of each unit. 50 randomly selected spikes are overlaid in gray. The median waveform 
is plotted in red (E) or blue (F; HVCX). Scale bar: 20 µV, 0.5 ms. Data are from R-493, age 166 
days. 
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Figure 9. Both types of cortical projection neurons are active during HVC population 
bursts.  
A, B) The rasters show the temporally-aligned spike times of all units from four tetrodes that were 
simultaneously active within a population burst (black) or outside of the bursts (gray). HVCX and 
HVCRA units spiked within population bursts. A, B are from different animals. Scale bar: 10 ms. C, 
D) Group data show the conditional probabilities of a projection unit firing given that any other unit 
has fired ± 5 ms. HVCX (C) and HVCRA (D) recorded spikes were more likely to occur within ± 5 
ms of another unit firing than shuffled controls (age > 130 days; N: HVCX = 86 pairs; HVCRA= 43 
pairs; p < 0.005 for both). 
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Chapter 5  

Network analysis of single unit ensembles during song learning 
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INTRODUCTION 

Vocal learning in oscine songbirds is an excellent model for human 

speech acquisition (Marler, 1970; Doupe and Kuhl, 1999) and, thus, 

sensorimotor integration and learning.  Humans and songbirds learn their 

vocalizations during two developmental sensitive periods for sensory and 

sensorimotor learning (Thorpe, 1958; Konishi, 1965; Marler, 1970; Marler and 

Peters, 1977). During the sensorimotor phase, animals match their vocalizations 

to a memory of a tutor song, but the neural mechanisms underlying song 

crystallization (mature song resilient to further modification) are not well 

understood. 

The neural pathways for song learning during the sensorimotor phase are 

well described (Nottebohm and Arnold, 1976; McCasland and Konishi, 1981; 

Bottjer et al., 1984).  The song control nucleus HVC receives auditory input and 

sends efferents to the two pathways critical for song production and learning.  

The motor pathway consists of HVC and one of its efferent targets, RA (the 

Robust Nucleus of the Arcopallium), an avian analog of motor cortex. The motor 

pathway is critical for song production and temporal patterning of the song, but it 

is not considered as critical for song learning as the Anterior Forebrain Pathway 

(AFP).  

 The second set of neurons in HVC project to Area X, a basal ganglia 

homologue, which is the input to the AFP.   Area X is one of the three song nuclei 

in the AFP, a well-characterized basal ganglia thalamo-cortical loop, which is 

critical for song learning. Area X sends inhibitory projections to the medial 
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dorsolateral nucleus of the thalamus (DLM), which, in turn, sends excitatory 

efferents to the lateral magnocellular nucleus (LMAN; cortical).  LMAN and HVC 

share the same output nucleus, RA, which projects to motor neurons in the 

brainstem to drive vocalizations.   Given that activity in LMAN is modulated by 

social interactions in adults; LMAN shows more precise firing when animals sing 

directed song (to a female, or other audience) when compared to activity during 

undirected song.  Therefore, adult songs are composites produced by the 

integration of LMAN and HVC activity within RA (Thompson & Johnson, 2011).   

The AFP is required for song learning; lesions to Area X prevent juvenile 

songs from progressing towards a match to a tutor model, leaving them in a 

perpetually variable state (Sohrabji et al., 1990; Scharff and Nottebohm, 1991). 

Conversely, song crystallizes when LMAN is lesioned, even if song is still in an 

immature state (Bottjer et al., 1984; Kao and Brainard, 2006).  These data 

implicate LMAN, and the AFP, in the generation of variability that is necessary for 

trial-and-error learning.   

Early in the sensorimotor phase, initial vocalizations (referred to as 

subsong or babbling and characterized by highly variable, unpatterned sounds) 

are primarily generated by LMAN, without input from HVC (Aronov et al., 2008). 

However, by the conclusion of sensorimotor learning, patterning of song is 

controlled by the motor pathway.  HVC input to RA is weak during subsong; the 

projections are present but synapses are sparse (Mooney, 1992; Foster and 

Bottjer, 1998).  However, at the time of song crystallization, anatomical changes 

in both HVC and LMAN result in a ratio of HVC:LMAN synapses on RA neurons 
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of ~2:1 (Herrmann and Arnold, 1991).  

How is variability in the AFP restricted in adults? Does input from HVC 

modulate activity in the AFP? The role of the motor pathway in song learning is 

difficult to determine, in large part because lesions to HVC prevent vocalization 

(Nottebohm et al., 1976).  Longitudinal studies using multi-unit recordings have 

explored the role of HVC in song learning.  Activity in HVC is developmentally 

regulated; in juveniles, HVC is characterized by bursts of population activity that 

begin before and outlast the vocalization.  In adults, HVC activity is more tightly 

correlated with song production.  The change in HVC burst duration is correlated 

with song maturation (Crandall et al., 2007a).  In addition, bursts in HVC are 

correlated with spectral and temporal stability during singing, and decrements in 

HVC activity are correlated with plasticity in syllable structure (Day et al., 2008; 

Chapter 2).  This change in HVC activity may restrict plasticity during 

sensorimotor learning (Day et al., 2008).  Collectively, these data point to HVC as 

a node of control of sensorimotor development in the song system.  

 The microcircuitry of the adult HVC has been described (Mooney and 

Prather, 2005), but many details remain unresolved.  For example, interneurons 

in HVC are poorly understood, and their interactions with each other and with the 

projection neurons. The roles of HVC output neurons (HVCX and HVCRA) during 

singing and auditory playback in adults have been better characterized (see 

Chapter 1; (Mooney, 2000; Hahnloser et al., 2002; Mooney and Prather, 2005; 

Kozhevnikov and Fee, 2007), but their activity has been inferred using serial, 

paired recordings.  The neural control of song production cannot be fully 
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understood until an understanding of how networks of neurons in song system 

nuclei interact with each other to produce a complex, stereotyped behavior.  In 

addition, understanding how relationships among neurons in HVC change during 

learning has important implications for development of neural networks and 

critical period plasticity. 

To monitor developmental changes in ensembles of cells in HVC and to 

capture dozens of pairs of simultaneously recorded neurons of different types, 

we recorded HVC activity in juvenile and adult birds with an extracellular 4-

tetrode array.  We paired tetrode recording with antidromic stimulation to identify 

individual projection neurons (Day et al., in press). We previously found that both 

types of projection neurons are active in bursts in adults (Day et al., in press).  

Here we ask how the overall population of single units and how smaller 

subpopulations of cells change with development.  We characterized cells in 

juvenile and adults based on their functional interactions with other cells in the 

network.  One set of cells was asynchronous and did not fire in population bursts 

with other units.  Coherence measurements demonstrated that these cells were 

functionally inhibitory.  Inhibitory interneurons are involved in network oscillations 

and synchrony, detecting sensory input, experience-dependent refinement of 

local circuits (Benes and Berretta, 2001; Belmonte et al., 2004; Gonzalez-Burgos and 

Lewis, 2008; LeBlanc and Fagiolini, 2011).  We saw differences in the waveforms, 

timing, and bursting properties of these groups in juveniles and adults.  In 

addition, we observed that the identified population of cells that project to the 

AFP pathway change with development.  These changes may reflect an 
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important role that basal ganglia-projecting neurons play in regulating activity in a 

basal ganglia-thalamo-cortical loop, and/or transmitting an efference copy for a 

forward model of motor learning and control.  

METHODS 

Fifty-two (age 45-61 days; in the middle of the sensorimotor stage of song 

development) and 26 adult (>120 days) male zebra finches (Taeniopygia guttata) 

were subjected to surgical and recording methods described by Day et al. (2011; 

Chapter 4).  Briefly, birds were anesthetized with intramuscular injections of 

urethane.  Craniotomies over right hemisphere brain regions (HVC, Area X, and 

RA) were made using established coordinates; a headpost and a reference 

electrode were cemented in place. 

Following the preparatory surgery, the animal was moved into a sound-

attenuating chamber (Industrial Acoustics Company, New York) on an air table.  

Once the animal was secured by the headpost, a bipolar stimulating electrode 

(FHC, Bowdoin, ME) (300-500 kΩ impedance) was inserted 0.9-1.4 mm at a 30˚ 

angle into RA under the control of a microdrive (Siskiyou, Grants Pass, OR). A 

bipolar stimulating electrode (FHC, Bowdoin, ME; or custom-made using 200µm 

telflon-coated tungsten) was inserted into Area X at a depth of 3600-4600 µm.    

Recording and electrical stimulation 

Ensembles of single units in HVC were recorded using a 4-tetrode array 

(A4x1; Neuronexus Technologies, Ann Arbor, MI) linearly distributed within HVC.  

A 16-channel headstage preamplifier (10x) fed signals into a 16-channel AC 

amplifier (Model 3600, A-M Systems, Sequim, WA) and were amplified an 
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additional 1000x.  Signals were filtered (300-10,000 Hz) and acquired at 22.05 

kHz using the custom-written Matlab (Mathworks, Natick, MA) software.  In a 

subset of animals, one or two channels were filtered 1-10,000 Hz to collect local 

field potentials.     

To identify projection neurons to RA or Area X using antidromic 

stimulation, single, monophasic electrical pulses of 200 µs duration were 

delivered at a rate of 0.5 Hz. Stimulation intensity (20 - 400 µA) was gradually 

increased until reliable spikes were observed in HVC.  Collisions were also 

obtained in a subset of sessions to verify their efferent targets.   

Spike Sorting 

Multiple spikes on the same tetrode were sorted using automatic 

clustering followed by manual checking of each cluster.  Following each 

recording, spikes were identified using custom software if they crossed a 

relatively low, predetermined threshold (mean + 4 SD; calculated independently 

on each channel for each recording session).  22-point (~1-ms) spike waveforms 

and their corresponding timestamp were used for clustering. Features of 

thresholded waveforms (for each channel: Energy, Derivative of Energy, and 

First Principal Component) were then calculated (MClust, A.D. Redish) and 

subjected to unsupervised clustering using KlustaKwik (K. Harris, Rutgers, 

http://klustakwik.sourceforge.net).  The initial preclusters identified by KlustaKwik 

were manually checked and occasionally combined or split, using MClust 3.5 

(A.D. Redish; http://redishlab.neuroscience.umn.edu/MClust/MClust.html) in the 
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Matlab environment.  Clustering was performed either on a Dell PC or blade 

server with a 64-bit processor and Windows XP. 

Four criteria were used to determine cluster quality to ensure that sorted 

spikes accurately reflected single units.  Clusters that did not pass all criteria 

were discarded.  The four criteria for cluster quality were: (1) L-ratio score < 0.1; 

(2) Isolation Distance >16; (3) less than 1% violations of a 1-ms refractory period; 

and (4) visual separation of the cluster from “noise” and other clusters on at least 

2 (of 12) dimensions.  

Identification of clustered antidromic single units 

All units used for further analysis, including those identified by antidromic 

stimulation, met the criteria described above.  Antidromic, collided, and 

spontaneous spikes coclustered.  Spike times for events occurring after 

stimulation were used to identify fixed latency spikes and to calculate latency 

time and latency variability relative to the stimulus.  Antidromic latency was 

defined as the mean time from stimulation to the peak of the action potential for 

at least 10 trials.  Latency variability was defined as the standard deviation of the 

latencies.  The latency variability cut-off for identification of unit as a projection 

unit was set at <125 µs unless collision were available. 

Calculation of spike parameters 

To analyze changes in the population of HVC neurons during 

development, we quantified properties of spike waveforms (e.g. spike width, 

amplitude, asymmetry), spike timing (e.g. interspike interval distribution, 

instantaneous spike rate, overall firing rate, 95%ile ISI), and bursting properties 
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(e.g. burst duration, burst rate).  Spike width was measured at 25% peak 

amplitude (Rauske et al., 2003).  Burst duration was determined for each unit by 

calculating the length of each burst with varying maximum ISI cutoffs – 10 ms, 20 

ms, and 50 ms. Each burst contained at least 3 spikes. The burst rate was 

determined by dividing the number of bursts determined in each maximum ISI 

category by the trial length. 

Analyses of functional interactions and statistics 

Functional connectivity was assessed using coherence to measure 

correlated spontaneous activity between each set of two cells in each recording 

(Rosenberg et al., 1989; Kimpo et al., 2003). The coherence was calculated by 

normalizing the cross-correlation of two spike trains by the autocorrelation of both 

spike trains.  We used a 5 ms binning window to observe interactions between 

units up to delays of ±500 ms. Coherence is useful to evaluate spike time 

relationships, particularly in a ‘bursty’ nucleus such as HVC, because it corrects 

for overall firing rate and for bursting activity more than the cross-correlation 

alone.  The sampling error was estimated using the jackknife resampling 

technique (Thomson and Chave, 1991).  The jackknife is a non-parametric 

measure of variance and a reliable method for assessing confidence intervals. 

The jackknife is calculated by successively deleting each spike time in the spike 

train and recomputing the coherence. The jackknife is the variance of estimate of 

the cross-correlation.  Pairs of cells are considered significantly correlated if the 

coherence value exceeds three times the standard deviation, which corresponds 

to a 99% confidence level. Figure 1A plots the coherence of a single unit (HVCX; 
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T3C8) against 10 additional single units in the recording.  The coherence is 

plotted in black, and time = 0 is the time when the other unit fired.  Positive 

coherence values indicate that the activity of two cells is correlated (functionally 

excitatory); negative interactions suggest that the other cell functionally inhibits 

the HVCX.   

Unidentified individual units were classified based on their functional 

interactions with other units in the ensemble recorded simultaneously.  Pairs of 

cells were considered  “coactive” if they were significantly positively correlated at 

time = 0 using the coherence measure (Figure 1A). Anticorrelated units were 

identified as having more significantly negative interactions with other units in the 

recording than significantly positive interactions (Figure 1B).   

The Wilcoxon rank sum test was used to compare juvenile and adult spike 

parameters.  Significance was defined as P < 0.05. 

RESULTS 

Ensembles of single units were obtained in juvenile and adult zebra 

finches.  Fifty-two adult and 26 juvenile zebra finches were implanted with 

stimulating electrodes and a recording tetrode.  Of these, 42 adults and 18 

juveniles had antidromic units that fired reliably during the recording.  Sixteen 

adults and 10 juveniles had antidromic units that met our four criteria for cluster 

quality.   Antidromic units from 5 adults and 8 juveniles were discarded because 

their latency variability was >125 µs, and collision data were unavailable.  

Ultimately, 20 antidromic units in the adult (HVCX: 13; HVCRA: 7) and 17 units in 

the juvenile (HVCX: 11; HVCRA: 6) were used in our final analyzes.  
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The population of single units in HVC changes with development 

Activity in HVC is characterized by its bursts of population activity that 

involve multiple neurons (Schmidt and Konishi, 1998; Crandall et al., 2007a; Day 

et al., 2009; Shank and Margoliash, 2009).  We analyzed 213 individual single 

units in the adult and 219 single units in the juvenile to assess overall changes 

during development in a heterogeneous population of cells.   

Changes in bursting occur with development (Day et al., 2009). Qualitative 

comparisons of population activity showed that population bursts in HVC were 

longer in adults and there was a change in the spiking activity of HVCX units 

(Figure 2).  The example shown in Figure 2 summarizes the changes that we 

observed in HVC in juvenile and adult animals in different subpopulations of 

cells. To determine how the overall population of cells in HVC changed with 

development, we overall firing rate, and bursting properties (e.g. burst duration, 

burst rate) for each unit.We found that burst duration (maximum interspike 

interval =20 ms) increases with development (Figure 3C).  

Coactive neurons were defined as those neurons that had more 

significantly positive coherences with other neurons in the same recording than 

significantly negative at t = 0-5 ms.  We found that neurons that were coactive 

with the population increased the duration of their bursts with development (Max 

(ISI) within the burst = 20 ms; Juv (113 units): 10 ms, IQR: 8-14 ms; Ad (118): 12 

ms, 10-14 ms; Rank Sum, p < 0.0029). 
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HVCX units change with development 

To determine if specific populations of cells changed their burst durations 

with development, we compared the burst duration (maximum ISI = 20 ms) of 

HVCX and HVCRA in juveniles and adults. HVCX cortico-basal ganglia projection 

neurons increased their burst durations with development (Juv (11): 6 ms, 5-8 ms; Ad 

(13): 9 ms, 8-12 ms; p < 0.007).  The burst duration of RA-projecting cortico-cortical 

neurons was not different in juveniles versus adults (Juv (6): 10 ms, 8-15 ms; Ad (7): 9 

ms, 9-11 ms; Rank Sum, p = 1).   

‘Anticorrelated’ units in juveniles have prolonged bursts 

Figure 4A-B shows the activity of a subpopulation of cells in juveniles and 

adults that we characterized as being ‘anticorrelated’ relative to overall 

population activity in HVC.  We observed that some units tended not to fire within 

population bursts, and appeared to fire independently of the rest of the circuit.  

To class these cells, we identified them based on their functional interactions with 

other units based on coherence measurements (Figure 1B).  Anticorrelated units 

were defined as having more significant negative interactions at time = 0 (the 

time at which the other cell fired) than positive interactions. These coherence 

calculations indicate that these cells are functionally inhibitory.  We have found 

that the percent of recorded neurons that are functionally inhibited (as defined by 

significant negative coherence at t = 0-5 ms) by single anticorrelated neurons 

increases with development (Juvenile (33 anticorrelated units): 35%, IQR: 21-

46%; Adult (22): 48%, 33-59%). 
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We quantified the burst duration of anticorrelated units in juveniles and 

adults.  In contrast to the findings in single units that tended to fire with the 

population, the anticorrelated neurons did not increase their burst durations with 

development, and, in fact, decreased their burst durations if measure with a 50-

ms maximum ISI (Figure 4F, N: Juv = 33, Ad = 25). These neurons changed their 

activity patterns from a regularly-firing beating style to a burst-pause phenotype.  

This is best exemplified by the 95th percentile ISI.  This is a conservative 

estimate of the maximum ISI and will be lower in neurons that cannot shut up 

and tend to fire regularly in a beating pattern. Juvenile anticorrelated neurons 

had a significantly lower 95th percentile ISI (Fig. 4C). The overall firing rate is 

greater in juveniles than in adults (Figure 4D), but overall firing rates vary 

considerably in juveniles (4F-G). The maximum firing rate of anticorrelated cells 

in adults is ~15 Hz; 19 of 25 anticorrelated units in the adult have overall firing 

rates less than 5 Hz.  The remaining 6 units have median firing rate of 12 Hz.   In 

juveniles, 3 of 33 of the anticorrelated units fire with a median firing rate of 41 Hz, 

and 19 of 33 have overall firing rates greater than 5 Hz.     

DISCUSSION 

This study investigated changes among single units in the song control 

nucleus HVC.  These data provide evidence that there are overall developmental 

changes in the HVC network. In addition, we report changes in HVCX units that 

provide input to the AFP, which is critical for song learning.  This finding further 

implicates HVC as brain region that is not only critical for song production, but 

also for song learning.  



 

 

 

130 

Network population activity can be analyzed using ensembles of single units 

Changes in neural activity during development have primarily been 

studied at using serial single unit recordings or longitudinal multiunit recordings 

(Nick and Konishi, 2005b; Crandall et al., 2007a; Day et al., 2008, 2009). 

Analyzing large ensembles of single units from tetrode recordings from animals 

during sensorimotor learning or in adult animals provides unique insight into how 

populations of cells are changing during development.  Previous work using 

longitudinal multiunit recordings during singing have already shown that HVC 

premotor population bursts, which are dominated by interneuron activity (Rauske 

et al., 2003; Crandall et al., 2007a), are developmentally regulated (Crandall et 

al., 2007a; Day et al., 2009) and are correlated with behavioral stability, 

millisecond-by-millisecond (Day et al., 2008). Our data show that ensembles of 

single units show developmental changes that reflect the increased burstiness 

observed in adult animals.  Though developmental changes can be inferred 

using serial single unit recordings, there is great power in analyzing 

developmental changes at the level of the network.   

Cortico-basal ganglia communication changes with development 

We have previously found that both types of HVC projection neurons are 

coactive in bursts with multiple other neurons under anesthesia (Day et al., in 

press), Chapter 4). Overall, we have found that the burst duration of all single 

units increases with development; HVCX units display similar patterns of activity. 

These data suggest that HVCX units may be involved in neural changes that are 

important for stabilizing song. 
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The role of HVC in learning is difficult to ascertain; lesioning HVC 

eliminates all subsequent vocalizations (Nottebohm and Arnold, 1976).  

Therefore, evaluating HVC’s role in learning must be determined by investigating 

its output to the motor and anterior forebrain pathways.  How Area X and its 

downstream nuclei influence vocalization is ongoing research in many birdsong 

laboratories.   

However, one important question is: How is behavioral plasticity limited in 

the AFP?  Our data provide direct evidence that HVC may be controlling the AFP 

by modulating the output of basal ganglia-projecting neurons, supporting a 

hypothesis from Day et al. (2008) (Chapter 2).  These data suggest that the 

signal to the AFP changes with song development.  Increased activity to the AFP 

results in greater inhibition to LMAN and may decrease a “variability” signal that 

is conveyed to RA, the common output of the motor pathway and the AFP.   

The input to RA is primarily from LMAN in juveniles, and from HVC in 

adults (Herrmann and Arnold, 1991; Aronov et al., 2008).  This change in input to 

RA could result from multiple mechanisms.  One hypothesis is that HVC could 

drive RA more strongly in adults. However, HVC activity and its prediction of 

variance in song (Day et al. 2008) suggested that HVC may be entraining the 

AFP via HVCX projections. Data from this study reinforces that hypothesis by 

demonstrating that bursts to the AFP are greater in adults than in juveniles 

The Anterior Forebrain Pathway has long been known for its role in 

learning during the sensorimotor phase in zebra finches, because lesions to the 

AFP stall vocal development.  Therefore, understanding the signal it receives is 
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critical in resolving the neural mechanisms that drive learning.  One signal that 

has been studied in detail is the auditory signal transmitted during singing and 

listening. HVCX neurons are the sole source of auditory input to the AFP.  These 

cells fire precisely to auditory stimuli, and their activity is shaped by interneurons 

(Mooney & Prather, 2005).  Given that HVCX are active during both singing and 

listening to BOS, it has been suggested that they may transmit an efference 

copy, a predictive signal of motor output (Prather et al., 2008, Troyer & Doupe, 

2000a).  Our data, which is collected in the absence both singing and listening, 

show that there are changes in spontaneous discharge of HVCX neurons, which 

will be interesting to explore in greater detail in the future.  

Anticorrelated units may regulate critical periods 

In addition to identifying projection neurons to both efferent targets of 

HVC, we also classified a population of cells that are ‘anticorrelated’ with the 

projection neurons and other population neurons.  This group of putative 

interneurons functionally inhibited large percentages of other neurons juveniles 

and adults.  These putative inhibitory interneurons are of special interest, 

because their burst properties are altered throughout the sensorimotor phase of 

vocal learning and they have high firing rates. In addition, GABAergic 

interneurons detect changes in sensory input (Fagiolini et al.,  2004), regulate 

excitability of glutamatergic pyramidal neurons (Rudolph 2007), refine local 

cortical circuits (Hensch 1998) and influence cortical development (Wang & 

Kriegstein, Zheng & Knutsen 1999) and synchronize brain regions (Galaretta & 

Hestrin 2001; Gonzalez-Burgos & Lewis 2008, Tamas 2000). Many 
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neurodevelopmental disorders are though to derive from alterations in cortical 

inhibitory tone, including autism, Tourette’s syndrome, and schizophrenia 

(Hensch et al., 1998; Zheng and Knudsen, 1999; Tamas et al., 2000; Galarreta 

and Hestrin, 2001; Fagiolini et al., 2004; Di Cristo, 2007; Rudolph et al., 2007; 

Gonzalez-Burgos and Lewis, 2008; Wang and Kriegstein, 2009). 

Prolonged bursting is a characteristic of developing sensory systems 

during a sensitive period (Hensch, 2005).  Prolonged discharge is thought to 

reflect an immature state of neural circuitry; increased inhibitory interneuron 

activity may indicate the onset of experience-dependent plasticity. Facilitation of 

GABA neurotransmission decreases the incidence of prolonged bursts in mature 

sensory systems (Fagiolini and Hensch, 2000).  A population of units that had 

prolonged bursting and fired at very high rates during singing was observed in 

the awake, behaving zebra finch (Crandall et al., 2007a).  These units had both 

pre- and post-motor activity in juveniles, but not in adults, and responded to 

auditory stimulation.  Although we are unable to observe their spiking properties 

in awake animals, anticorrelated cells observed in our recordings share similar 

properties to these putative fast-spiking, inhibitory interneurons; particularly a 

small group of cells that fire at extremely high rates (Figure 4G).  Reponses to 

auditory feedback in anesthetized birds may illuminate the role of these cells in 

gating sensory information in HVC.  Since these cells are functionally inhibitory, 

the decrease in burst duration and spike rate is consistent with the 

developmental increase in burst duration of the HVC coactive population and 

may be causative.  It is possible that the effect of the anticorrelated neurons on 
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the population may increase with development due to increased synaptic efficacy 

and/or correlated firing among anticorrelated neurons, either of which could be 

enhanced by perineuronal nets (Hockfield and McKay, 1983; Zaremba et al., 

1989; Dityatev et al., 2007).  

This chapter sheds light on the neural changes that accompany 

sensorimotor learning in a critical period.  Critical periods are characterized by 

prolonged bursting, expression of the calcium binding protein parvalbumin that is 

characteristic of fast-spiking neurons, the presence of extracellular matrix 

structures perineuronal nets (PNNs) (Hockfield and McKay, 1983; Sur et al., 

1988), and changes in the excitatory-inhibitory balance (Hensch, 2005).  

Perineuronal nets are thought to stabilize sensory circuits and affect neuronal 

excitability (Hockfield and McKay, 1983; Zaremba et al., 1989; Dityatev et al., 

2007). Maximal perineuronal net expression occurs in all seven song nuclei by 

the time song crystallizes and PNNs in the song nucleus HVC predict song 

maturity (Balmer et al., 2009).  Although anticorrelated units share similar 

characteristics with other fast-spiking interneurons in developing sensory 

systems, it will be critical to determine whether these cells are A) parvalbumin-

positive and/or B) surrounded by PNNs.   

Next steps 

Combining tetrode recordings with antidromic stimulation is a powerful 

approach to studying circuit development in a sensorimotor system.  Using this 

technique we are able to monitor multiple populations of neurons within HVC and 

the spike time relationships among them.  These studies uncover changes in 
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different populations of cells that would be impossible to study using other 

techniques.  Implementing coherence to determine functional connectivity is 

necessary to identify subpopulations of cells that have similar effects on other 

neurons.  

In addition to providing insight into developmental changes, these data 

also raise a number of interesting questions:  What intrinsic or extrinsic changes 

in HVCX account for the changes we observe?  As the synaptic partners of HVCX 

neurons, how do interneurons or HVCRA cells shape their activity? How does 

auditory playback change the activity of these different types of neurons?  

Finally, are the fast-spiking, prolonged bursting putative interneurons that alter 

their activity during development surrounded by perineuronal nets?  These 

questions, and others, will elucidate neural mechanisms of vocal learning during 

a critical period, as well as provide insight into cortical development and learning 

in general. 
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Figure 1. Coherence identified functionally coactive units and functionally anticorrelated 
units.  
Coherence plots show the correlated activity between units in HVC. Coherence was calculated in 
5 ms binning windows and a jackknife estimated the variance. A) Units were identified as 
‘coactive’ if the activity (black) at time = 0 ms significantly positive jackknife (red). Activity is 
plotted as the activity of the indicated unit (T3C8) relative to the spike of the other unit. The adult 
HVCX unit is coactive with other units in HVC. B) Example coherence plots of an ‘anticorrelated’ 
unit in an adult. Activity is plotted as the activity of the indicated unit (T1C5) relative to the spike of 
the other unit. Anticorrelated units were identified as having more significantly negative 
interactions with other units in the recording than significantly positive interactions. Data are from 
Orange-491; age 264. 10 representative of 36 available coherence plots are displayed. 
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Figure 2. Representative spontaneous activity in juvenile and adult zebra finches. 
Raster plots show the activity of a subset of identified or characterized units and their spiking 
events relative to the overall (summed multiple unit) population activity. A) Spontaneous activity in 
the juvenile has sparsely firing HVCX units, and a high firing rate unit that is anti-correlated with 
population activity. B) Activity in the adult HVC: an HVCX unit shows bursting activity in an adult, 
and a unit anti-correlated with the population activity. Scale bar is 500 ms. Data from juvenile O-
37, age 49 days and adult O-491, age 264 days. 
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Figure 3. HVCX units change their bursting activity with development. 
A – B) Raster plots show that multiple simultaneously recorded HVCX units have different firing 
patterns in juveniles and adults. C - E) Burst duration increases in the coactive population and in 
HVCX units during development. Burst duration of HVCRA units does not change. The burst 
duration in HVCRA does not change during development. Data are from juvenile O-37, age 49 
days and adult O-491, age 264 days. 
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Figure 4. HVC neurons whose spike trains were anticorrelated with the population, and 
thus appeared to be inhibitory, exhibited distinct and significant changes with 
development. 
A – B) Anticorrelated units in juvenile and adult finches do not spike with the rest of the 
population. C) The 95th percentile ISI increases with development, indicating that there are longer 
pauses between bouts of activity.  D) The firing rate of these anticorrelated neurons decreases 
with development.  (C) The duration of bursts with a 20-ms maximum ISI, which increases with 
development in the coactive population and in HVCX neurons, does not change in anticorrelated 
neurons.  E) Consistent with an increase in spike rate and decrease in 95th percentile ISI, the 
burst duration with a 50-ms maximum ISI decreases with development in this putatively inhibitory 
class of neurons.F-G) Histograms show that there is a subpopulation of anticorrelated units that 
fire at very high rates. Data are from juvenile O-37, age 49 days and adult O-491, age 264 days.  
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Chapter 6  

Summary and Conclusions
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Throughout life animals must learn and adapt to their environment to 

ensure survival. Neural plasticity enables animals to appropriately respond to 

dynamically changing environments. However, once a desired behavior is 

achieved, the brain must restrict neural activity to retain this stable behavior. 

Critical periods are specific time windows in which the nervous system is 

receptive to a specific experience and are excellent windows in time to study 

the characteristics of neural plasticity and behavioral development. 

Birdsong is an excellent model for advancing our knowledge of speech 

acquisition that occurs during childhood in part because vocalizations are 

learned during a well-characterized critical period. This dissertation presented 

changes in neural activity that occur during a critical period for vocal learning in 

HVC, a sensorimotor brain region in the zebra finch.  These changes occur over 

a period of approximately three months as a young bird slowly shapes his song 

vocalizations to match those of his tutor using auditory feedback. HVC is critical 

for song production, and receives both sensory input and sends a motor signal 

to control song.  Thus, this brain area is positioned to play a key role during 

sensorimotor learning.  

Summary of experiments 

The foundation of this dissertation research comes from chronic 

recordings in awake, behaving (singing) birds. Previous studies have shown 

that, during singing, HVC population activity in juveniles precedes and outlasts 

a vocalization (Crandall et al., 2007b); in adults, HVC activity is very tightly 
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correlated to the song (McCasland and Konishi, 1981). By measuring the 

correlation in the activity in HVC to the song millisecond-by-millisecond, we 

were able to systematically assess how the activity in HVC changes during 

vocal development in tandem with song learning. Chapter 2 proposed a novel 

hypothesis that HVC might be involved in song learning by selectively 

stabilizing song behavior milliseconds at a time (Day et al., 2008). We found 

that bursts (time periods in which cells are exceptionally active) in HVC activity 

predict song stability on-line during singing, whereas decrements in HVC 

activity predict song variability. 

But why does it matter that weaker activity in HVC leads to higher 

variability in song? Behavioral experiments demonstrated that juvenile zebra 

finches sing less mature songs in the morning than they did the night before 

(Deregnaucourt et al., 2005). This finding, in tandem with previous results that 

HVC activity regulates song stability/variability (Chapter 2), led to the 

hypothesis that the difference in song stability from evening to morning to 

evening may be due to changes in HVC. Data presented in Chapter 3 

confirmed that HVC activity is weaker (less oscillatory power) in the morning 

and greater in the evening. However, we also observed that the pattern of HVC 

activity changes, such that there is increased ‘burstiness’ (greater oscillatory 

power) later in the day compared to the morning. This may reflect the 

increasing stability of small units of song over the course of the day. This 

increase in burstiness is only observed in juveniles. Adults show little to no 
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change in burstiness during the day or overnight. These results further 

implicated HVC as a brain region that may have a significant role in controlling 

song learning. 

Following the observation that the pattern of HVC activity is changing, we 

combined two well-established electrophysiology techniques to study changes 

in populations of HVC neurons during sensorimotor learning. Antidromic 

stimulation identified single units with known projection targets within 

ensembles of neurons in an intact forebrain region of the song system (Chapter 

4). As the output cells of HVC, the modulation of projection neuron activity 

during development is critical for our understanding of the role of HVC in song 

learning. How do the signals to the motor pathway differ from those to the 

anterior forebrain pathway? Is the activity of those cells shaped by other 

populations of cells in HVC? Chapter 5 detailed changes in two groups of cells 

– HVCX (input to the AFP) and a group of fast-firing putative interneurons. 

These changes are of significant interest because no studies have implicated 

that HVCX neurons provide an instructive signal to the AFP, and because the 

‘anticorrelated cells’ exhibit changes that are known to occur at the closure of 

critical periods.  

A model of top-down regulation of the AFP 

The AFP is critical for song learning in the zebra finch (Bottjer et al., 

1984; Kao et al., 2005; Olveczky et al., 2005; Aronov et al., 2008), but its input 

from HVC has not been thoroughly investigated. HVCX neurons have properties 
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that have been described as a possible “auditory-vocal mirror neurons”, 

because they are active during singing and listening, and transmit a delayed 

corollary discharge (Prather et al. 2008). Additionally, given that HVCX 

innervates a striatal structure that is important for song learning and perception 

(Scharff and Nottebohm, 1991; Scharff et al., 1998), it is not unreasonable to 

posit that control of AFP may be induced by a signal shaped within HVC. 

Chapter 2 proposed that bursts in HVC activity might control song 

variability and trial-and-error learning by entraining the AFP.  This hypothesis 

predicts that HVCX neurons change during development. Less activity of HVCX 

neurons may alter AFP activity.  We posit that HVCX neurons may entrain the 

AFP.  If HVCX neurons are less active, there will be less entrainment.   

Data from Chapter 4 strengthen the argument that HVCX neurons may 

play a critical role in limiting song variability, because we observed changes in 

the bursting properties of these cells that parallel changes in the population of 

cells as a whole.  The increase in bursting in HVCX neurons, but not in HVCRA 

neurons does implicate the HVC-X pathway as a possible signal to restrict 

variability. These findings do not conflict with HVC and RA’s proposed roles in 

coding the temporal pattern and structure of song in adults (Vu et al., 1994; 

Long et al., 2011).   

Behavioral variability in the song system may be restricted in RA from 

HVC projections or from LMAN projections, and/or both. LMAN drives initial 

vocalizations in the immature zebra finch (Aronov et al., 2008), but HVCRA 
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neurons drive crystallized song (Thompson et al., 2011). Potentially, increased 

HVC activity could more strongly drive the HVC projection to RA and thereby 

reduce behavioral variability. We showed in Chapter 2 that the relationship 

between HVC activity levels and the variance of song was differentially 

regulated during development. These results suggested a more interesting 

model: Increased HVC activity could entrain the activity of the AFP via HVC’s 

efferent connection to Area X.  

Critical period regulation 

We have found that populations of single neurons in HVC are changing 

during the sensitive period for sensorimotor learning.  However, little is known 

about the regulation of sensorimotor activity during critical periods and the 

behaviors they underlie. There are two characteristics of the plastic song 

system: 1) Fast-spiking putative interneurons fire before, during, and after song 

behavior during sensorimotor learning but not later in development (Crandall et 

al., 2007b) and 2) the presence of perineuronal nets around a subset of PV+ 

inhibitory interneurons in HVC (and other song nuclei) correlates with song 

stability (Balmer et al., 2009).  

Inhibitory neurons synchronize cortical networks and control the activity 

of excitatory neurons (Hasenstaub et al., 2005a; Cardin et al., 2009).  

Parvalbumin-positive interneurons, which are less than 8% of mammalian 

neocortical neurons (Xu et al., 2010), control cortical rhythms and, thus, circuit 

activity and function (Engel et al., 2001; Womelsdorf and Fries, 2007; Cardin et 
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al., 2009). In addition, changes in inhibition are critical for the closure of critical 

periods (Fagiolini and Hensch, 2000; Hensch, 2005). Data from Chapter 5 

demonstrate that the inhibitory tone in HVC is changing with development 

(decreases in the burst duration of functionally identified inhibitory 

interneurons).  Our data reflect changes solely in HVC, but do not preclude 

changes in other song control regions of the brain.  

In HVC, our data indicate that functionally inhibitory neurons are 

changing during their firing patterns. One mechanism that may alter the activity 

of these neurons comes from the appearance of perineuronal nets at the end of 

the sensorimotor phase (Balmer et al., 2009).  PNNs affect the electrical 

excitability of the neurons they surround (Hockfield and McKay, 1983; Zaremba 

et al., 1989; Dityatev et al., 2007), most prominently PV-positive fast-spiking 

neurons (Hartig et al., 1999). An addition, PNN expression is altered in animals 

that experienced sensory deprivation (Pizzorusso et al., 2002; Balmer et al. 

2009). Developmental cellular changes in HVC are reflected in premotor activity 

bursts that decrease in duration (Crandall et al., 2007a) and become stronger 

(Day et al., 2009) during the sensorimotor phase. These stronger bursts appear 

to stabilize behavior (Day et al., 2008, 2009). We speculate that the change in 

prolonged bursting in anticorrelated cells may result from the PNNs restricting 

excitability of these cells in adulthood. This may be one of many neural 

mechanisms that restrict plasticity during development. 
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How perineuronal nets and, more broadly, the extracellular matrix 

stabilize neural circuits and behavior is not known.  However, recent studies 

have suggested that effects of the ECM may be achieved at least in part 

through its effects on neuronal excitability, synaptic plasticity, dendritic function, 

and regulation of transmembrane proteins, including lateral stabilization of 

glutamatergic AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) 

receptors and modification of the magnitude and kinetics of calcium influx 

through L-Type calcium channels (Dityatev and Schachner, 2003; Dityatev et 

al., 2007; Frischknecht et al., 2009; Kochlamazashvili et al., 2010; Dansie and 

Ethell, 2011).  

One experiment that will directly test the influence of PNNs on the 

activity of HVC projection neurons and other neurons in the ensemble is 

applying ChABC to HVC to destroy the extracellular matrix using our tetrode 

setup.  This approach will allow us to directly determine the effects of PNNs on 

the HVC circuit. We predict that the duration of population bursts, including the 

activity of Area X-projecting neurons, will decrease and that the activity of 

neurons that fire anticorrelated with the HVC population will change from a 

burst-pause to a more regular beating pattern (the reverse of normal 

development). 

In awake, behaving juvenile zebra finches, one group of cells is activated 

by sensory stimulation (auditory playback).  These same cells also show 

prolonged bursts (Crandall et al., 2007a).  A second experiment using auditory 
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playback is also critical for our understanding of how single units interact in 

response to BOS or tutor song.  Playback experiments may reveal 1) how 

auditory stimulation shapes the activity of the circuit and 2) the influence of 

PNNs on the circuit during auditory playback. We will directly compare data 

from before and after ChABC application. Auditory-evoked activity in HVC is 

greater in sleeping or anesthetized animals than in awake animals (Schmidt & 

Konishi, 1998), so changes observed during auditory playback will require 

additional scrutiny. Nonetheless, examining network activity in the presence of 

auditory stimulation may reveal functional connectivity in HVC that is necessary 

for proper song learning.   

 Atypical development of interneurons is implicated in several 

neurodevelopmental disorders, including autism (Di Cristo, 2007), suggesting 

that understanding interneurons and their roles in plasticity will illuminate 

human disease (LeBlanc and Fagiolini, 2011; Gogolla et al., 2009). 

Interneurons and PNNs appear to have roles in the regulation of sensory critical 

periods (Hensch, 2005) and vocal learning in the songbird (Crandall et al., 

2007a; Balmer et al., 2009, Chapter 5).  Understanding neural changes in this 

cortical song nucleus that occur during the critical period has the potential to 

unmask similar changes that may occur in human infants and children, and may 

motivate therapeutic interventions in the future. 
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 Conclusion 

The studies in this dissertation have demonstrated that the cortical song 

nucleus, HVC, undergoes developmental changes and may be important for 

song learning. Data presented in this thesis indicate that HVC is not solely a 

participant in the motor pathway, but may entrain activity in the Anterior 

Forebrain Pathway to help instruct song learning during trial-and-error learning. 

Chronic recordings are especially useful to evaluate how overall population 

activity changes during development (Crandall et al., 2007a,b). However, 

similar developmental changes can be observed in the anesthetized animals 

from ensemble recordings using tetrodes. Though these methods diverge 

significantly from the standard serial single unit recordings that a number of 

laboratories use to study the neural control of vocal learning and production, 

they contribute valuable insight into how song learning occurs using a circuit 

level analysis.  

In nervous systems, inducing behavioral change in a dynamic 

environment is as necessary as it is to stabilize a particular behavior. My 

research has contributed to an improved understanding of how brain plasticity is 

regulated throughout the lifetime of an animal. Second, understanding how one 

brain area may influence the activity in another provides valuable insight about 

experience-dependent brain development. By improving our understanding of 

the neural mechanisms that underlie developmental changes in sensorimotor 

learning, we can better understand abnormalities in disease models.  
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