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Abstract 

While learning in response to extrinsic reinforcement is theorized to be driven by 

dopamine signals that encode the difference between expected and experienced rewards, skills 

that enable verbal or musical expression can be learned without extrinsic reinforcement. Instead, 

spontaneous execution of these skills is thought to be intrinsically reinforcing. Whether dopamine 

signals similarly guide learning of these intrinsically reinforced behaviors is unknown. Juvenile 

zebra finches are distinguished by their ability to copy the song of an adult tutor, a spontaneous, 

intrinsically reinforced process. Here, I use the zebra finch as a model system to study the neural 

mechanisms that operate within a song-specialized region of the basal ganglia (sBG) to enable 

this remarkable form of motor learning. Using in vivo microdialysis and computational methods 

to quantify juvenile song development, I first determined that dopamine (DA) signaling in the 

sBG is necessary for song learning. Using genetically encoded DA sensors and fiber photometry, 

I showed that DA dynamics in the sBG faithfully track the learned quality of juvenile song 

performance on a rendition-by-rendition basis. Consequently, my experiments provide 

compelling evidence that DA functions in the sBG as a reward prediction error-like signal to 

drive song learning, a process that evolves spontaneously and does not depend on extrinsic 

reward or punishment. Furthermore, I found that DA release in the sBG is driven not only by 

inputs from midbrain DA neurons classically associated with reinforcement learning but also by 

song premotor ñcorticalò inputs, which act via local cholinergic signaling in the sBG to elevate 

DA during singing. While I was able to show that both cholinergic and dopaminergic signaling in 

the sBG are necessary for song learning, I further found that only DA tracks the learned quality of 

song performance. Therefore, dopamine dynamics in the basal ganglia encode performance 

quality to drive self-directed and long-term learning of natural behaviors. 
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1. Introduction  

 Learning occurs when behavior changes in response to reinforcement (Thorndike, 1905). 

Theories of reinforcement learning posit that this process is driven by a discrepancy between 

expected and experienced rewards ð the reward prediction error (RPE) ð long identified with 

dopamine (DA) release in the basal ganglia (BG) (Gershman & Uchida, 2019; Schultz, Dayan, & 

Montague, 1997). Yet while many impressive forms of motor learning, including the imitative 

learning that gives rise to speech or musical expression in humans, are also thought to rely on this 

mechanism, they do not depend on extrinsic reward or punishment; instead, the spontaneous 

execution of these skills is believed to be intrinsically reinforcing (Blain & Sharot, 2021; Wood, 

2021). One hint that DA may convey an RPE-like signal in these types of learning is that DA 

dynamics in the BG of the mouse correlate with and can reinforce spontaneously executed 

movements (Markowitz et al., 2023), although how this process is organized into self-directed 

and long-term learning of natural, adaptive behaviors is unknown.     

A juvenile male zebra finch ñpupilò memorizes and then vocally imitates the 

multisyllabic song motif of an adult male ñtutor" in a process with many parallels to speech and 

music learning (Doupe & Kuhl, 1999; Mooney, 2022; Sakata, Woolley, Fay, & Popper, 2020). 

Successful song learning, which is ultimately essential to the pupilôs reproductive success, 

depends on an extended period of vocal practice, known as sensorimotor learning, during which 

the juvenile sings tens to hundreds of thousands of song renditions over many weeks (Brudner, 

Pearson, & Mooney, 2023; Derégnaucourt, Mitra, Fehér, Pytte, & Tchernichovski, 2005; Goffinet, 

Brudner, Mooney, & Pearson, 2021). Remarkably, sensorimotor learning proceeds without any 

reinforcement other than the juvenileôs experience of listening to its own song (Eales, 1985; Price, 

1979), suggesting that singing is intrinsically reinforcing.  
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A major locus of sensorimotor learning is a song-specialized region of the basal ganglia 

(sBG) that is active during singing but not other behaviors and is a primary target of 

dopaminergic signaling (Feenders et al., 2008; Hisey, Kearney, & Mooney, 2018; Person, Gale, 

Farries, & Perkel, 2008; Singh Alvarado et al., 2021), greatly simplifying the study of how DA 

signaling contributes to a complex form of imitative motor learning. Notably, in adult finches, the 

DA neurons in the midbrain ventral tegmental area (VTA) that innervate the sBG encode an RPE-

like signal in response to syllable-triggered noise (Gadagkar et al., 2016), and performance-

contingent optogenetic manipulation of this input can be used to alter the fundamental frequency 

(pitch) of a target syllable (Hisey et al., 2018; Xiao et al., 2018). Unlike adult pitch learning, 

however, sensorimotor learning in juveniles involves simultaneous changes across many acoustic 

dimensions for each syllable, and syllables are executed in a rapid sequence, all without external 

reinforcement. Moreover, local DA release is affected by factors other than the activity of VTA 

cell bodies (Kramer et al., 2022; Liu et al., 2022; Mohebi, Collins, & Berke, 2023), raising the 

question of whether DA dynamics in the sBG encode an RPE-like signal during juvenile learning, 

and whether this signal is indeed predictive of future learning.  

In my thesis, I will focus on the role of DA released in the sBG during juvenile birdsong 

learning, a non-canonical circuit mechanism involving acetylcholine (ACh) that regulates DA 

release, and how these two neuromodulators contribute to vocal learning. Before stepping into the 

results, in the remainder of this chapter I will first review the fundamental knowledge about 

birdsong learning, theories in the machine learning field, the zebra finch song system, and ACh-

DA interactions in mammalian basal ganglia. 
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1.1 Birdsong learning: a brief introduction 

Oscine songbirds belong to the suborder Passeri of the perching birds (Passeriformes), 

which contains over 4000 species. The zebra finch (Taeniopygia guttata), native to Australia, is 

one of the most well-studied songbirds in the laboratory. The adult zebra finch song is usually 

composed of 3 to 7 distinct syllables, each lasting around 50 to 150 milliseconds. The syllables 

are arranged in a relatively fixed sequence to form a motif, and multiple motifs are produced in 

rapid succession during a song bout (Price, 1979) (Figure 1). 

 

Figure 1: An example spectrogram of a zebra finch song. 

This song is composed of introductory notes (i) and 3 motifs, each motif contains 

syllables ABCDEF. Scale bar: 1 kHz, 100 ms. 

1.1.1 Juvenile song learning 

Like human infants learning how to speak, a male zebra finch juvenile also needs to learn 

from a tutor (usually his father) (Immelmann, 1969; Price, 1979). Normal development of speech 

and birdsong requires both auditory experience of the tutor, and extensive auditory feedback-

dependent vocal practice. The song learning of juvenile zebra finches consists of two stages 

corresponding to the two elements mentioned here: a sensory learning phase, and an ensuing 

sensorimotor learning phase (Figure 2).  
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The sensory learning phase in juvenile zebra finches usually occurs ~25 to 60 days post 

hatch (dph). At this stage, the juvenile needs to listen to the tutor song repeatedly to form a 

memory of this experience, which is commonly referred to as a song template. The sensory 

learning phase in songbirds shares many common features with some forms of sensory imprinting 

in mammals. There is a critical period during sensory learning. After the critical period, even if 

the juvenile hears the song, he will not be able to form a template and will not be able to learn to 

sing a wild type song (Immelmann, 1969; Thorpe, 1958). The formation of song templates during 

the sensory learning stage proceeds very fast. Juveniles are able to memorize the tutor song 

template and use it for the next step sensorimotor learning with a limited amount of exposure (as 

few as forty times per day) to the song (Tchernichovski, Lints, Mitra, & Nottebohm, 1999). This 

is quite remarkable considering the multi-dimensional spectrotemporal characteristics of adult 

song structure.  

The sensorimotor learning phase usually occurs from ~40 to 90 dph. Different from the 

relatively fast sensory learning phase, sensorimotor learning depends on an extended period of 

vocal practice during which the juvenile sings tens to hundreds of thousands of song renditions 

over many weeks. It is worth noting that the sensory learning phase and the sensorimotor learning 

phase in zebra finches have an overlap of ~20 days (40-60 dph). However, in some other species 

of songbird, like the white-crowned sparrow, the sensory learning and sensorimotor learning 

phases do not overlap and can in fact be separated by 8-10 months. Experiments that artificially 

delay sensorimotor learning in zebra finches reveal that a common feature of sensory learning is 

the formation of a long-lasting auditory memory of the tutor song (Funabiki & Konishi, 2003; 

Marler & Peters, 1981).  
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The initial stage of sensorimotor learning is called subsong, which contains a series of 

noisy and disorganized vocalizations reminiscent of human infants babbling (Aronov, Andalman, 

& Fee, 2008). After subsong is the plastic song stage, which requires intensive vocal practice and 

contains identifiable sequences of syllables which show some similarities with the tutor song. 

Unlike the highly stereotyped adult song, the bout-to-bout variability of plastic song is very high. 

The sensorimotor learning phase ends with song ñcrystallization,ò resulting in song that is highly 

stereotyped from bout to bout and in which the structure and sequence of syllables within the 

motif closely resemble the tutor song (Derégnaucourt et al., 2005). 

Although further auditory experience of the tutor song is not necessary during 

sensorimotor learning, the juvenile must be able to hear its own song to engage in successful 

sensorimotor learning. The long temporal separation of the sensory and sensorimotor learning 

phases in white-crowned sparrow has helped to illuminate the role of auditory experience in 

sensorimotor learning. Deafening of white-crowned sparrows in the gap between the two learning 

phases significantly impaired song development, indicating that auditory feedback is required 

during the sensorimotor learning phase (Konishi, 1965). Moreover, even the crystallized adult 

songs of adult zebra finches still rely on auditory feedback - the songs of adult zebra finches 

deteriorate several weeks after bilaterally removing the cochlea (Lombardino & Nottebohm, 2000; 

Nordeen & Nordeen, 1992). Therefore, continued auditory input is necessary to maintain the 

patterns of neural organization supporting learned song in zebra finches.  

A noteworthy feature is that sensorimotor learning depends on the juvenile listening to its 

own vocal practice and comparing its song with the song template but does not require any kind 

of external reward or punishment, including even any social interactions with other birds. This 

property makes the juvenile zebra finch a well-suited model organism to study internally guided 
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learning. However, our knowledge about the underlying neural mechanism remains limited so far. 

One reason is the complexity of sensorimotor learning, which involves tens or hundreds of 

thousands of songs that change across many acoustic dimensions for each syllable. A long-

standing technical issue to analyzing this process is the lack of tools to quantify the specific 

spectrotemporal changes that juvenile birds make to match their tutor. Previous approaches for 

analyzing song learning have relied on hand-picked acoustic features (like loudness, entropy 

variance, similarity to tutor song) (Aronov et al., 2008; Derégnaucourt et al., 2005; Hisey et al., 

2018), which may be poorly suited to measure the multi-dimensional changes that occur over 

sensorimotor learning. 

  

 

Figure 2: Timeline for the zebra finch song development. 

The sensory learning phase occurs from ~25 to 60 dph and the sensorimotor learning 

phase occurs from ~40 to 90 dph. The lower panel shows examples of a tutorôs song and the 

pupilôs subsong, plastic song, and crystallized song, respectively. Scale bar: 1 kHz, 50 ms. 

1.1.2 Adult song: residual variability and pitch learning 

Despite the stereotyped nature of the crystallized song, there is still some remaining 

variability (Derégnaucourt et al., 2005). Most of this residual variability manifests as subtle 
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differences in acoustic features, including fundamental frequency (i.e., ñpitchò), duration, and 

amplitude, of individual syllables from motif to motif. The amount of variability of the adult song 

also depends on the social context: while the female is absent, the male sings a more variable 

ñundirectedò song; in the presence of female, the male sings a less variable ñdirectedò song 

(Sossinka & Bohner, 1980). The different levels of variability in these two types of song resemble 

differences in variability between practice and performance of musical or athletic skills: during 

practice, the subject generally play more casually, and even some mistakes are not important; 

while during performances, subjects will try their best to accurately control every movement to 

achieve perfection. Previous studies in zebra finches have shown that females prefer the less 

variable directed song to undirected song (Woolley & Doupe, 2008), and such motor variability is 

controlled by certain brain regions dedicated to song learning (Kao & Brainard, 2006), which will 

be discussed later in Chapter 1.3.2.  

In fact, one idea is that the heightened variability in juvenile song is an important 

ingredient for song motor learning, which has gained substantial support from experiments 

showing that the remaining variability in the crystallized song can be exploited for simple forms 

of adult song motor learning (Figure 3) (Tumer & Brainard, 2007). In this contingent-dependent 

paradigm, one specific syllable is detected, and a burst of white noise is played if the pitch falls 

above or below a pre-set threshold. Remarkably, within several hours, adult male finches could 

learn to shift the pitch of the target syllable and reduce the number of renditions triggering white 

noise. Note that the modulation of pitch could be bidirectional - targeting high-pitch variants will 

shift the frequency downwards, while targeting low-frequency variants will shift frequency 

upwards. Even more surprising, this shift is acoustically and temporally precise: the bird only 

changes the pitch of this target syllable without affecting other acoustic features (amplitude, 
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duration, etc.) or the pitch of other adjacent syllables. Not only could the distorted auditory 

feedback by white noise be used as a reinforcement signal, non-auditory stimuli like electrical 

stimulation can also drive adult pitch learning, which raises the question of how relevant these 

external reinforcement methods are for understanding juvenile sensorimotor learning (McGregor 

et al., 2022). In summary, this pitch learning paradigm shows that adult birds can still change 

their songs in an adaptive manner when exposed to a negative reinforcement signal (white noise, 

electrical stimulation). The residual variability in the crystallized song is not just a kind of noise; 

instead, a bird can use it to modify the crystallized song according to perturbations in auditory 

and non-auditory feedback. 

This simple, one-dimensional, easy-to-quantify behavioral paradigm has raised great 

interest as an ñalternativeò method to study song learning. Multiple studies have been inspired to 

use this pitch learning paradigm to illustrate the underlying neural mechanisms to drive song 

learning (Andalman & Fee, 2009; Charlesworth, Warren, & Brainard, 2012; Chen et al., 2019; 

Gadagkar et al., 2016; Hisey et al., 2018; Kearney, Warren, Hisey, Qi, & Mooney, 2019; Warren, 

Tumer, Charlesworth, & Brainard, 2011), which will be discussed in Chapter 1.3.3. However, 

despite its advantages, adult pitch learning, which depends on external reinforcement, is 

fundamentally different from juvenile sensorimotor learning, which involves only internal 

reinforcement. Although pioneering work using lesion and pharmacological manipulations has 

indicated a shared mechanism between internally guided juvenile song learning and externally 

guided adult pitch learning (Hisey et al., 2018), more work needs to be done to understand the 

neural mechanisms behind juvenile sensorimotor learning.  
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Figure 3: Adult pitch learning paradigm.  

A: examples of white noise escape and hit trials. Scale bar: 20 ms. B: the pitch of the 

target syllable in baseline day (B1) and two white noise days (W1, W2). Red dots: syllables in hit 

trials. Black dots: syllables in escape trials. The bird learned to increase the target syllable 

frequency in both white noise days. Figure adapted from Hisey et al., 2018. 

1.2 Reinforcement learning and temporal difference learning theories 

Before getting into the neurobiology of how birds learn how to sing, I will first introduce 

some concepts from machine learning field that may be useful to think about this learning 

problem. 

1.2.1 Reinforcement learning theory 

One of the central questions in neuroscience is how animals learn to interact with their 

environments to support goal-directed behaviors. There have been different theories to generalize 

and idealize this learning problem; one of the most successful has been reinforcement learning. 

Reinforcement learning does not require an external supervisor from the environment to specify 

good and bad to enable the learning to occur and aims to maximize the reward signal after 

performing each action.  

Sutton and Barto summarize reinforcement learning to be a way to map states of the 

world to actions, that is, to interact with the environment and modify behavior accordingly to 
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maximize a reward signal (Sutton & Barto, 2018)(Figure 4). In this process, an agent, or actor in 

the environment, senses the state of the environment and through exploration and exploitation 

learns to take actions, affect the environment, and eventually achieve its goal. Specifically, since 

the effects of actions every time cannot be completely predicted, the agent needs to closely 

monitor the environment and adjust the actions accordingly. Because the world is non-

deterministic, the outcome of its actions is uncertain. As a result, the agent could depend on its 

experience, which is the previous history, to improve the performance and guide future actions. 

Classical reinforcement learning requires several definitions beyond just the agent and 

environment. To learn successfully, an agent requires a policy, a reward signal, a value function, 

and a model. A policy is the method that the agent utilizes to guide the action. It is a map from 

environments to actions, and can be a look-up table, a function, or a probability distribution. A 

reward signal is the goal that the agent is pursuing to maximize. It is also the criteria that the 

agent uses to update the policy: if the reward signal is too low after one action, the agent needs to 

update the policy and try to improve the reward signal next time. The value function is a 

representation of the reward that the agent has possessed at the current state. Unlike the reward 

signal being the instant feedback after each action, value is the accumulation of reward over a 

long period. A model of the environment is an optional element of reinforcement learning: a 

simulation of the environment inside the agent to facilitate calculating reward and planning next 

action. Reinforcement learning could be performed with either model-free and model-based 

methods, based on using the model of the environment or not.  
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Figure 4: Schematic of reinforcement learning. 

An agent takes an action (At) in an environment which generates reward (Rt) and presents 

the state (St) to the agent. 

1.2.2 Temporal difference learning 

One of the early models of how an agent might maximize a reward signal is temporal 

difference (TD) learning. This theory has been advanced as an efficient solution for reward 

maximization and instruction of future actions (Sutton, 1988). TD learning is a model-free 

method, which means it does not require that the agent has an internal model of the environment 

to enable the learning. Instead, it allows agents to learn directly through trial and error. In this 

method, the fundamental computation underlying learning is through calculating the TD error (ŭ). 

In the most simplified version, this TD error is computed as: 

ŭt= r(St) + V(St) ï V(St-1). 

ŭt indicates the error at time t, St is the state of the world at time t, r is the reward function 

(specified by the environment), and V is the value function. With this framework, the agent 

accounts for both the current reward and the whole history of rewards. A positive ŭt indicates that 

the action taken this time has yielded a better result which will be reinforced, while the negative 
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ŭt means the opposite (Figure 5). Through the calculation of this TD error, the agent can learn to 

maximize its rewards and take better actions. 

 

Figure 5: The behavior of TD error during TD learning. 

Top: the state followed by a non-zero reward R*. Early in learning: the initial value 

function V, and initial ŭ, which is equal to R* at the time of R*. Learning complete: the value 

function accurately predicts reward, ŭ is positive at the earliest predictive state, and ŭ = 0 at the 

time of the reward R*. Omitted: when predicted reward is omitted, ŭ is negative. From Sutton and 

Barto, 2018. 

1.2.3 Neural implementation of reinforcement learning theory 

As was reviewed in Chapters 1.3.1 and 1.3.2, there has been tremendous progress in 

theory and algorithms. Although these theories are originally derived from machine learning and 

developed in highly simplified and idealized situations, instead of from biological systems, a 

surprising finding is that real brains might also adopt this reinforcement learning theory to drive 

learning. Specifically, Schultz, Dayan and Montague found in 1997 that the midbrain 
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dopaminergic neurons in VTA/SNc encode TD error, more specifically, reward prediction error 

(RPE), to facilitate an associative learning in monkeys (Schultz et al., 1997). In this experiment, 

they trained the monkey to relate a neutral cue to appetitive fruit juice as a reward. They 

performed electrophysiological recordings in dopaminergic cell bodies and surprisingly, they 

found that the firing rate of a DA neurons reflect the discrepancy between the reward it actually 

receives and it anticipates (which they defined as RPE): when a reward suddenly happens without 

cue, the DA neuron increases the firing rate, indicating a positive RPE; when a reward happens 

following the cue, the DA neuronôs firing rate stays the same, indicating no RPE; when no reward 

occurs after the cue, the DA neuron decreases the firing rate, indicating a negative RPE (Figure 6). 

In this case, the TD error (ŭ) is the same thing as RPE: since TD error is defined as ŭt = r(St) ï 

(V(Stī1) ï V(St)), r is the reward actually received, while (V(St-1) - V(St)) is the expected reward 

which is defined as the predicted difference in value between the state the actor is entering and 

the state the actor is leaving. In this way, TD error is exactly the discrepancy between reward (r) 

and expectation (V), which is the definition of RPE. 

Moreover, the adult songbird VTA also encodes an RPE-like signal during a distorted 

auditory feedback paradigm, which will be discussed in Chapter 1.3.3. However, as has been 

described in the first section, juvenile birds donôt learn through external reinforcement. Instead, 

they might calculate a performance prediction error (PPE), which measures the difference 

between the performance and some internal target as the reinforcement signal driving learning. 

Although VTA neurons seem to encode PPE during the adult natural song fluctuations (Duffy, 

Latimer, Goldberg, Fairhall, & Gadagkar, 2022), whether VTA or DA dynamics provide a PPE-

like signal during juvenile sensorimotor learning is unknown. 
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Figure 6: Dopamine neurons in the monkey VTA encode RPE. 

Top: dopamine neurons are activated by the unpredicted reward. Middle: dopamine 

neurons respond to a conditioned stimulus (CS) that predicts reward but not to the reward itself. 

Bottom: when the reward predicted by the CS fails to happen, dopamine neurons decrease firing 

after the time the reward is expected to occur. From Schultz et al., 1997.  

1.3 The zebra finch song system 

A feature that elevates the zebra finch for understanding neural mechanisms of motor 

learning is that it has evolved a specialized network of brain regions for song production and song 

learning. These song-dedicated circuits make the zebra finch amenable for drawing links between 

neural processes and learning. Song production and song learning in zebra finches depends on 
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two different circuits: a song motor pathway (SMP), and an anterior forebrain pathway (AFP), 

which are homologous to hierarchical cortical motor pathways and cortico-basal ganglia 

pathways in mammals, respectively (Figure 7). In this subsection, I will give a brief overview of 

the zebra finch song system, with a special focus on song basal ganglia (sBG) and the midbrain 

dopaminergic inputs to it. 

 

Figure 7: Schematic of SMP and AFP in zebra finch brains. 

From Mooney, 2022.  

1.3.1 Song motor pathway 

Both SMP and AFP originate from HVC (used as a proper name), which is a song 

premotor nucleus analogous to mammalian premotor cortex. HVC projects to the robust nucleus 

of the arcopallium (RA) (Nottebohm, Stokes, & Leonard, 1976), analogous to mammalian layer 5 

motor cortex. RA then projects to the syringeal motor neurons in the tracheosyringeal part of the 

vocal motor nucleus nXIIts and respiratory premotor neurons in ventral respiratory group (VRG), 

which contains the nucleus retroambigualis (RAm) and nucleus paraambigualis (PAm) 

controlling expiration and inspiration, respectively (Vates, Vicario, & Nottebohm, 1997; Vicario, 

1991; Wild, 2004). Notably, bilateral lesions in HVC or RA completely disrupt song (Nottebohm 

et al., 1976; Simpson & Vicario, 1990), indicating that SMP is critical for normal song 

production. This is different from AFP, which will be discussed in the next section. 
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One remarkable feature of HVC is it encodes timing information of the song. 

Electrophysiological recordings in HVC-RA neurons reveal that they fire sparse action potential 

bursts with extremely high temporal precision: individual HVC-RA neuron fires precisely a 

single time during one motif with a jitter of less than 1ms, and the population of HVC-RA 

neurons bursts sequentially across the motif (Hahnloser, Kozhevnikov, & Fee, 2002). This 

specific firing pattern with temporal precision in the population level indicates that HVC 

transmits an explicit representation of time to the downstream regions.  In fact, cooling HVC 

slows song timing without affecting its spectral features, consistent with a timing function (Long 

& Fee, 2008). 

1.3.2 Anterior forebrain pathway   

The zebra finch AFP is analogous to a cortico-basal ganglia- thalamo- cortical loops in 

mammals. The song premotor nuclei HVC and the lateral portion of the magnocellular nucleus of 

the anterior nidopallium (LMAN) both project to the song-specialized part of basal ganglia (Area 

X, which I will refer to here and throughout as the sBG). sBG projects to medial nucleus of the 

dorsolateral thalamus (DLM) (Bottjer, Halsema, Brown, & Miesner, 1989), DLM then projects 

back to LMAN. LMAN is the output region of the AFP, the same LMAN neurons projecting to 

sBG send collaterals and directly synapse onto RA neurons (Vates & Nottebohm, 1995). Notably, 

in contrast to lesions made in HVC or RA, lesions made in the output of the AFP (i.e., LMAN) do 

not disrupt singing or song patterning in adult finches but affect juvenile song learning (Bottjer, 

Miesner, & Arnold, 1984; Kao & Brainard, 2006; Scharff & Nottebohm, 1991), indicating 

different roles of SMP and AFP in song production and song learning. 
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1.3.2.1 HVC sends timing information to the sBG 

In addition to the HVC projection neurons that innervate RA, there is a distinct group of 

glutamatergic neurons in HVC that project specifically to sBG. Unlike an HVC-RA neuron, 

which fire once per motif, electrophysiological recordings in HVC-X neurons reveal that they 

show a similar stereotyped firing pattern with a jitter less than 1ms like HVC-RA neurons, but 

burst several or more times during one motif (Kozhevnikov & Fee, 2007). Thus, this specific 

firing pattern with temporal precision is thought to enable HVC to transmit an explicit 

representation of time in the song to the sBG. 

1.3.2.2 LMAN encodes variability and a bias signal to the system 

LMAN is the sole output of the AFP to the SMP. Multiple experiments have shown that 

LMAN encodes a song variability signal. For example, lesions of LMAN in adult zebra finches 

do not affect crystallized song but abolishes the variability of the context-dependent changes in 

variability (Kao & Brainard, 2006). Lesions of LMAN in juvenile zebra finches derail learning 

and make the song highly stereotyped (Bottjer et al., 1984; Scharff & Nottebohm, 1991), while 

reversibly inactivating LMAN cell bodies or blocking NMDA receptors in RA in juveniles 

reduces song variability and transiently freezes song development (Olveczky, Andalman, & Fee, 

2005). Moreover, recent studies have shown that LMAN encodes not only variability but also a 

bias signal to guide adult pitch learning. Reversibly inactivating LMAN cell bodies or blocking 

NMDA receptors in RA (LMAN-RA synapses are predominantly NMDA-mediated while HVC-

RA synapse are mostly through AMPA) cause reversions recently expressed adult pitch learning 

(Andalman & Fee, 2009; Charlesworth et al., 2012; Warren et al., 2011). Taken together, these 

results indicate that the AFP is both an engine for song variability and facilitates learning by 

providing a bias signal to the SMP through the projection from LMAN to RA. As the bird learns 
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its song, it is thought that inputs to RA from HVC are preferentially strengthened over inputs 

from LMAN, reducing the variability in song and consolidating the learning outcome (Aronov et 

al., 2008; Mooney, 1992).  

As LMAN has been proved to play an important role in learning, whether this role is 

premotor or evaluative has been controversial for a long time. Recordings in LMAN neurons 

showed that LMAN firing is sensitive to singing, but not auditory feedback distortion, which 

suggests a premotor rather than evaluative function (Leonardo, 2004). Moreover, optogenetically 

jamming LMAN activity just prior to target syllable generation but not when noise is delivered 

blocks adult pitch learning, confirming that LMAN provides a premotor signal (Kearney et al., 

2019).   

1.3.2.3 sBG, a potential brain region where song motor learning originates 

The sBG receives cortical inputs from both HVC and LMAN. As discussed in 1.3.2.1, 

HVC is believed to send song timing information to the sBG, while LMAN sends a song 

variability signal to the sBG. Moreover, the sBG also receives dopaminergic inputs from 

midbrain VTA/SNc, which will be discussed in 1.3.2.4. The lesion and inactivation studies 

reviewed so far in this chapter make the AFP a hot spot to study for song learning, and the 

anatomical convergence of HVC, LMAN, VTA inputs makes sBG the most likely candidate 

where song motor learning originates. Before further discussing the potential working model for 

sensorimotor learning, I will review the architecture and cellular organization of the sBG. 

Unlike mammals, where the striatal spine neurons and pallidal cells are anatomically 

segregated, the zebra finch sBG is composed of intermingled spiny neurons and pallidal cells. 

However, sBG contains many of the same cell types as found in mammalian striatum, including 

cholinergic interneurons (CIN), fast-spiking interneurons (FSI), and low-threshold spiking 
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interneurons (LTS). Additionally, sBG also contains a small number of glutamatergic 

interneurons (Budzillo, Duffy, Miller, Fairhall, & Perkel, 2017; Farries & Perkel, 2002). In the 

following paragraphs, I will mainly discuss spiny neurons, pallidal cells, and CINs. 

The spiny neuron (SN) is the most common cell type in sBG, which comprises over 90% 

of the sBG neuronal population. The SN has a small soma size (diameter 5ï10µm) and has 

moderately to densely spiny dendrites. SN is noted for two physiological properties: fast inward 

rectification on hyperpolarization, and a ramping response to depolarizing current (Farries & 

Perkel, 2002). Dopamine- and adenosine 3ô,5ô-monophosphate-regulated phosphoprotein 

(DARPP32) is broadly used as a marker for SNs, despite DARPP32 is not 

immunohistochemically detectable in all spiny striatal neurons in birds (Reiner, Perera, Paullus, 

& Medina, 1998). Different from the segregation of D1- and D2-type SNs in mammalian 

striatum, D1- and D2-type receptors are co-expressed in most sBG SNs (Kubikova, Wada, & 

Jarvis, 2010). DA modulates the SN excitability through D1R and D2Rs: activation of D1Rs 

enhances while D2Rs reduces excitability, respectively (Ding & Perkel, 2002). This type of 

modulation is through the slow ramp depolarization that occurs before SN spiking (Farries & 

Perkel, 2002), with D1R activation increasing, and D2R activation decreasing the slope of the 

slow ramp (Ding & Perkel, 2002). In vivo electrophysiological recordings show that these 

putative SNs in the sBG exhibited sparse activities but temporally precise to song, which has also 

been confirmed with calcium imaging with one-photon imaging (Goldberg & Fee, 2010; Singh 

Alvarado et al., 2021) 

The pallidal cells in the sBG does not have a counterpart in mammalian striatum (Farries 

& Perkel, 2002). Instead, they resemble neurons in the external and internal segment of the 

mammalian globus pallidus (Farries & Perkel, 2002; Goldberg, Adler, Bergman, & Fee, 2010). 
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There are two types of pallidal cells in zebra finch sBG, the first type is the long-projection 

neurons in sBG, which send inhibitory projections to DLM (Luo & Perkel, 1999a, 1999b) 

(Farries, Ding, & Perkel, 2005), while the second type projects locally (Farries et al., 2005). 

Morphologically, pallidal cells possess a large soma surrounded by highly branched aspiny 

neurites. Pallidal cells are distinguished from neurons reviewed before by the ability to fire action 

potentials spontaneously at a high rate. They are capable of sustained firing at high rates and 

display rebound firing after hyperpolarizing current pulses (Farries & Perkel, 2002). Lys8-Asn9-

neurotensin8ï13 (LANT6) is the molecular marker for pallidal cells (Reiner, Laverghetta, Meade, 

Cuthbertson, & Bottjer, 2004). Recordings in singing birds revealed different firing properties for 

these two kinds of pallidal cells: thalamus-projecting neurons exhibit activity that discharges 

continuously, while local-projecting neurons exhibit large firing rate modulations including bursts 

and long pauses (Farries et al., 2005). 

The CINs have aspiny dendrites and substantially larger soma than the SNs (Zhou, 

Wilson, & Dani, 2002). The CIN is tonically active at a slow rate and exhibits an unusually long 

duration after hyperpolarization after each action potential (Farries & Perkel, 2002). Choline 

acetyltransferase (ChAT), the enzyme that synthesizes acetylcholine (Kawaguchi, 1993), is 

widely used as a marker for CINs. Putative CINs in the sBG fire tonically during non-singing 

period, and increase their firing rates during singing (Goldberg & Fee, 2010). This is an 

interesting feature, which will be relevant to my findings in Chapter 4. 

Thus, this section reveals the heterogeneous cell types in zebra finch sBG, which helps to 

better understand the microcircuit inside sBG and how they may work together to facilitate 

learning. 
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1.3.3 Midbrain dopaminergic inputs to AFP 

1.3.3.1 Physiology and functionality of DA inputs to sBG 

Similar to the mammalian BG, the zebra finch sBG also receives an extensive 

dopaminergic projection from midbrain ventral tegmental area (VTA) and substantia nigra pars 

compacta (SNc). Since zebra finch VTA and SNc form a continuous group of cells and have not 

been found to differ in their projection targets or innervation (Gale, Person, & Perkel, 2008), I 

call both VTA and SNc simply the VTA through the rest of my thesis. Although VTA contains 

both dopaminergic and non-dopaminergic neurons (Gale & Perkel, 2006), tracing experiment 

reveals that over 95% of VTA neurons projecting to the sBG are dopaminergic (Hisey et al., 

2018; Person et al., 2008), and these projections are almost completely ipsilateral (Hisey et al., 

2018). Compared with the non-dopaminergic neurons, dopaminergic neurons in VTA show very 

different physiological properties. They tonically fire broad action potentials (> 2ms) at a slow 

rate (~3 Hz), have strong spike-frequency adaptation, and are autoinhibited by D2 receptors (Gale 

& Perkel, 2006). 

Firing rates in the zebra finch dopaminergic neurons also reflect an RPE / TD error, 

similar to work in monkeys. When adult male finches were subjected to syllable triggered 

distorted auditory feedback (DAF) on a random (~50%) portion of song renditions, the firing 

rates of VTA-sBG DA neurons decreased on DAF renditions and increased on renditions when 

DAF was withheld (Gadagkar et al., 2016) (Figure 8). Moreover, in adult zebra finches trained in 

a two-target paradigm with one syllable subjected to DAF with a high probability (~50%) and a 

second syllable with low probability (~20%), VTA-sBG neurons show a significantly larger 

difference in firing rate between the undistorted and distorted renditions of the high-probability 

target syllable compared with the low-probability one (Gadagkar et al., 2016). These observations 
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indicate that VTA-sBG neurons facilitate adult pitch learning by encoding RPE signal that is 

scaled by error probability. 

Not only do DA neurons in VTA projecting to sBG encode this RPE signal (Gadagkar et 

al., 2016), but adult birds could also utilize the dopamine release in the sBG to drive pitch 

learning. Both the intersectional ablation of VTA neurons specifically projecting to the sBG and 

reversibly blocking the D1R in the sBG significantly reduce pitch learning (Hisey et al., 2018), 

proving the necessity of VTA-sBG neurons in this learning paradigm. Moreover, pitch-contingent 

optogenetic activation or suppression of VTA-sBG terminals is sufficient to positively or 

negatively reinforces the target syllable pitch, tying noise-driven fluctuations in VTA cell body 

firing rates during singing to pitch learning (Hisey et al., 2018; Xiao et al., 2018).   

However, considering the fundamental difference between adult pitch learning and 

juvenile sensorimotor learning as to whether they involve external reinforcement, we cannot 

make an easy conclusion that DA is serving a similar role also in juvenile learning based on these 

current findings. Although VTA neurons seem to encode PPE during the adult natural song 

fluctuation (Duffy et al., 2022), whether VTA or DA dynamics provide a PPE-like signal during 

juvenile song learning is unknown. Hisey et al. have done some pioneering work illustrating the 

necessity of DA in juvenile learning, which will be discussed in Chapter 1.4, providing 

motivation for my thesis research. 
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Figure 8: Dopamine neurons projecting to the sBG in zebra finch encode RPE 

Top: examples of undistorted and distorted trials. Bottom: raster plots showing the 

example neuron increases firing rates in undistorted trials while decreases firing rates in distorted 

trials. From Gadagkar et al., 2016. 

1.3.3.2 Upstream regulation of DA release 

How the input architecture of VTA works together to modulate dopamine release has 

long been a question that researchers are enthusiastic about. Not only does mammalian VTA 

receive glutamatergic, GABAergic, and peptidergic afferents from a wide range of forebrain and 

brainstem structures (Beier et al., 2015; Faget et al., 2018; Watabe-Uchida, Zhu, Ogawa, 

Vamanrao, & Uchida, 2012), the local microcircuit inside VTA also comprises a mix of 

dopaminergic, GABAergic, and glutamatergic neurons (Brown et al., 2012; Qi et al., 2016; Tan et 
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al., 2012). Similar to the mammalian VTA, zebra finch VTA also contains dopaminergic and 

GABAergic neurons, as reviewed in Chapter 1.3.2.3 (Gale & Perkel, 2006).  

Tracing experiments have revealed two major inputs to VTA: the ventral intermediate 

arcopallium (Aiv) and the ventral pallidum (VP) (Gale et al., 2008; Mandelblat-Cerf, Las, 

Denisenko, & Fee, 2014; Person et al., 2008) (Figure 9). Aiv localizes to the rostral and ventral 

side of RA, which is analogous to higher-order auditory cortex in mammals. Although Aiv 

receives input from auditory regions including Field L1 (proper name, analogous to mammalian 

primary auditory cortex), caudal mesopallium (CM), and Avalanche (Av), Aiv neurons projecting 

specifically to VTA (referred to as Aiv-VTA neurons) do not respond to normal singing nor to 

white noise played back to the bird during non-singing periods (Mandelblat-Cerf et al., 2014). 

Instead, in adult birds exposed to syllable-triggered noise, the firing rates of Aiv-VTA neurons 

only increase on renditions that trigger noise (Mandelblat-Cerf et al., 2014). Furthermore, similar 

to pitch-contingent noise, pitch-contingent optogenetic excitation of Aiv axon terminals in the 

VTA negatively reinforces the target syllable pitch (Kearney et al., 2019). Moreover, 

optogenetically jamming Aiv activity during noise delivery but not in the premotor window for 

generation of the target syllable blocks the adult pitch learning, confirming that Aiv provides an 

auditory feedback-dependent evaluative signal (Kearney et al., 2019).  Altogether, these findings 

show that Aiv-VTA neurons evaluate auditory feedback to detect errors to facilitate adult pitch 

learning. 

The VP localizes in the ventral part of basal ganglia. Different from Aiv, pitch-contingent 

auditory distortion reveals a more heterogenous result in VP-VTA neurons, like song timing, and 

reward prediction error (RPE)-like signals (Chen et al., 2019) like VTA-sBG neurons (Gadagkar 

et al., 2016). This result could potentially be explained by its heterogenous inputs: tracing 
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experiments reveal inputs to VP from auditory and vocal motor thalamus (Uva, DLM, ovoidalis), 

auditory and vocal motor cortex (Aiv, RA), and VTA, sBG (Chen et al., 2019; Gale & Perkel, 

2010). Contrary to Aiv-VTA stimulation, pitch-contingent activation of VP-VTA positively 

reinforces the target syllable pitch (Kearney et al., 2019). Moreover, similar to the Aiv 

experiment, optogenetically jamming VP activity during noise delivery but not during the 

premotor window for target syllable generation blocks adult pitch learning, confirming that VP 

also provides a feedback-related evaluative signal (Kearney et al., 2019).  Taken together, these 

findings show that VP-VTA neurons send error and error prediction signals to VTA to drive pitch 

learning. 

In situ hybridization shows that Aiv-VTA neurons are mostly VGLUT2 positive, which 

means they are likely to be excitatory, while VP-VTA neurons are mostly VGAT positive, which 

means they are likely to be inhibitory (Kearney et al., 2019). However, Aiv-VTA stimulation 

increases the putative interneuron firing rates while decreases putative DA neuron firing rates in 

VTA (Kearney et al., 2019). In contrast, VP-VTA stimulation decreases the putative interneuron 

firing rates while increases putative DA neuron firing rates in VTA (Kearney et al., 2019). 

Considering the molecular properties of Aiv-VTA and VP-VTA neurons, the most parsimonious 

model of VTA microcircuit is: Aiv provides a glutamatergic input while VP provides a 

GABAergic input to the interneurons in VTA, which in turn modulate action potential activity in 

VTA neuronal cell bodies and, presumably, DA release from VTA terminals in the sBG. 
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Figure 9: Schematic of inputs to the VTA in zebra finch. 

SMP and AFP are also shown in the schematic. From Kearney et al., 2019. 

1.3.3.3 Proposed model for learning in sBG 

As I have mentioned before, juvenile song learning differs from the adult pitch learning 

in that the juvenile bird modifies the song action under the guidance of auditory feedback an in 

reference to the memorized tutor song, rather than involving external reinforcement delivered 

using singing-triggered white noise (Derégnaucourt et al., 2005; Eales, 1985; Funabiki & Konishi, 

2003; Immelmann, 1969; Konishi, 1965; Marler & Peters, 1981; Marler & Tamura, 1964; 

Tchernichovski, Mitra, Lints, & Nottebohm, 2001). Due to the limitation of our understanding of 

juvenile song learning, we have not fully researched the neural mechanisms underlying the 

learning problem.  

Building on the idea that the sBG receives a timing signal from HVC, a variability signal 

from LMAN, and a reinforcement signal from VTA, and inspired by theories of RL and RPE, Fee 

and Golberg proposed a synaptic model that operates in the sBG for juvenile and adult song 
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motor learning. In this model, song motor learning occurs when the synapse from HVC to the 

spiny neuron in sBG is strengthened (Fee & Goldberg, 2011). Originally the HVC-SN synapse is 

weak. Song practice induces the simultaneous inputs to the same SN from both HVC and LMAN, 

leaving an eligibility trace to tag the HVC-SN synapse, which reflects what variant (from LMAN) 

was done at which time (from HVC). If the performance is evaluated positively (i.e., auditory 

feedback is more like the tutor song), VTA neurons will elevate their firing rates, releasing DA 

into the sBG, and strengthening the tagged HVC-SN synapse. Conversely, renditions that are 

evaluated negatively (i.e., auditory feedback is less like the tutor song) reduce DA release and 

further weaken the HVC-SN synapse. Through repeated interactions of DA and eligibility traces, 

ñcorrectò HVC-SN synapse will be strengthened, and learning will occur (Figure 10).  

 

Figure 10: Proposed circuit model for juvenile song learning. 

Left: the HVC-SN synapse is weak before learning. Middle: good song practice induces 

the simultaneous inputs to the same SN from both HVC and LMAN, leaving an eligibility trace to 

tag the HVC-SN synapse, followed by the reinforcement signal DA. Right: the consistent 

correlation between eligibility trace and reinforcement signal strengthened the HVC-SN synapse. 

From Fee and Goldberg, 2011. 
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1.4 Neural mechanism driving juvenile song learning 

1.4.1 Current findings about sensorimotor learning 

Despite the complexity of sensorimotor learning and the long-standing technical issue to 

analyze this process, scientists have done tremendous work and achieved a lot in understanding 

the underlying mechanisms behind sensorimotor learning. Pharmacological inactivating LMAN 

cell bodies or blocking NMDA receptors in RA in juveniles reduces song variability and 

transiently freezes song development (Olveczky et al., 2005), indicating the necessity of LMAN 

during this learning process. Moreover, although previous studies have tested the sufficiency and 

necessity of dopamine signaling in the sBG in adult pitch learning, establishing whether the same 

signaling pathways are important to juvenile song learning has remained a major challenge. Hisey 

et al. has pioneered two loss-of-function experiments to study this: the first involves genetically 

lesioning the VTA-sBG neurons in juvenile male finches, which prevents the song from 

increasing the similarity to the tutor song. The second involves longitudinally blocking the D1Rs 

in the sBG during juvenile sensorimotor learning, which also prevents improvement in tutor song 

similarity (Hisey et al., 2018). However, despite all these findings, we still donôt know how the 

endogenous DA signal operates during sensorimotor learning. Does dopamine released by VTA-

sBG neurons convey a PPE-like signal in this internally guided juvenile song learning? If so, 

what signal does dopamine dynamics correlate with? These are the questions I was eager to 

answer. 

1.4.2 Advances in techniques facilitate studying sensorimotor learning   

There are three potential problems to understand these questions. First is the lack of tools 

to quantify the juvenile song development, which involves simultaneous changes across many 

acoustic dimensions for each syllable. Second is the lack of tools to measure the endogenous DA 
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level. Third, the current method is to measure VTA-sBG cell body firing to represent the terminal 

DA release, but there might be a non-canonical mechanism regulating DA release in the terminal 

independent from the cell body action potential. In that way, the VTA-sBG cell body firing is 

inadequate to represent the terminal DA release. In fact, work in mammals has already suggested 

the existence of this terminal modulation mechanism through the acetylcholine release by 

cholinergic interneurons in the striatum, which will be discussed in Chapter 1.5. In my thesis, I 

benefit from two technical advantages to illustrate these problems: a novel variational 

autoencoder (VAE) - artificial neural network (ANN) to quantify sensorimotor learning, and the 

genetically encoded GRAB-DA dopamine sensor. 

Inspired by recent advances in the machine learning field, Goffinet et al. applied an 

unsupervised machine learning approach, the variational autoencoder (VAE), to analyze birdsong 

(Goffinet et al., 2021). For each song, sound spectrograms are segmented into syllables. Each 

image of syllable contains high-dimensional information (128 x 128 pixels). Despite the 

complexity of the acoustic data, the encoder arm of the VAE will reduce the 128x128 

dimensionality into 32 dimensions. Through the decoder arm, the 32 latent representations still 

capture enough information to reconstruct to original data (Figure 11). For visualization purposes, 

these 32-dimensional latent embeddings of the syllable renditions produced during sensorimotor 

learning can be projected onto 2 dimensions using UMAP methods, and color coded for the age 

of production (Figure 12A). Qualitatively, this method of visualizing syllable development 

reveals a wave-like progression through the latent embedding (Figure 12B). 

To quantify this developmental progression in syllable acoustics, Brudner et al. designed 

an artificial neural network (ANN) combined with the VAE method to infer the age at which a 

syllable rendition was most likely to have been produced (its predicted age (PA)) from its latent 
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acoustic representation. Figure 13 shows an example of predicted age scores plotted as a function 

of actual age for a syllable in 5 consecutive days. As previously reported (Brudner et al., 2023), 

this VAE-ANN method revealed that predicted age values for individual renditions within any 

single day could vary widely, but that the mean predicted age increased ~1 day each day. 

Basically, this predicted age serves as a proxy for maturity of syllable. The higher the predicted 

age is, the more mature that syllable is. 

The second technical advance I benefited a lot from is the usage of the GRAB-DA2m. 

Sun et al. developed a second generation of the genetically encoded G-protein-coupled receptor-

activation-based DA (GRAB-DA) sensors, which is based on an engineered D2 receptor. Binding 

of DA will cause a conformational change of the sensor and induce a fluorescent signal that 

enables the measurement of endogenous DA levels. GRAB-DA2m has been proved functional in 

several organisms like mice or drosophila (Sun et al., 2020). In my thesis, I proved that GRAB-

DA2m successfully works in zebra finches, which has recently been supported by another group 

(Roeser et al., 2023). 
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Figure 11: Schematic of VAE. 

 A variational autoencoder (VAE) compressively encodes sound spectrograms of song 

syllables into a 32-dimensional latent embedding and decodes the latent embedding into an image 

that closely matches the original spectrogram. 

 

Figure 12: An example of UMAP projections of the VAE latend embeddings of song 

syllables. 

 A) UMAP projections of latent embeddings of a juvenileôs song renditions (introductory 

note (i) and syllables A-F) that were recorded across a several week period of sensorimotor 
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learning.  Scale bar: 1 kHz, 50 ms. B) Syllable ñDò with all renditions produced between 70 and 

90 dph shown in gray and renditions produced on specific days (70 (purple), 79 (red), and 88 

(tan) dph), with example spectrograms from each of those days shown at right. 

 

Figure 13: An example of artificial neural network (ANN) result. 

 An ANN is trained to predict age based on latent embeddings of syllable spectrograms, 

which are plotted against the actual age of syllable production (dots, individual renditions; black 

line, rolling average with a window of 200 renditions).  Note that predicted age for the syllable 

centers on the actual age but that individual renditions can vary widely in their relative maturity. 

1.4.3 DA might encode relative similarity to facilitate learning 

Based on what I have written up to this point, one may be inclined to hypothesize that 

DA levels encode the absolute similarity of song to tutor song. If this hypothesis were true, DA 

levels in an early phase would be as low as nearly zero when the juvenile is producing only a 

poor copy of the tutor song, and would be extremely high at the adult phase when the bird is able 

to produce a perfect song. However, contradictions could be easily derived when we think about 

these two points: 1) how could the low dose of DA drive the active phase of learning at the 



 

 

33 

beginning of sensorimotor learning phase; 2) why did recordings in VTA dopaminergic neurons 

still show a low firing rate (average less than 4 Hz) in the adult, when the song most closely 

resembles the tutor song (Gale & Perkel, 2006). So, instead of encoding absolute similarity to 

tutor song, is DA able to encode a ñrelativeò similarity of the juvenile song over the entire course 

of sensorimotor learning?  

Reinforcement learning and temporal difference learning theories give us hints about that. 

As has been reviewed in Chapter 1.3, TD error is computed as ŭt= r(St)+ V(St)- V(St-1), meaning 

that the TD error involves the reward history. In other words, it is possible that DA release from 

VTA-sBG neurons not only depends on the current state of the syllable, but also the previous 

performance of the syllable. Indeed, this is one of my major findings in Chapter 3. 

1.5 Dopamine and acetylcholine interactions in the sBG 

Action potentials initiating near the neuronôs soma and propagating to axon terminals 

have always been considered as the canonical mechanism for neurotransmitter release. As 

reviewed in Chapter 1.3, bursts of spiking activities in dopaminergic neuron soma encode RPE to 

facilitate motor learning and decision making (Gadagkar et al., 2016; Schultz et al., 1997). These 

action potentials undoubtedly can cause dopamine release in the axon terminal (Mohebi et al., 

2019; Phillips, Stuber, Heien, Wightman, & Carelli, 2003; Suaud-Chagny, Chergui, Chouvet, & 

Gonon, 1992). However, one concern is that there could be other mechanisms regulating DA 

release in the terminal independent from the cell body action potential. The current method is to 

measure VTA-sBG cell body firing to represent the terminal DA release, but in the presence of 

this non-canonical mechanism, measuring the cell body action potential is insufficient to answer 

the question of how DA dynamics relate to performance and learning. Indeed, a study in a reward 

seeking task showed that the DA ramp when approaching the rewarded side is not caused by the 
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cell body firing (Mohebi et al., 2019): Electrophysiology recordings in DA cell bodies and fiber 

photometry recording of the terminal DA release show a dissociation between the two signals 

during the task. This dissociation of cell body firing and terminal DA release is not uncommon 

across multiple studies using various animal models (Mohebi et al., 2019; Roeser et al., 2023). 

Thus, people started to wonder if this mismatch indicates a noncanonical mechanism for the DA 

release, some local manipulation independent from the action potential generated from soma. 

An interesting finding is that nicotinic acetylcholine receptors (nAChRs) are expressed in 

the presynaptic site of DA terminals, which makes acetylcholine (ACh) released by local 

cholinergic interneurons (CIN) a potential mechanism for modulating the DA release. Indeed, 

activating nAChRs on DA terminals can drive dopamine release (Cachope et al., 2012; Sulzer, 

Cragg, & Rice, 2016; Threlfell et al., 2012; Zhou, Liang, & Dani, 2001; Zhou et al., 2002). More 

specifically, ACh is released in the striatum by CINs, which comprise ~1% of the neurons in the 

striatum. Despite the small proportion of CINs, they possess dense axonal arborization throughout 

the striatum and innervate DA axon terminals (Threlfell et al., 2012; Wilson, 2005). Remarkably, 

optogenetically exciting CINs drives striatal DA release both in brain slices and behaving animals 

(Liu et al., 2022; Mohebi et al., 2023). This process is dependent on the nAChRs because 

application of the nAChRs antagonist DHɓE strongly attenuates the DA signal evoked by 

optogenetic stimulation of CINs (Liu et al., 2022; Mohebi et al., 2023). Furthermore, as DA has 

been shown to affect features like movement initiation, movement direction and motivation, 

blocking this local release mechanism of DA could potentially have a strong effect on these 

behaviors. Indeed, unilateral infusion of DHɓE into dorsal striatum changes the movement 

initiation direction when the mouse is freely exploring an open field arena, indicating its role in 
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motor control (Liu et al., 2022). Moreover, bilateral inactivation of nAChRs in NAc decreases the 

ratôs motivation to complete the operant task (Mohebi et al., 2023). 

Despite the important role of ACh modulation of DA release in the studies cited above, 

the significance of this non-canonical mechanism of DA release is less clear in other kinds of 

behavioral paradigms. For example, dual imaging of DA and ACh release in ventrolateral 

striatum of the mouse engaged in a decision-making task shows an anti-correlation between the 

two signals, while DA inhibits the ACh release but ACh does not affect DA (Chantranupong et al., 

2023). Another behavioral task which lets the mouse run on a treadmill and randomly receive 

unexpected reward shows a similar anticorrelation between DA and ACh, but neither DA nor 

ACh locally affects each otherôs release (Krok et al., 2023). However, no matter how carefully 

these groups studied the relationship between ACh and DA release, we still donôt know their role 

in spontaneous behavior and internally guided learning. Based on what I have reviewed in this 

introduction chapter, I will use the advanced computational method VAE-ANN to quantify 

juvenile song development, the genetically-encoded DA sensor to measure endogenous DA 

release, and explore the non-canonical DA release mechanism and how it contributes to juvenile 

song learning. 
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2. Neuronal activity and DA signaling in the sBG are necessary 

for song learning 

2.1 Introduction 

Previous studies in mammals have shown that midbrain dopaminergic neurons encode 

reward prediction error (RPE) to facilitate learning that requires external reward or punishment 

(Gershman & Uchida, 2019; Schultz et al., 1997). However, there is little that we know about the 

neural mechanisms that mediate internally guided learning, partly due to the scarcity of the forms 

of internally guided learning in animal models. As I have reviewed in Chapter 1, a juvenile male 

zebra finch pupil memorizes and then vocally imitates the song of an adult male tutor in a process 

with many parallels to speech and music learning (Doupe & Kuhl, 1999; Mooney, 2022; Sakata 

et al., 2020). Successful song learning depends on a sensorimotor learning phase, during which 

the juvenile practices without any reinforcement other than its experience of listening to its own 

song, suggesting that singing is intrinsically reinforcing.  

Homologous to the mammalian brain, the dopaminergic neurons in the midbrain VTA 

project to the basal ganglia (BG), which in songbirds includes a song-specialized region, the sBG. 

A longstanding hypothesis is that DA release from the VTA could drive juvenile song learning: 

when the bird is singing a rendition more like tutor song, VTA will send more DA to reinforce it; 

otherwise, VTA axons will release less DA. However, nearly all of the evidence so far inof  

support this hypothesis stems from research in adult birds (Gadagkar et al., 2016; Hisey et al., 

2018; Xiao et al., 2018), which used negative reinforcement signal, like white noise, as an 

external punishment. The difficulties to prove this hypothesis in juvenile stems from two issues:  

The first is lack of tools to study juvenile song development, and the second is lack of tools to 

measure the endogenous DA level in the sBG of a juvenile bird as it learns to sing. I will address 

these two questions in Chapter 2 and 3, respectively. 
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2.2 Results  

2.2.1 Blocking neuronal activity in the sBG prevents learning 

Following memorization of a tutor song, a juvenile male zebra finch sings many 

thousands of song renditions each day for over a month, then ñcrystallizes'' an adult song that 

closely resembles the memorized tutor model. In my thesis, I used a novel variational 

autoencoder (VAE) - artificial neural network (ANN) method to rigorously characterize this 

complex sensorimotor learning process (Brudner et al., 2023; Goffinet et al., 2021), which has 

been introduced in Chapter 1.4.2. 

To explore how the sBG contributes to daily, learning-related changes, I used 

microdialysis methods to infuse drugs into the sBG (Figure 14A). Juvenile birds were raised in 

the company of their parents to receive normal tutoring and social experience until 55 ï 60 dph. 

Using an approach that is described in detail in the Methods section of this chapter, I made 

microdialysis probes and implanted them bilaterally in the sBG. After the birds recovered from 

surgery, they were moved into a sound isolation box. All infusions were done 5 to 15 min before 

cage lights came on every morning and the juvenileôs songs were recorded throughout the 

experimental period. After 2 ï 4 days with only saline infusions (termed normal learning days), 

muscimol, a GABAA receptor agonist that suppresses action potential activity in neuronal cell 

bodies, was infused on a single drug manipulation day. Muscimol remained in the probe until the 

following morning, when it was replaced with saline for an extra 2 ï 4 days. At the end of data 

collection, a fluorescent dye, Fast Green, was infused through the microdialysis probes to 

visualize drug spread (Figure 14B). At the end of the experimental period, I confirmed probe 

placement with post-hoc histology, and used the VAE-ANN method to calculate the predicted age 

for all syllables produced by the juvenile. Specifically, when training ANN, I withheld from 

training all renditions performed on the day of drug treatment as well as all renditions on the 
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preceding control day. Figure 15A shows an example of predicted age scores plotted as a function 

of actual age for a syllable in 5 consecutive days including the muscimol treatment day.  

I used two methods to quantify whether muscimol treatment disrupted the daily 

progression of predicted age. First, I calculated the difference in the mean predicted age for the 

first 50 renditions and the last 50 renditions of a syllable for both the muscimol day and the day 

before muscimol (ȹpredicted age = mean predicted age for first 50 renditions ï mean predicted 

age for last 50 renditions). A paired-t test showed a significant difference between ȹpredicted age 

on the muscimol day versus the control day (Figure 15B, 7 syllables from 5 juveniles, t6 = 3.412, 

p = 0.0143). 

However, the first method is only restricted to the data near the start and the end of the 

day. Since the reservoir of muscimol stays in the sBG across the whole day and muscimol should 

affect learning in a continuous manner, I fit a linear mixed effects model to all syllable renditions 

on the muscimol and control day, with time of day, drug treatment condition, and an interaction 

between these factors being fixed effects, bird ID and syllable ID being random effects. To 

remove absolute (intercept) differences between predicted age values on different days, I 

calculated predicted age error (predicted age ï actual age) to be the response variable of the linear 

mixed effects model (details of the model are discussed in the Methods sections of this chapter). 

Figure 15C shows the model predictions and confidence intervals for individual syllables of the 

predicted age error versus the time of day for both control and muscimol days. Within-day 

predicted age increases were significantly larger on control days than muscimol days, indicating 

that sBG inactivation significantly impaired learning across the day (Figure 15C, an interaction 

between treatment (control/muscimol) and time of day, t70280 = 6.6284, p = 4.6431e-85, two-tailed 

t test). Taken together, both analysis methods show that blocking the sBG neural activity with 

muscimol almost completely abolished the daily increase in predicted age.   



 

39 

 

Figure 14: Schematic of microdialysis experiment. 

 A) Schematic of microdialysis method used to reversibly inactivate sBG neuronal activity 

with muscimol or SCH-23390 during sensorimotor learning. B) Representative histology of 

microdialysis experiments. Blue: neurotrace. Green: fluorescent dye (Fast Green) infused through 

the microdialysis probe to visualize drug spread. D: dorsal; R: rostral side of brain. Scale bar: 

1 mm. 
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Figure 15: Blocking neural activity in the sBG blocks learning. 

A) Predicted age scores plotted as a function of actual age for a syllable on the saline 

days used to train the ANN (blue), as well as the saline control day (orange) and the muscimol 

treatment day (purple), both of which were held out of the training set. Black: rolling average 

with a window of 200 renditions. B) Group data showing muscimol inactivation of the sBG 

significantly impairs daily learning (change in predicted age from the first 50 to the last 50 

renditions of a syllable, saline versus muscimol, 7 syllables from 5 juveniles, t6 = 3.412, p = 
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0.0143, two-tailed paired t test). C) A linear mixed effects model shows that sBG inactivation 

significantly impaired learning across the day (i.e., an interaction between treatment 

(saline/muscimol) and time of day, t70280 = 6.6284, p = 4.6431e-85, two-tailed t test). B: Boxes 

and error bars denote mean ± SEM. C: Dark lines are the average slope per group, lighter lines 

and shaded regions show the posterior estimates for individual syllables and 95% confidence 

intervals. pz < 0.05. 

2.2.2 Blocking neuronal activity in the sBG reduces the rate of song learning 

without altering the amount of singing amount. 

Envision the change in predicted age over the day as a cumulative process like climbing a 

flight of stairs. The total amount of increase should depend on both the number of ñstepsò and the 

size of each ñstepò.  Muscimol treatment could reduce the change in predicted age by increasing 

the number of steps, the step size, or both. Indeed, blocking neural activity in sBG could impair 

the birdôs motivation to sing, thus reducing the total number of ñstepsò it takes on that day. To 

account for this possibility, I compared the number of renditions for each syllable produced on 

the muscimol day to the control day, based on the rendition number calculated by VAE (Figure 

16). The percentage of total syllable renditions produced on the muscimol day did not show a 

significant difference compared with the previous control day (n = 7 syllables from 5 birds; t6 = 

1.678, p=0.1443, one sample two tailed t test). Moreover, muscimol infusion into the sBG 

strongly reduced the daily increase in predicted age scores even when normalized to the total 

amount of singing (n = 7 syllables from 5 juveniles; t6 = 3.157, p = 0.0196, two-tailed paired t test, 

Figure 17). In summary, these analyses support the conclusion that blocking sBG activity with 

muscimol reduces the rate of learning (i.e., the step size) without depressing the number of song 

renditions (i.e., the total number of steps). 
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Figure 16: Blocking neuronal activity in the sBG reduces the song learning rate 

without affecting the amount of singing. 

 A) Percentage of total syllable renditions produced on the muscimol day compared with 

the previous saline day (n = 7 syllables from 5 birds; t6 = 1.678, p=0.1443, one sample two-tailed 

t test). B) Group data showing that muscimol infusion into the sBG strongly reduced the daily 

increase in predicted age scores, even when normalized to the total amount of singing (n = 7 

syllables from 5 juveniles; t6 = 3.157, p = 0.0196, two-tailed paired t test). Boxes and error bars 

denote mean ± SEM. zp < 0.05, ns: not significant. 

2.2.3 Blocking neuronal activity in the sBG does not alter various acoustic 

features of individual syllables 

In contrast to the VAE-ANN methods used here, traditional song analysis methods focus 

on canonical, hand-picked acoustic features of syllables, such as syllable duration, amplitude, 

pitch (fundamental frequency), etc. Given this tradition, I considered it important to explore 

whether blocking neuronal activity in the sBG affects these acoustic features. To quantify these 

features, I collaborated with a post doc in our lab, Dr. Drew Schreiner. I first used the VAE 
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segmentation decisions to segment song files into individual files for each rendition of each 

syllable. Dr. Schreiner then used Sound Analysis Pro 2011.104 (SAP, 

http://soundanalysispro.com/) to quantify a set of standard acoustic features for each rendition of 

each syllable, including: duration, amplitude, pitch, frequency modulation, amplitude modulation 

variance, entropy, pitch goodness, mean frequency, frequency modulation variance, entropy 

variance, pitch goodness variance, mean frequency variance, amplitude modulation. Then, Dr. 

Schreiner calculated the mean and standard deviation of each feature on both the control day and 

the drug treatment day. Working together, we found that muscimol did not alter either the mean 

or the standard deviation of any of the acoustic features of individual syllables measured by SAP 

(Figure 17).  Thus, inactivating the sBG with muscimol appears to exert a selective effect on song 

learning without significantly altering the quality of song production. 

 

Figure 17: Blocking neuronal activity in the sBG does not alter various acoustic 

features of individual syllables. 

 Quantification of mean value (A) and standard deviation (B) of multiple acoustic features 

of individual syllables on the muscimol day compared with previous saline day. For all features, 
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p > 0.05, one sample two-tailed t test with Bonferroni correction. Boxes and error bars denote 

mean ± SEM. ns: not significant. 

2.2.4 Blocking the D1-type dopamine receptors in the sBG reduces learning 

Previous work has shown that dopaminergic input to sBG, specifically through D1-type 

dopamine receptors, is necessary for adult pitch learning in zebra finches, and that chronic 

treatment with D1 receptor blockers in the sBG over many days decreases the juvenileôs tendency 

to sing songs that are acoustically similar to its tutor (Hisey et al., 2018). To explore how D1R 

signaling in the sBG impacts learning on shorter timescales and in terms of the learning metrics 

made possible with the VAE-ANN approach, I conducted a parallel set of experiments in which I 

used microdialysis methods to infuse SCH-23390, a D1R antagonist, into the sBG. The overall 

design was similar to that described for the muscimol experiments. After using the VAE-ANN 

method for all renditions of a syllable produced during the experimental period, the predicted age 

score or each rendition was plotted as a function of actual age (Figure 18A). Again, I used two 

methods to quantify whether SCH-23390 blocks the daily progression of predicted age. First, I 

calculated the ȹpredicted age, which revealed that this value for the SCH-23390 day is 

significantly smaller than the control day (Figure 18B, n = 15 syllables from 7 juveniles, t14 = 

4.182, p = 0.0009, two-tailed paired t test). Second, the linear mixed effects model showed a 

significant interaction between SCH-23390 treatment and time of day, indicating that learning 

was impaired across the D1R blocking day (Figure 18C, t40102 = -19.591, p = 3.4181e-11, two-

tailed t test). Taken together, both analysis methods show that blocking in D1 receptors in the 

sBG significantly reduces the daily increase in predicted age. This result supports the finding that 

longitudinal blockade of D1R during juvenile song learning prevents improvement in tutor song 

similarity (Hisey et al., 2018). Notably, compared with muscimol treatment, which almost 

completely blocked daily learning, a small amount of learning still occurred on the D1R blocking 
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day. It could be explained by not completely blocking D1Rs, or the existence of other 

mechanisms, for example, D2-type dopamine receptors.  

 

Figure 18: Blocking D1Rs in the sBG reduces daily increases in a syllableôs 

predicted age. 

 A) Predicted age scores on control (blue), saline control (orange) and SCH-23390 

treatment (green) days, with a 200-window rolling average in black. B) Group data showing that 

blocking D1Rs in the sBG significantly reduces daily learning (change in the mean predicted age 

from the first 50 to the last 50 renditions of a syllable, n = 15 syllables from 7 juveniles, t14 = 

4.182, p = 0.0009, two-tailed paired t test). C) Linear mixed effects model showing that SCH-
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23390 treatment significantly impaired learning across the day (a significant interaction between 

treatment (saline/SCH-23390) and time of day, t40102 = -19.591, p = 3.4181e-11, two-tailed t test). 

B: Boxes and error bars denote mean ± SEM. C: Dark lines are the average slope per group, 

lighter lines and shaded regions show the posterior estimates for individual syllables and 95% 

confidence intervals. zᶻᶻp < 0.001. 

2.2.5 Blocking the D1-type dopamine receptors in the sBG reduces the song 

learning rate without reducing the amount of singing 

As dopamine signals in certain parts of the mammalian basal ganglia can encode 

movement vigor (Ko & Wanat, 2016; Panigrahi et al., 2015), I wanted to test if blocking the 

D1Rs in sBG could impair the birdôs motivation to sing. I found that the total syllable renditions 

produced on the D1R blocking day were not significantly different compared with the previous 

control day (Figure 19A, n = 15 syllables from 7 birds; t14 = 1.868, p = 0.0828, one sample two-

tailed t test). I also found that SCH-23390 infusion into the sBG strongly reduced the daily 

increase in predicted age scores even when normalized to the total amount of singing (Figure 19B, 

n = 15 syllables from 7 juveniles; t14 = 3.036, p = 0.0089, two-tailed paired t test). In summary, 

these results show that blocking dopamine signaling through D1R in the sBG impairs song 

learning without impacting the amount of singing. 
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Figure 19: Blocking D1Rs in the sBG does not affect singing amount but reduces the 

normalized learning rate. 

 A) Percentage of total syllable renditions during the D1R blocking day compared with 

previous saline day (n = 15 syllables from 7 birds; t14 = 1.868, p = 0.0828, one sample two-tailed t 

test). B) Group data showing that SCH-23390 strongly reduced the daily increase in predicted age 

scores, even when normalized to the total amount of singing (n = 15 syllables from 7 juveniles; t14 

= 3.036, p = 0.0089, two-tailed paired t test). Boxes and error bars denote mean ± SEM. ᶻpz < 

0.01, ns: not significant. 

2.2.6 Blocking the D1-type dopamine receptors in the sBG does not affect 

various acoustic features of individual syllables 

Similar to my analysis of the muscimol experiment, I wanted to explore whether blocking 

D1R in the sBG affects other canonical, hand-picked acoustic features of syllables. In 

collaboration with Dr. Schreiner, we used SAP to quantify duration, amplitude, pitch, frequency 

modulation, amplitude modulation variance, entropy, pitch goodness, mean frequency, frequency 

modulation variance, entropy variance, pitch goodness variance, mean frequency variance, 

amplitude modulation, for each rendition of each syllable. By calculating the mean and standard 

deviation of each feature on both the control day, and the drug treatment day, we found that SCH-
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23390 did not alter either the mean or the standard deviation of any of the acoustic features of 

individual syllables measured by SAP (Figure 20). 

 

Figure 20: Blocking D1Rs in the sBG does not affect various acoustic features of 

individual syllables, as measured using Sound Analysis Pro (SAP). 

 Quantification of mean value (A) and standard deviation (B) of numerous acoustic 

features of individual syllables on the D1R-blocking day compared with previous saline day. For 

all features, p > 0.05, one sample two-tailed t test with Bonferroni correction. Boxes and error 

bars denote mean ± SEM. 

2.3 Conclusions 

In this chapter, I used pharmacological manipulations to test the necessity of neuronal 

activity and DA signaling in the sBG for sensorimotor learning. Specifically, I used microdialysis 

methods to infuse drugs into the sBG on a single day, restricting ANN training to a narrower 

developmental window that bracketed this drug treatment day. Reversibly dialyzing the sBG with 

muscimol, a GABAA receptor agonist that suppresses action potential activity in neuronal cell 

bodies, almost completely abolished the daily increase in a syllableôs mean predicted age (Figure 
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15A, 15B). A similar approach showed that blocking D1-type DA receptors in the sBG strongly 

attenuated daily increases in syllable predicted age scores (Figure 18A, 18B).  A linear mixed 

effects model revealed a significant interaction between drug treatment and time of day for both 

treatment groups, indicating that learning was impaired across the drug treatment day (Figure 15C, 

18C). Furthermore, the effects of blocking neuronal activity or D1Rs in the sBG on predicted age 

scores were still significant when they were normalized to the total amount of singing (Figure 16, 

19).  Lastly, neither of these drug treatments altered various acoustic features of individual 

syllables, as measured using a custom sound analysis program, Sound Analysis Pro 2011 (SAP) 

(Figure 17, 20). Therefore, neuronal activity and D1R-mediated DA signaling in the sBG are 

necessary for daily changes in syllable quality that characterize sensorimotor learning in juvenile 

male zebra finches.    

2.4 Methods 

Juvenile (31-95 dph) male zebra finches (Taeniopygia guttata) were obtained from the 

Mooney Lab breeding colony from Duke University Medical Center animal facility. Birds were 

kept under a 14:10-h light:dark cycle with free access to food and water. All experiments were 

performed under a protocol approved by Duke University Institutional Animal Care and Use 

Committee. 

2.4.1 Microdialysis experiments 

Microdialysis probes were made in house with polyethylene tubing (Intramedic, 427406) 

which served as a drug reservoir, a guide tube (MicroLumen, 4550698947), an outflow tube 

(MicroLumen, 4550814963), and a permeable tube (Spectra/Por, 132294) which allowed the drug 

to slowly diffuse throughout the day. For probe design, see (Hamaguchi & Mooney, 2012). 
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Juvenile zebra finches were raised in the company of an adult male tutor until 55-60 dph until 

being implanted the microdialysis probes. 

Juvenile male zebra finches were anesthetized with 2% isoflurane before being head-

fixed on a stereotaxic apparatus with a heat pad. The rate of breathing was monitored throughout 

surgery. After trimming the feathers over the skull, applying 0.25% bupivacaine as a topical 

anesthetic, and three rounds each of Betadine and 70% ethanol, a vertical incision was made with 

a scalpel in the skin from anterior to posterior. Craniotomies were made according to the 

stereotaxic coordinates of sBG, which were used to localize target sites for later microdialysis 

implantation. Stereotaxic coordinates measured from the posterior edge of the bifurcation of the 

midsagittal sinus (Y-sinus): for sBG, head angle 43°, 5.1 mm rostral, make a mark, switch to head 

angle 72°, 1.7 mm rostral from mark, 1.6 mm lateral, 3.1-2.6 mm ventral (this coordinate avoids 

damaging LMAN). Probes were then implanted bilaterally with the tip of the permeable 

membrane placed at the most ventral part of the sBG so that the permeable membrane extended 

through the dorsoventral span of the sBG. The surgical site was covered with a silicone adhesive, 

KWIK -SIL (WPI), and the probes were secured in place using MetaBond (Parkell, S396, S398, 

S371). Birds were monitored in a recovery cage with food and water under a heat lamp. After 

recovery, birds were placed in a sound isolation box and left for two to three days until their 

singing rate recovered to normal levels. 

For data acquisition, songs were automatically recorded with Sound Analysis Pro (SAP; 

http://soundanalysispro.com/). All infusions were done 5 to 15 min before cage lights came on 

every morning. For the infusion schedule, 4 to 6 days of saline were recorded as baseline learning 

days, followed by one day of drug. Drugs were washed out the next morning before lights came 

on, followed by at least 4 days of saline. For the muscimol experiment (n = 5/15 microdialysis 

birds), muscimol was given 6 days after birds had received a previous drug treatment, and 
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analysis was restricted to a window around muscimol treatment. In all other birds (n = 10/15), we 

report data from the first drug treatment. The following concentrations and drugs were used for 

the microdialysis experiments: muscimol (750 ɛM, Tocris, 0289), SCH23390 (5 mM, Tocris, 

0925). All drugs were prepared in a mammalian Ringerôs solution (Electron Microscopy Science, 

11763-10). At the end of data collection, a fluorescent dye, Fast Green (1 mg/ml, Sigma, F7252), 

was infused through the microdialysis probes to visualize drug spread. Birds were perfused with 

fixative and brains were collected and sectioned to confirm probe localization. 

2.4.2 Variational Autoencoder (VAE)  

After recording a large corpus of a juvenileôs songs during a period that spanned much of 

sensorimotor learning (55-94 dph), individual song renditions were segmented into their 

component syllables using the Autoencoded Vocal Analysis (AVA) package in Python (Goffinet 

et al., 2021). Briefly, spectrograms were taken as the log modulus of a short time Fourier 

transform (Hann windows, sample rate: 44.1 kHz, segment length: 512, overlap: 320). The total 

power of the spectrogram was calculated across channels. Syllables were detected when the total 

power exceeded a threshold, manually chosen for each bird. Detected syllables were then 

manually scaled and clipped to an appropriate range. They were interpolated to 128 target 

frequencies linearly spaced between 300 and 8000 Hz and 128 target times, resulting in a 128 x 

128 spectrogram. After VAE training, syllables were labeled according to the UMAP projections 

of embedded spectrograms using custom software in MATLAB. 

We used a standard VAE model to encode spectrograms, trained separately for each bird. 

The latent dimension was fixed at 32, with the same deep convolutional neural network 

architecture used as in a previous study (Brudner et al., 2023). All parameters were optimized 

using Adam optimization with a learning rate of 0.001. 80% of the syllables were used for 
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training and the remaining 20% were set aside for VAE validation. We trained the model until 

loss stopped decreasing on the validation set (150-350 epochs). 

2.4.3 Artificial Neural Network (ANN)  

Once the VAE was fully trained and syllables were segmented, we extracted latent 

embeddings for each syllable. We then trained a separate ANN with 3 linear layers to predict the 

age at which each syllable was produced, using a previously described approach (Brudner et al., 

2023). For drug treatment experiments, we restricted ANN training to a narrower developmental 

window that bracketed this drug treatment day (2-4 days before and after drug treatment day).  

Specially, both the drug day and the previous saline day were held out of the training set. During 

training, syllable ages were scaled between -1 and 1 independently for each syllable. We trained 

the networks by minimizing mean-squared error between the predicted age and true age. All 

parameters were optimized using the Levenberg-Marquardt algorithm with Bayesian 

regularization. As when training the VAE, 80% of the syllables were used for training and the 

remaining 20% were set aside for model validation. We trained for a maximum of 30 minutes and 

terminated a run if there was no improvement on the validation set objective for 3 epochs. After 

obtaining predicted age for each syllable, we compared the change in predicted age from the first 

50 to the last 50 renditions of a syllable in the drug day and the previous saline day to see the 

effect of drug treatment (Figure 15B, 18B). Normalized learning rate was calculated by dividing 

the delta predicted age over drug day and saline day by total syllable renditions produced on the 

day (Figure 16B, 19B). 

2.4.4 Linear mixed-effects model 

I used linear mixed effects models to account for hierarchical dependencies in the data. 

Specifically, I accounted for correlations between measurements that were sampled from the 
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same bird by including random effect terms for each type of measurement. In analyses relating 

time of day to song maturity, separated by drug treatment, I added random effects of syllable ID 

and bird ID. The model was fit using Matlab's fitlme function and providing the Wilkinson 

notation formula: predicted age error ~ 1 + time_of_day *  treatment + (1 + time_of_day | bird) + 

(1 + time_of_day | syllable).' 

2.4.5 Song feature analysis 

To quantify the acoustic features of syllables, we first used the VAE segmentation 

decisions to segment song files into individual files for each rendition of each syllable. We then 

used the batch analysis capability of Sound Analysis Pro 2011.104 (http://soundanalysispro.com/) 

to quantify a set of standard acoustic features for each rendition of each syllable. These data were 

saved into an excel file and subsequently loaded into Matlab for analysis using custom scripts. In 

the case of assessing how microdialysis manipulations (muscimol, SCH23390) influenced 

acoustic features, we calculated the mean and standard deviation of each feature on both the 

vehicle pre-treatment day, and the drug treatment day. We then calculated a change in baseline 

for the mean and standard deviation of each acoustic feature as follows: (Treatment / Vehicle) * 

100%. We then tested for significant differences from 100% using one-sample t-tests, which were 

Bonferroni corrected for multiple comparisons. 
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3. Dopamine dynamic in the sBG predict learning outcomes  

3.1 Introduction 

Although previous literature has shown that dopaminergic neurons in the  adult finch 

VTA encode an RPE-like signal after hours or days of singing-triggered noise (Gadagkar et al., 

2016), whether dopamine released by VTA-sBG neurons convey an RPE-like signal during 

juvenile sensorimotor learning remains unclear. Having established the importance of DA 

signaling in the sBG to sensorimotor learning in Chapter 2, I want to further explore the 

relationship between DA dynamics in the sBG and rendition-to-rendition variations in a syllableôs 

maturity. As discussed in Chapter 1.4.2, a reasonable hypothesis is that DA levels encode the 

absolute similarity of the juvenileôs song to its tutorôs song. If this hypothesis were correct, DA 

levels during the initial stages of sensorimotor learning would be low, then steadily increase as 

the juvenileôs song developed to more closely match the tutor song. However, contradictions 

could be easily derived when we think about these two points: 1) how could the low dose of DA 

drive the active phase of learning at the beginning of sensorimotor learning phase; 2) why did 

recordings in VTA dopaminergic neurons still show a low firing rate (average less than 4 Hz) in 

adultôs singing crystallized songs, a point at which the song closely resembles the tutor song  

(Gale & Perkel, 2006). Thus, I hypothesize that DA dynamics encode song qualities that become 

more common over the course of sensorimotor learning, regardless of its similarity to the tutor 

song. 

Indeed, this hypothesis is based on reinforcement learning and temporal difference 

learning theories. As has been reviewed in Chapter 1.3, TD error is computed as ŭt= r(St)+ V(St)- 

V(St-1), meaning that the TD error involves the reward history. In other words, it is possible that 
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DA release from VTA-sBG  neurons not only depends on the current state of the syllable, but also 

the previous performance of the syllable. 

Another hint that DA may convey an RPE-like signal in these types of learning came 

from a recent study (Markowitz et al., 2023). Markowitz et al. found that DA dynamics in the BG 

of the mouse correlate with and spontaneously executed movements. Moreover, optogenetically 

evoking DA release during a specific behavior ñsyllableò could significantly induce the mouse to 

reinforce the use of that behavior. Although DA dynamics has correlation with this self-directed 

spontaneous behavior, the role of DA dynamics in the BG during learning is unknown. With the 

help of GRAB-DA2m as a dopamine sensor to measure endogenous DA level (Sun et al., 2020), I 

used fiber photometry to study the correlation between DA dynamics and the learning outcome in 

this chapter. 

3.2 Results 

3.2.1 Electrical stimulation in the VTA elevates DA in the sBG  

As mentioned in Chapter 2.1, one of the difficulties in proving the hypothesis that DA 

release to the sBG could drive juvenile song learning is the lack of tool to measure the 

endogenous DA level. To solve this problem, I used AAV2/9-hsyn-GRAB-DA2m to express a 

genetically encoded dopamine sensor, GRAB-DA2m (Sun et al., 2020), or AAV2/9-CAG-GFP as 

a control, in the sBG of adult male zebra finches (Figure 21). First, I confirmed the function of 

the sensor with fiber photometry and electrical stimulation. Birds were anesthetized with 

isoflurane and placed in a stereotaxic apparatus. A pulse train (20Hz, 1 ms on, 49 ms off, for 1s) 

was generated through a TTL and 200-400 ɛA current was delivered through a bipolar 

stimulating electrode to stimulate VTA, the midbrain group providing majority of dopaminergic 

inputs to the sBG (Durstewitz, Kroner, & Gunturkun, 1999). Fluorescence signal of either 
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GRAB-DA2m or GFP control was captured by FP3002 (Neurophotometrics).  I found that 

electrical stimulation in the VTA elicited transient increases in fluorescence in the sBG in the 

GRAB-DA2m birds, while such transients were not detected in GFP-expressing birds (Figure 22). 

 

Figure 21: Schematic of fiber photometry experiments for measuring DA release in 

the sBG. 

 A) Schematic showing use of the genetically encoded DA sensor GRAB-DA2m (Sun et 

al., 2020) and fiber photometry to measure endogenous DA signals in the sBG or GFP as a 

control.  B) Representative sagittal-view histology of GRAB-DA2m photometric recordings. 

Green: GRAB-DA2m. Blue: neurotrace. White dashed line: placement of photometry ferrule. 

Scale bar: 200ɛm. 
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Figure 22: Electrical stimulation in VTA elevates DA in the sBG 

A) Schematic showing the use AAV to express the genetically encoded DA sensor GRAB-DA2m 

and fiber photometry to measure endogenous DA signals in the sBG evoked by electrical 

stimulation in the VTA. B) Example fluorescence signals recorded in the sBG evoked by 

electrical stimulation in the VTA (red arrowheads). C) Representative fluorescence evoked by 

VTA stimulation aligned to stimulation onset (n = 6 trials from one GRAB-DA bird (blue), 

similar results observed in 5/5 GRAB-DA birds in total; n = 7 trials from one GFP bird (red), 

similar results observed in 4/4 GFP birds in total). Solid trace and shaded region indicate mean 

and SEM, respectively. 
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3.2.2 Singing elevates DA in the sBG  

Having confirmed the function of GRAB-DA2m to track the DA transients, I wanted to 

explore the relationship between DA signal and singing. I expressed GRAB-DA2m in the sBG of 

adult male zebra finches (120-237 dph) and collected fiber photometry signal together with the 

song. After the data collection, I aligned the photometry to the song onset, first syllable, and song 

offset, respectively. Photometric recordings detected robust singing-related DA transients in the 

sBG of adult male zebra finches that tracked the onset, duration and offset of song bouts, again 

such transients were not detected in GFP-expressing birds (Figure 23). Noteworthy, this 

surprising result stands in contrast to the action potential firing rates of the VTA DA neurons that 

innervate the sBG, which are not elevated above baseline firing rates during normal singing 

(Roeser et al., 2023). I will further discuss this in Chapter 4.  

 

Figure 23: Singing elevates DA in the sBG. 
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 A) Schematic showing fiber photometry method for measuring endogenous singing-

related DA dynamics in the sBG during sensorimotor learning.  B) Representative DA transients 

aligned to sound spectrograms during several bouts of singing.  C) Singing-related fluorescence 

in the sBG aligned to song onset recorded with GRAB-DA2m (blue, averaged across 67 songs, 1 

bird; similar results observed in 12 birds) or GFP (red, averaged across 77 songs, 1 bird; similar 

results observed in 4 birds).  D) Representative GRAB-DA2m fluorescence in the sBG aligned to 

the first syllable in the motif (67 songs from one bird) E) Representative GRAB-DA2m 

fluorescence in the sBG aligned to onset of song bouts of different duration. Red: song bouts 

shorter than 3s (94 songs from one bird). Green: song bouts between 3s and 5s (22 songs from the 

same bird). Blue: song bouts longer than 5s (20 songs from the same bird). F)  Representative 

GRAB-DA2m fluorescence in the sBG aligned to song offset (66 songs from one bird). C-F: 

Solid trace and shaded region indicate mean and SEM, respectively. 

3.2.3 Predicted age scores of adjacent syllables were uncorrelated 

Having confirmed the functionality of using GRAB-DA2m and fiber photometry to 

measure singing-related DA transients in the sBG, I expressed GRAB-DA2m in the sBG of 

juvenile male zebra finches and recorded song and singing-related DA transients in the sBG 

during sensorimotor learning. At the end of the final imaging session, we trained a VAE-ANN on 

recordings of each juvenileôs song and generated predicted age scores for every rendition of every 

syllable in the birdôs song. Before exploring the relationship between DA and syllable maturity, I 

wanted to first determine whether maturity scores of syllables within the motif were uncorrelated, 

which would simplify the assignment of any correlation between DA dynamics and the maturity 

of individual syllables. To this end, I collaborated with Miles Martinez, a doctoral student from 

Dr. John Pearsonôs lab at Duke University. Using a correlation analysis, Mr. Martinez mean-

centered predicted age independently for each syllable and then calculated the Pearson correlation 
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coefficient between the maturities of successive syllables (e.g. corr(AB), corr(BC), corr(CD)...). 

We found that 89% of syllable pairs (730/824 of recording sessions) showed no significant 

correlation in predicted age. Out of minority of the pairs that did show a significant correlation, 

the correlation was centered at zero (0.0049 ± 0.0008). Based on these analyses, we concluded 

that the predicted age scores of adjacent syllables were uncorrelated (Figure 24).   

 

Figure 24: Predicted age scores of adjacent syllables were uncorrelated 

 A) Example of maturity scores of 5896 pairs of successive syllables (syllables E and F) 

from one juvenile. Correlation = 0.0250. B) Distribution of correlation in predicted age scores for 

16 successive syllable pairs from 5 juveniles. 89% of syllable pairs (730/824 of recording 

sessions) did not show a significant correlation in predicted age. Out of the significant pairs, the 

correlation was centered at zero (0.0049 ± 0.0008). 

3.2.4 Singing-related DA transients in the sBG correlate with the learned 

quality of syllable performance measured using VAE-ANN maturity scores 

Since we found no correlation between the predicted age scores of adjacent syllables, I 

focused on a syllable-level analysis that related the magnitude of DA transients in the sBG to the 
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learned quality of syllable performance. I used three approaches to test the hypothesis that DA 

transients in the sBG are correlated with the learned quality of syllable performance. 

3.2.4.1 DA level in top 10% PAE trials is higher than bottom 10% PAE trials . 

First, to measure syllable maturity relative to learning outcomes, I calculated predicted 

age error (PAE) scores for each syllable as a detrended measure of rendition maturity by 

subtracting the age that a syllable was produced from the predicted age score for that syllable 

rendition generated by the VAE-ANN. I then sorted these PAE values and selected the top and 

bottom 10% from each day, corresponding to the most progressive and regressive syllable 

renditions (Figure 25). Analysis of the associated GRAB-DA2m signals revealed that DA 

transients in the sBG were significantly higher on the most progressive syllable renditions (Figure 

26).   

 

Figure 25: Top and bottom 10% PAE distribution. 

A) Distribution of Predicted Age Error (PAE) scores for a representative syllable from one 

juvenile across recording days (gray), with top 10% (blue) and bottom 10% (red) scores from 

each recording day, as sampled for the group analysis shown in Figure 26. B) Histogram showing 
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the distribution of PAE scores from the syllable for all recording days shown in G; all PAE scores 

(gray), with top 10% (blue) and bottom 10% (red) PAE scores from each recording day. 

 

Figure 26: Singing-related DA levels in the sBG is higher in the top 10% PAE trials 

than bottom 10% PAE trials. 

 A) Traces shown the mean (solid lines) and SEM (shaded regions) of the Z-scored DA 

transients for the top (blue, averaged from 443 renditions) and bottom (red, averaged from 443 

renditions) 10% of predicted age error (PAE) renditions of an example syllable. B) Group data for 

all syllables showing the areal difference from 0 to 0.5 seconds after syllable onset between the 

top and bottom mean PAE scores (21 syllables from 5 birds; t20 = 5.162, p < 0.0001, one sample 

two-tailed t test). Magenta dot represents the syllable shown in A. C) Mean z-score of the DA 
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fluorescence transients for the syllable shown in A, time warped to 16 interpolated samples. D) 

Mean z-scores of time-warped, syllable-aligned DA transients for top and bottom 10% PAE 

scores for all syllables (21 syllables from 5 birds; t20 = 4.913, p < 0.0001, two-tailed paired t test). 

Magenta line represents the syllable shown in A. A, C: Solid trace and shaded region indicate 

mean and SEM, respectively. B, D: Boxes and error bars denote mean ± SEM. ᶻᶻᶻp < 0.001. 

3.2.4.2 DA level in top 10% dPA trials is higher than bottom 10% dPA trials. 

To further test the hypothesis that DA dynamics track the quality of song performance, I 

calculated the rendition to rendition change in predicted age scores for each syllable (delta-

predicted age, or dPA), which allows us to inspect local changes in syllable performance that 

were notably more progressive or regressive than the immediate prior rendition of that syllable 

(Figure 27). The GRAB-DA2m signals associated with these dPA scores revealed that DA 

transients in the sBG were significantly higher on renditions that showed the largest increases in 

predicted age relative to the prior rendition (Figure 28).  

Together, these two approaches establish that DA transients in the sBG correlate with the 

learned quality of song performance across each day and across renditions, at least when the 

analysis is restricted to the upper- and lower-most deciles of PAE and dPA scores.   
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Figure 27: Measuring the top and bottom 10% of the dPA distribution  to capture 

rendition to rendition changes in performance. 

A) Schematic showing how dPA is calculated. Left: Predicted age scores plotted as a function of 

actual age for a syllable from one juvenile. Right: high-power plot showing 6 consecutive 

renditions from the black box in the left panel. ȹpredicted age (dPA) = predicted age (t) - 

predicted age (t-1). B) Distribution of delta Predicted Age (dPA) scores for a single syllable from 

one juvenile across recording days (gray), with top 10% (blue) and bottom 10% (red) dPA scores 

from each recording day, as sampled for the group analysis in Figure 28. C) Histogram showing 
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the distribution of dPA scores for all recording days from the syllable shown in I; all PAE scores 

(gray), with top 10% (blue) and bottom 10% (red) PAE scores from each recording day. 

 

Figure 28: DA level in top 10% dPA trials is higher than bottom 10% dPA trials. 

A) Differences in z-scored DA transients for the top (blue) and bottom (red) 10% of delta 

Predicted Age (dPA) score renditions for the example syllable shown in Figure 26. B) Areal 

differences in dPA transients for all syllables (21 syllables from 5 birds; t20 = 5.151, p < 0.0001, 

one sample two-tailed t test). Magenta dot represents the syllable shown in A. C) Mean 

fluorescence z-scores for top and bottom 10% of dPA scores for the syllable shown in A, time-

warped to 16 interpolated samples. D) Mean z-scores of time-warped, syllable-aligned DA 
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transients for top and bottom 10% dPA scores for all syllables (21 syllables from 5 birds; t20 = 

2.754, p=0.0122, two-tailed paired t test).  Magenta line represents the syllable shown in A. 

A, C: Solid trace and shaded region indicate mean and SEM, respectively. B, D: Boxes and error 

bars denote mean ± SEM. ᶻᶻᶻp < 0.001. 

3.2.4.3 DA levels positively correlate with session-centered maturity. 

The PAE and dPA measurements establish that DA transients in the sBG correlate with 

the learned quality of a syllable, as measured using the highest and lowest deciles of the VAE-

ANN maturity scores. However, models of reinforcement learning hypothesize that DA transients 

should correlate with performance quality in a continuous manner. To address this issue, I 

collaborated with Mr. Martinez to analyze the relationship between the magnitude of DA 

transients in sBG and a more local measure of syllable maturity. Mr. Martinez calculated the 

session centered maturity, which uses predicted age scores mean-centered within each 5-minute 

imaging session, and then ran a linear mixed effects model, with session-centered maturity being 

the fixed effect, collection day grouped by bird ID and syllable ID, syllable ID grouped by bird 

ID, and bird ID being the random effects. This time-local analysis revealed a positive relationship 

between the magnitude of the DA transient in the sBG and the relative maturity scores for all 

syllables (Figure 29). Along with our finding that DA signaling in the sBG is necessary for daily 

learning-related changes to syllable maturity (Figure 18), these additional analyses indicate that 

performance-related DA dynamics in the sBG reliably correlate with song learning outcomes as 

measured using predicted age scores resulting from the VAE-ANN analysis. 
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Figure 29: DA levels in the sBG positively correlate with session-centered maturity. 

A, B) Session-centered analysis plotting the magnitude of DA transients and changes in predicted 

age scores for the steepest (A; slope = 0.0325) and shallowest (B; slope = 0.0111) syllable 

relationships, slopes are posterior estimates from linear mixed-effects model in C. C) Linear 

mixed effects model showing a significant correlation between DA transients and session-

centered maturity for 21 syllables from 5 birds, (slope of linear fit is significantly different from 

zero, ɓ = 0.0205, t14.173 = 5.621, p = 6.0185E-05, two-tailed t test).   
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3.2.5 Singing-related DA transient in the sBG positively correlate with both 

syllable duration and loudness 

 In addition to DAôs established role in motor learning, DA signals in certain parts of the 

mammalian basal ganglia can encode movement vigor (Ko & Wanat, 2016; Panigrahi et al., 

2015). Therefore, I collaborated with Dr. Schreiner to analyze the relationship between DA 

dynamics in the sBG and various acoustic features of song, some of which may relate to song 

motor vigor. Analysis of the acoustic features of syllables revealed that the magnitude of the 

singing-related DA transient in the sBG positively correlated with both syllable duration and 

loudness, but not with a wide variety of other features (Figure 30). Furthermore, syllable loudness 

and duration were not correlated, indicating they are independent features (Figure 31).  One 

possibility is that differences in syllable duration or loudness could drive a spurious correlation 

between DA dynamics and syllable maturity. However, syllable duration and maturity (PAE) 

were not correlated, while syllable loudness and PAE showed a small negative correlation, 

indicating that these two syllable features did not account for the positive correlation between DA 

dynamics and syllable maturity (Figure 31). In summary, elevated DA levels in the sBG 

correspond to louder and/or longer syllables, which may in turn reflect aspects of song motor 

vigor.    
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Figure 30: Singing-related DA transient in the sBG positively correlate with both 

syllable duration and loudness. 

 Mean z-scores of time-warped, syllable-aligned DA transients for top and bottom 10% of 

various acoustic features. n = 21 syllables from 5 birds; F12,260=1.999, p=0.0246, two-way RM 

ANOVA; Bonferroni corrected post hoc testing revealed that only duration (t260 = 4.383, p = 

0.0002) and amplitude (t260 = 3.970, p = 0.0012) significantly differed. FM: frequency. Boxes and 

error bars denote mean ± SEM. ᶻpz < 0.01, z ᶻᶻp < 0.001. ns: not significant. 
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Figure 31: Correlation analysis between duration and amplitude, duration and PAE, 

amplitude and PAE. 

 A) Pearson correlation coefficient measured between duration and loudness (n = 21 

syllables from 5 birds; t20 = 0.8353, p = 0.4134, one sample two-tailed t test). B) Pearson 

correlation coefficient measured between duration and PAE (n = 21 syllables from 5 birds; t20 = 

0.7471, p = 0.4637, one sample two-tailed t test). C) Pearson correlation coefficient measured 

between Amplitude and PAE (n = 21 syllables from 5 birds; t20 = 4.568, p = 0.0002, one sample 

two-tailed t test). Boxes and error bars denote mean ± SEM. ᶻᶻᶻp < 0.001, ns: not significant. 

3.3 Conclusions 

In this chapter, I used a genetically encoded dopamine sensor GRAB-DA2m and fiber 

photometry to explore the relationship between DA dynamics and syllable maturity. First, by 

electrically stimulating VTA, I confirmed the functionality of the dopamine sensor (Figure 22). 

Next, I found that the DA signal faithfully reports when the bird is singing, regardless of song 

quality (Figure 23). By using VAE and ANN, I figured out that the maturity of adjacent syllables 

maturity is uncorrelated (Figure 24), establishing the feasibility for the syllable-level analysis for 

assessing how DA dynamics relate to the learned quality of song performance. By using three 

different analysis methods, I found that DA dynamics faithfully track fluctuations in the learned 
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quality of individual syllables, including from one rendition to the next (Figure 25-29). In the end, 

analysis of DA signal and various acoustic features showed that DA signal in the sBG is also 

related to song movement vigor, but that these correlations cannot account for the positive 

correlation between DA levels and syllable maturity (Figure 30, 31). 

3.4 Methods 

Juvenile (31-95 dph) and adult (120-237 dph) male zebra finches (Taeniopygia guttata) 

were obtained from the Mooney Lab breeding colony from Duke University Medical Center 

animal facility. Birds were kept under a 14:10-h light:dark cycle with free access to food and 

water. All experiments were performed under a protocol approved by Duke University 

Institutional Animal Care and Use Committee. 

3.4.1 Fiber Photometry 

Adult or juvenile male zebra finches were anesthetized with 2% isoflurane before being 

head-fixed on a stereotaxic apparatus with a heat pad. The rate of breathing was monitored 

throughout surgery. After trimming the feathers over the skull, applying 0.25% bupivacaine as a 

topical anesthetic, and three rounds each of Betadine and 70% ethanol, a vertical incision was 

made with a scalpel in the skin from anterior to posterior. Craniotomies were made according to 

the stereotaxic coordinates of specific brain regions, which were used to localize target sites for 

injection, implantation, and electric stimulation. Stereotaxic coordinates measured from the 

posterior edge of the bifurcation of the midsagittal sinus (Y-sinus): for VTA, head angle 37°, 1.65 

mm rostral, 0.5-1.5 mm lateral, 6.2 mm ventral; for sBG, head angle 43°, 5.1 mm rostral, make a 

mark, switch to head angle 72°, 1.7 mm rostral from mark, 1.6 mm lateral, 3.1-2.6 mm ventral 

(this coordinate avoids damaging LMAN). AAV2/9-hSyn-GRAB_DA2m (WZ Biosciences, 

YL002009-AV9-PUB), or AAV2/9-CAG-GFP (Addgene, 37825-AAV9)  was injected using a 
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glass pipette attached to a Nanoject-II or Nanoject-III (Drummond Scientific). Specifically, 

viruses were injected at three different ventral coordinates per hemisphere (3.1 mm, 2.8 mm, 2.6 

mm, 300 nl for each site) in the sBG. Fiber optic ferrules (200 ɛm core, 0.37 NA, 

Neurophotometrics) were implanted unilaterally (counterbalanced for hemisphere) during the 

same surgery as the viral injection to the dorsal edge of sBG (2.6 mm ventral). The surgical site 

was covered with a silicone adhesive, KWIK-SIL (WPI), and the ferrules were secured in place 

using MetaBond (Parkell, S396, S398, S371). Zebra finches were monitored in a recovery cage 

with food and water under a heat lamp until fully recovered before the bird was returned to the 

bird colony or a sound isolation box for further experiments. 

For data acquisition, at least 3 weeks after optic ferrule implantation, birds were attached 

to a photometry system (Neurophotometrics FP3002) through a patch cord (Doric Lenses, 200 

ɛm core, 0.37 NA). In brief, light from 470 nm (for imaging in green fluorescence) and 415 nm 

(for isosbestic control signal to detect motion artifacts) LEDs was generated in turn at a total 

frame rate of 30 Hz (15 Hz per wavelength), bandpass filtered and directed down the patch cord 

via a 20× objective. Light was measured at the tip of the patch cord to make sure the power for 

each wavelength was ~50 ɛW. Emitted GRAB-DA/GFP fluorescence was collected through the 

same cannula and patch cord, split by a dichroic mirror, bandpass filtered, and focused onto 

opposite sides of an sCMOS camera sensor. Data was acquired using the open-source software 

Bonsai (Lopes et al., 2015) by drawing a region of interest inside the green image of the patch 

cord and calculating the mean pixel value. Synchronized video and sound recordings were 

acquired using a webcam (Logitech). 

Photometry data were analyzed using custom-written Matlab scripts. In each imaging 

session, the blue channel was fitted to and subtracted from the green signal using the Matlab 

polyfit function. DA/GFP signals were z-scored in each imaging session and aligned to the audio 
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recordings. In electrical stimulation, z-score to baseline was used instead of z-score to the whole 

imaging session. Baseline was defined as 4 to 2 seconds before stimulation onset. 

For the juvenile DA experiment, AAV-GRAB-DA2m was injected into the sBG between 

33-38 dph. Each juvenile was housed with an adult male tutor until 55-60 dph. One to nineteen, 5 

to 10-minute fiber photometry sessions were made across each day for a 11.6 ± 4.8 day (mean ± 

standard deviation) window between 63 and 90 dph). After data collection, songs were fed into 

the VAE-ANN to generate predicted age scores for each syllable. Predicted age error (PAE) was 

calculated by subtracting the actual age that a syllable was produced from the predicted age score 

for that syllable. Delta-predicted age (dPA) was calculated as the change in predicted age 

between successive renditions of the same syllable. Top/Bottom 10% of PAE or dPA trials were 

selected for each day and DA signals were aligned to syllable onsets. For the analysis in Figure 

26C, 28C, syllables were interpolated to the same length (16 samples). Session-centered maturity 

was calculated as the predicted age mean-centered within each 5-minute imaging session. 

For the electrical stimulation experiment, birds with previously implanted optic ferrule or 

opto-fluid cannula were anesthetized with 2% isoflurane and placed in a stereotaxic apparatus. A 

pulse train (20Hz, 1 ms on, 49 ms off, for 1s) was generated through a TTL triggered by a custom 

written LabView function (National Instruments) and 200-400 ɛA current was delivered through 

a bipolar stimulating electrode (MicroProbes for Life Science, WE5ST30.1H10) to stimulate the 

target brain region. Fluorescence signal was captured by an FP3002 (Neurophotometrics) and a 

collateral of the TTL was fed into the FP3002 for signal alignment. 4 to 8 stimulated trials were 

collected for group analysis. 

3.4.2 Correlation analysis 

We assessed the independence of vocal maturity across different syllables using a 

correlation analysis. Within each recording session, we mean-centered predicted age 
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independently for each syllable. We then calculated the Pearson correlation between the 

maturities of successive syllables (e.g. corr(AB), corr(BC), corr(CD)...). This true correlation was 

then compared to an empirical null distribution obtained through bootstrapped permutation. 

Briefly, we shuffled syllable labels between each pair within session and recalculated correlations 

10000 times per session-syllable pair. Pairs were considered to have significant correlation if their 

true correlation fell above 97.5% of the permuted correlation values or below 2.5% of the 

permuted correlation values. 

3.4.3 Song feature analysis 

To quantify the acoustic features of syllables, we first used the AVA-VAE segmentation 

decisions to segment song files into individual files for each rendition of each syllable. We then 

used the batch analysis capability of Sound Analysis Pro 2011.104 (http://soundanalysispro.com/) 

to quantify a set of standard acoustic features for each rendition of each syllable. These data were 

saved into an excel file and subsequently loaded into Matlab for analysis using custom scripts.  

When assessing how DA transients correlated with acoustic features, we used custom 

Matlab scripts to align the acoustic feature data with the interpolated DA signal for each syllable 

rendition. We then found the top and bottom 10% for each individual acoustic feature within each 

day and calculated the average interpolated DA signal for the top/bottom 10th percentile of each 

acoustic feature. A 2-way RM ANOVA with post hoc, Bonferroni corrected multiple 

comparisons was used to determine if there was a significant difference in DA transients related 

to any individual acoustic feature.
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4.  Canonical and non-canonical circuit mechanisms regulate 

DA release in the sBG 

4.1 Introduction 

As I have shown in Chapter 3.2.2, a notable feature of the DA signal I recorded in the 

sBG is that it always increased from baseline levels during singing, regardless of song quality. 

This stands in contrast to the action potential firing rates of VTA DA somata that project to the 

sBG, which are not elevated above baseline firing rates during normal singing (Roeser et al., 

2023). This discrepancy between the two signals suggests a non-canonical mechanism for DA 

release in the sBG, independent from the VTA-sBG cell body firing. This discrepancy is also 

surprising, considering extensive prior research examining dopamineôs role in learning depended 

on measurements of somatic action potentials (Cohen, Haesler, Vong, Lowell, & Uchida, 2012; 

Eshel et al., 2015; Eshel, Tian, Bukwich, & Uchida, 2016; Schultz et al., 1997; Starkweather, 

Babayan, Uchida, & Gershman, 2017). Ultimately, a non-canonical mechanism for DA release 

renders measurements of DA somatic action potentials insufficient to answer the question of how 

DA dynamics relate to performance and learning.  

In the mammalian basal ganglia, acetylcholine (ACh) released from cholinergic 

interneurons (CINs) and acting through nicotinic receptors on DA terminals is sufficient to trigger 

DA release, at least in certain conditions (Kramer et al., 2022; Liu et al., 2022; Mohebi et al., 

2023).  Furthermore, CINs can be excited by glutamatergic input from the cortex (Chantranupong 

et al., 2023; Krok et al., 2023), providing a pathway by which cortical activity can potentially 

modulate DA release in the striatum. Where does the singing-related elevation of DA signal come 

from? The existence of CINs in the sBG raises the possibility that a similar non-canonical 

mechanism operates in the sBG to regulate DA release independent from action potential activity 

in VTA cell bodies. If so, is the singing-related DA peak under the modulation of other brain 
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regions, for example, song premotor regions that provide input to the sBG and that may innervate 

CINs? In this chapter, I will use a combination of electrical stimulation, fiber photometry, 

pharmacological manipulations, transsynaptic viral tracing and in situ hybridization to address 

these questions. 

4.2 Results 

4.2.1 Electrical stimulation in HVC evokes DA release in the sBG 

A key finding in Chapter 3.2.1 is that electrical stimulation in VTA evokes DA release in 

the sBG. To exclude the possibility of electrical artifact, I moved the stimulation electrode to 

HVC, a pallial song premotor input to the sBG (Bottjer et al., 1989), and delivered 200-400 ɛA 

current with the same pulse train (20Hz, 1 ms on, 49 ms off, for 1s) through a bipolar stimulating 

electrode. Surprisingly, I observed that electrical stimulation in HVC routinely evoked DA 

transients in the sBG (Figure 32).  

One possible explanation is that HVC neurons projecting to sBG co-release DA. To 

exclude this possibility, I collaborated with Dr. Audrey Mercer, a post doc in our lab. Dr. Mercer 

retrogradely labeled the HVC-sBG cell bodies by injecting retrobeads to the sBG. Then, she 

performed in situ hybridization for the glutamatergic cell marker VGLUT2 and dopaminergic cell 

marker tyrosine hydroxylase (TH, the enzyme required for DA synthesis). We found that HVC-

sBG neurons are VGLUT2 positive but TH negative (Figure 33), indicating that electrical 

stimulation in HVC is unlikely to trigger DA release directly from HVC axon terminals. 

Moreover, electrical stimulation in the contralateral HVC failed to evoke DA transients in the 

sBG, indicating that the DA transient evoked by ipsilateral HVC stimulation was not simply a 

non-specific effect of electrical stimulation of the brain (Figure 34, n = 4/4 birds). 
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Figure 32: Electrical stimulation in HVC evokes DA release in the sBG. 

 A) Schematic of HVC stimulation in birds expressing GRAB-DA2m in the sBG.  B) 

Example DA transient evoked by HVC stimulation aligned to stimulation onset (8 trials from one 

bird, similar results observed in 6/6 birds). B: Solid trace and shaded region indicate mean and 

SEM, respectively. 

 

Figure 33: HVC-sBG neurons are glutamatergic but not dopaminergic. 
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 Lower-power (left) and higher-power (right) images showing that HVC neurons 

retrogradely labeled (green) by retrobeads injection into the sBG express VGLUT2 mRNA 

(magenta), but not TH mRNA (red); all neurons are labeled with neurotrace (blue). Scale bar: 100 

ɛm (left) and 20 ɛm (right). 

 

Figure 34: Contralateral HVC stimulation did not evoke DA release in the sBG. 

Example GRAB-DA2m transient evoked in the sBG by ipsilateral HVC stimulation (blue, data 

from Figure 32) and not by contralateral HVC stimulation (red, 6 trials from the same bird), both 

aligned to stimulus onset. Solid trace and shaded region indicate mean and SEM, respectively. 

4.2.2 Electrical stimulation in HVC evokes ACh release in the sBG 

Inspired by studies in the mammalian basal ganglia, I began to explore whether HVC 

axon terminals in the sBG could excite ACh release from CINs and thus activate nicotinic 

receptors on VTA-sBG terminals and trigger DA release. Since CINs in the mammalian striatum 

can be excited by glutamatergic input from the cortex (Chantranupong et al., 2023; Krok et al., 

2023), and HVC-sBG neurons are active when the bird is singing (Kozhevnikov & Fee, 2007), I 
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first asked whether electrically stimulating in HVC could drive ACh release in the sBG. To test 

this idea, I virally expressed a genetically engineered ACh sensor, GRAB-ACh3.0 (Jing et al., 

2020), in the sBG of adult male zebra finches (Figure 35). I observed that electrical stimulation of 

the ipsilateral, but not contralateral HVC evoked ACh transients in the sBG (Figure 36).  

In contrast, electrical stimulation in the ipsilateral VTA failed to evoke ACh transients in 

the sBG (Figure 36). This result is different from the mammalian work that DA inhibits the ACh 

release in the striatum (Chantranupong et al., 2023). However, we are not confident to make such 

an easy conclusion because the nature of the fiber photometry makes it hard to detect decrease of 

fluorescence. 

 

Figure 35: Schematic showing expression of GRAB-ACh3.0 in the sBG. 

 A) Schematic showing use of the genetically encoded ACh sensor GRAB-ACh3.0 and 

fiber photometry to measure electrically evoked ACh signals in the sBG. B) Representative 

histology of GRAB-ACh3.0 photometric recordings. Green: GRAB-ACh3.0. Blue: neurotrace. 

White dashed line: placement of photometry ferrule. Scale bar: 100 ɛm. 
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Figure 36: Ipsilateral HVC but not contralateral HVC or VTA stimulation evokes 

ACh release in the sBG. 

A) Schematic of HVC and VTA stimulation in birds expressing GRAB-ACh3.0 in the 

sBG. B) Example GRAB-ACh3.0 signals evoked in the sBG by ipsilateral HVC stimulation 

(blue, 9 trials from one adult male finch, similar results observed in 4/4 adult male finches) but 

not by contralateral HVC stimulation (red, 5 trials from the same male, similar results observed in 

4 /4 adult males) or ipsilateral VTA stimulation (green, 5 trials from the same male, similar 

results observed in 2/2 adult males).  All  traces aligned to stimulus onset; solid line, mean; shaded 

region, SEM).  

4.2.3 CINs in the sBG receive direct input from HVC 

To test whether CINs in the sBG receives direct input from HVC, I used an anterograde 

intersectional method to selectively label neurons in the sBG receiving synaptic input from HVC 

axons (Zingg et al., 2017). Specifically, I injected the viral construct AAV2/1-hsyn-Cre in HVC, 

which has been shown to travel anterogradely and infect neurons postsynaptic to neurons in the 

injection site. Meanwhile, I injected AAV2/1-CAG-FLEX-GFP or AAV2/9-CAG-FLEX-GFP in 

the ipsilateral sBG. In this way, I expected that GFP will express in sBG neurons that receive 
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monosynaptic input from HVC (Figure 37A). I then combined this intersectional viral tracing 

method with immunohistochemical methods to identify DARPP32+, which is a marker for spiny 

neurons, and choline acetyltransferase (ChAT), which serves as a marker for CINs. Using this set 

of approaches, I observed GFP expression in ChAT+ neurons in the sBG, as well as DARPP32+ 

neurons and other sBG cell types (Figure 37B-D). Despite the low efficacy for AAV2/1-hsyn-Cre 

virus to jump synapse, I was still able to get 83 GFP+ neurons from 6 birds. Among these 83 

neurons, ~10% colocalize with ChAT (Figure 37E). This percentage is remarkable, considering 

that CINs only constitute ~1% of total neural population in mammalian striatum (Phelps, Houser, 

& Vaughn, 1985) and probably a similar small proportion in zebra finch sBG. 

 

Figure 37: CINs in the sBG receive synaptic input from HVC . 
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 A) Schematic of anterograde intersectional viral tracing strategy to identify neurons in the 

sBG receiving synaptic input from HVC: AAV2/1-hsyn-Cre was injected into HVC, AAV2/1 or 

AAV2/9-CAG-FLEX-GFP was injected into the ipsilateral sBG. B) Low-power image showing 

expression of GFP (green) in ChAT+ (magenta, a marker for cholinergic neurons) or DARPP32+ 

(red, a marker for spiny neurons) neurons. n = 1 bird. Scale bar: 100 ɛm. C, D) High-power 

images for left (C) and right (D) white boxes in B) showing GFP (green) colocalization with 

DARPP32+ (red) or ChAT+ (magenta) neurons. Scale bar: 10 ɛm. E) Pie chart of the percentage 

of GFP+ cells that were positive for ChAT (magenta), DARPP32 (red), and neither (gray). 83 

neurons in total from 6 birds, 12 hemispheres. 

4.2.4 Blocking nAChRs in the sBG reduces DA transients evoked by HVC 

stimulation but not VTA stimulation  

A direct prediction of the non-canonical model of DA release in the sBG is that the DA 

release evoked in the sBG by HVC stimulation should be attenuated by blocking nicotinic 

receptors in the sBG.  To test this prediction, I implanted an opto-fluid cannula in the sBG of 

adult male finches previously manipulated to express GRAB-DA2m, enabling me to 

simultaneously measure DA transients and pharmacologically manipulate nAChR signaling in the 

sBG. Birds were anesthetized by isoflurane and placed in a stereotaxic apparatus. A pulse train 

(20Hz for 1s, 200-400 ɛA) was applied through a bipolar stimulating electrode to either HVC or 

VTA.  I measured the electrically-evoked DA transients in the sBG before and after injecting 1ɛl 

5mM DHɓE (an antagonist for nAChR Ŭ4ɓ2 subunit) through the optofluid cannula. I found that 

infusing DHɓE into the sBG significantly reduced DA transients evoked by HVC stimulation, but 

not those evoked by VTA stimulation (Figure 38).   

An important remaining issue to resolve is whether VTA-sBG neurons express nAChRs. 

To this end, I injected retrobeads to the sBG to retrogradely label VTA-sBG cell bodies. 
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Following cardiac perfusion and fixation with paraformaldehyde, I collected brain sections that 

contained the VTA and performed in situ hybridization to detect TH, a marker for dopaminergic 

neurons, and CHRNA4, the mRNA for translating nAChR Ŭ4 subunit. This approach revealed 

that the TH+ VTA-sBG neurons express CHRNA4 mRNA (Figure 39). Collectively, these data 

indicate that HVC axon terminals can drive DA release in the sBG through a local mechanism 

involving ChAT+ neurons and nAChRs located on DA terminals arising from VTA cell bodies. 

 

Figure 38: Blocking nAChRs in the sBG reduces DA transients evoked by HVC 

stimulation but not by VTA stimulation.  

 A) Schematic of HVC or VTA stimulation in birds expressing GRAB-DA2m in the sBG 

before and after applying DHɓE. B) Example DA transients evoked in the sBG by HVC 

stimulation, aligned to stimulation onset, before (blue, 12 trials from one bird) and after (red, 18 
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trials from the same bird) infusing DHɓE into the sBG. C) Example DA transients evoked in the 

sBG by VTA stimulation, aligned to stimulation onset, before (blue, 5 trials from one bird) and 

after (red, 6 trials from the same bird) infusing DHɓE in the sBG.  D) Integral of the z-scored DA 

transient for a 2s window following HVC stimulation, before and after infusing DHɓE into the 

sBG (n = 4 birds; t3 = 4.812, p = 0.0171, two-tailed paired t test).  E) Integral of the z-scored DA 

transient for a 2s window after VTA stimulation, before and after infusing DHɓE into the sBG (n 

= 3 birds, t2 = 1.492, p = 0.2742, two-tailed paired t test). B, C: Solid trace and shaded region 

indicate mean and SEM, respectively.  D, E: Boxes and error bars denote mean ± SEM. pz < 

0.05,  ns: not significant. 

 

Figure 39: The mRNA for the nAChR subunit that binds DHɓE is expressed in 

VTA -sBG neurons. 

 Lower-power (left) and higher-power (right) images showing that the VTA neurons that 

are retrogradely labeled (magenta) by injection of retrobeads in the sBG express both nAChRŬ4 

mRNA (CHRNA4, green) and TH mRNA (red). Scale bar: 100 ɛm (left) and 20 ɛm (right). 
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4.2.5 Singing elevates ACh in the sBG 

The HVC neurons that project to the sBG exhibit robust increases in action potential 

activity during singing (Kozhevnikov & Fee, 2007), and thus could act through this local 

cholinergic mechanism to help drive singing-related increases in DA in the sBG. In this case, 

there should also be an increase in the ACh signal when the bird is singing. To test this idea, I 

virally expressed GRAB-ACh in adult birds and performed fiber photometry recordings together 

with the singing data. Consistent with this idea, fiber photometric recordings detected robust 

singing-related ACh transients in the sBG of adult male zebra finches that tracked the onset, 

duration and offset of song bouts (Figure 40). Notably, this singing-related ACh signal is 

extremely similar to singing-related DA transients I previously recorded in the sBG, as shown in 

Chapter 3.2.2. 
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Figure 40: Singing elevates ACh in the sBG. 

A) Schematic of photometric recording of GRAB-ACh3.0 transients in the sBG of 

singing birds. B) Representative ACh transients aligned to sound spectrograms during several 

bouts of singing. C) Representative ACh transients aligned to song onset (54 trials from one bird, 

similar results observed from 6 birds). D) Representative GRAB-ACh3.0 fluorescence in the sBG 
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aligned to the onset of the first syllable in the motif, 54 trials from one bird. E) Representative 

GRAB-ACh3.0 fluorescence in the sBG aligned to the onsets of song bouts of different song 

duration. Blue: song bouts shorter than 3s (16 trials from one bird). Red: song bouts longer than 

5s (22 trials from the same bird). F)  Representative GRAB-ACh3.0 fluorescence in the sBG 

aligned to song offset, 70 trials from one bird). C-F: Solid trace and shaded region indicate mean 

and SEM, respectively. 

4.2.6 Blocking nAChRs in the sBG reduces singing-related DA transients 

If some of the singing-related DA signal in the sBG is generated by HVC acting through 

CINs, then blocking nAChRs in the sBG should reduce these singing-evoked DA transients. 

Therefore, using adult male finches that were virally treated to expression GRAB-DA2m in the 

sBG and implanted with an opto-fluid cannula, I measured singing-related DA transients in the 

sBG before and after injecting DHɓE (1ɛl 5mM). Indeed, infusing DHɓE into the sBG strongly 

reduced singing-related DA transients in the sBG (Figure 41). Since song duration could be a 

variable that influences the magnitude of the GRAB-DA signal, I fit a linear mixed effects model 

to all song durations before/after applying DHɓE and before/after applying saline, with time 

factor (before vs after manipulation), drug treatment condition (DHɓE vs saline), and an 

interaction between these factors being fixed effects, and bird ID being random effects (Table 1). 

However, I found that DHɓE application did not affect song duration. Therefore, singing-related 

DA transients in the sBG depend in part on a process where an HVC-dependent elevation of ACh 

activates nAChRs in the sBG to trigger DA release. 
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Figure 41: Blocking nAChRs in the sBG reduces singing-related DA transients. 

A) Schematic of photometric recording in singing adult male zebra finches expressing GRAB-

DA2m in the sBG, before and after infusing DHɓE or saline into the sBG. B) Example DA 

transients aligned to song onset, before (blue, 38 trials from one bird) and after (red, 41 trials 

from the same bird) infusing DHɓE into the sBG. C) Example DA transients aligned to song 

onset before (blue, 59 trials from the same bird in B) and after (green, 33 trials from the same 

bird) infusing saline into the sBG. D) Quantification of percentage change in the integral of the z-

scored singing-evoked DA transient, measured from 0 to 5s from song onset, after saline (green) 

or DHɓE (red) infusion into the sBG (n = 6 birds, t5 = 2.764, p = 0.0396, two-tailed paired t test). 

E) Quantification of the percentage change in the peak of the z-scored singing-evoked DA 

transient after infusion of saline/DHɓE, measured between 0 to 5s following song onset (n = 6 

birds, t5 = 4.958, p = 0.0043, two-tailed paired t test). B, C: Solid trace and shaded region indicate 
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mean and SEM, respectively. D, E: Boxes and error bars denote mean ± SEM. pz < 0.05, z pz < 

0.01. 

Table 1: Blocking nAChRs in the sBG does not affect song duration. 

effect group term estimate std.error statistic df p.value

1 fixed NA (Intercept) 5.296724 0.823494 6.432016 5.027952 0.001322

2 fixed NA timeFactorafter 0.522174 0.376776 1.385901 13.50142 0.188242

3 fixed NA treatmentFactordhbe 0.474567 0.385719 1.230343 8.031514 0.253384

4 fixed NA timeFactorafter:treatmentFactordhbe -1.23876 0.6921 -1.78986 5.575208 0.127429

5 random bird sd__(Intercept) 1.943052NA NA NA NA

6 random bird cor__(Intercept).timeFactorafter -1 NA NA NA NA

7 random bird cor__(Intercept).treatmentFactordhbe 0.408615NA NA NA NA

8 random bird cor__(Intercept).timeFactorafter:treatmentFactordhbe 0.04003NA NA NA NA

9 random bird sd__timeFactorafter 0.41654NA NA NA NA

10 random bird cor__timeFactorafter.treatmentFactordhbe -0.40861NA NA NA NA

11 random bird cor__timeFactorafter.timeFactorafter:treatmentFactordhbe -0.04003NA NA NA NA

12 random bird sd__treatmentFactordhbe 0.502657NA NA NA NA

13 random bird cor__treatmentFactordhbe.timeFactorafter:treatmentFactordhbe-0.89562NA NA NA NA

14 random bird sd__timeFactorafter:treatmentFactordhbe 1.215273NA NA NA NA

15 random Residualsd__Observation 3.666647NA NA NA NA

 

4.3 Conclusions 

In this chapter, I combined fiber photometry, pharmacological manipulations, 

immunofluorescent staining, and in situ hybridization to identify a non-canonical circuit 

mechanism regulating DA release in the sBG. This evidence indicates that song premotor activity 

arising from HVC activates cholinergic interneurons in the sBG, which releases acetylcholine to 

activate nAChRs on VTA-sBG terminals and trigger DA release. To test this hypothesis, I 

demonstrated (to my surprise) that electrical stimulation in HVC induced DA release in the sBG 

(Figure 32). Next, I found that electrical stimulation in the ipsi- but not contralateral HVC 

triggered ACh transients in the sBG, similar to the evoked DA transients (Figure 36). Then, an 

anterograde intersectional method showed that CINs in the sBG receive synaptic inputs from 

HVC axons (Figure 37). Then I showed that infusing the nAChR Ŭ4ɓ2 subunit antagonist DHɓE 

into the sBG reduced DA transients evoked by HVC stimulation, but not those evoked by VTA 

stimulation (Figure 38). In situ hybridization further confirmed that the TH+ VTA cells that 

project to the sBG express the CHRNA4 mRNA that encodes the Ŭ4 subunit of nAChRs, which is 
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the binding site for DHBE (Figure 39). Next, I showed that in freely behaving birds, the ACh 

signal in the sBG faithfully tracks the song when the bird is singing (Figure 40). Local inhibition 

of nAChRs with DHɓE strongly reduced singing-related DA transients in the sBG, without 

reducing song duration (Figure 41, Table 1). Taken together, these results indicate that HVC axon 

terminals can drive DA release in the sBG through a local mechanism involving ChAT+ neurons 

and nAChRs located on DA terminals, revealing that a non-canonical mechanism regulates DA 

release in the sBG independent from the action potential activity of VTA cell bodies. 

4.4 Methods 

Adult (120-237 dph) male zebra finches (Taeniopygia guttata) were obtained from the 

Mooney Lab breeding colony from Duke University Medical Center animal facility. Birds were 

kept under a 14:10-h light:dark cycle with free access to food and water. All experiments were 

performed under a protocol approved by Duke University Institutional Animal Care and Use 

Committee. 

4.4.1 Fiber photometry 

Adult male zebra finches were injected with AAV2/9-hSyn-GRAB_DA2m (WZ 

Biosciences, YL002009-AV9-PUB), AAV2/9-hSyn-GRAB_ACh3.0 (WZ Biosciences, 

YL001003-AV9-PUB), or AAV2/9-CAG-GFP (Addgene, 37825-AAV9) into the sBG using the 

similar surgical procedure described in Chapter 3.4.1. Specifically, viruses were injected at three 

different ventral coordinates per hemisphere (3.1 mm, 2.8 mm, 2.6 mm, 300 nl for each site) in 

the sBG. Fiber optic ferrules were implanted unilaterally (counterbalanced for hemisphere) during 

the same surgery as the viral injection. Craniotomies were made over the sBG and fiber optic 

ferrules (200 ɛm core, 0.37 NA, Neurophotometrics) were implanted to the dorsal edge of sBG 

(2.6 mm ventral). For simultaneous photometry recording and pharmacology manipulation, opto-
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fluid cannulae (Doric Lenses) were implanted unilaterally (counterbalanced for hemisphere) after 

waiting for a minimum of 3 weeks for viral expression and secured in place using MetaBond.  

For data acquisition, at least 3 weeks after optic ferrule implantation, or 2 to 3 days after 

opto-fluid cannula implantation, birds were attached to a photometry system (Neurophotometrics 

FP3002) through a patch cord (Doric Lenses, 200 ɛm core, 0.37 NA). In brief, light from 470 nm 

(for imaging in green fluorescence) and 415 nm (for isosbestic control signal to detect motion 

artifacts) LEDs was generated in turn at a total frame rate of 30 Hz (15 Hz per wavelength), 

bandpass filtered and directed down the patch cord via a 20× objective. Light was measured at the 

tip of the patch cord to make sure the power for each wavelength was ~50 ɛW. Emitted GRAB-

DA/ACh/GFP fluorescence was collected through the same cannula and patch cord, split by a 

dichroic mirror, bandpass filtered, and focused onto opposite sides of an sCMOS camera sensor. 

Data was acquired using the open-source software Bonsai (Lopes et al., 2015) by drawing a 

region of interest inside the green image of the patch cord and calculating the mean pixel value. 

Synchronized video and sound recordings were acquired using a webcam (Logitech).  

Photometry data were analyzed using custom-written Matlab scripts. In each imaging 

session, the blue channel was fitted to and subtracted from the green signal using the Matlab 

polyfit function. DA/ACh/GFP signals were z-scored in each imaging session and aligned to the 

audio recordings. In electric stimulation and DHɓE opto-fluid cannula experiments, z-score to 

baseline was used instead of z-score to the whole imaging session. Baseline was defined as 4 to 2 

seconds before stimulation onset and 1 to 2 seconds before vocal onset. 

For the electrical stimulation experiment, birds with previously implanted optic ferrule or 

opto-fluid cannula were anesthetized with 2% isoflurane and placed in a stereotaxic apparatus. A 

pulse train (20Hz, 1 ms on, 49 ms off, for 1s) was generated through a TTL triggered by a custom 

written LabView function (National Instruments) and 200-400 ɛA current was delivered through 
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a bipolar stimulating electrode (MicroProbes for Life Science, WE5ST30.1H10) to stimulate the 

target brain region. Fluorescence signal was captured by an FP3002 (Neurophotometrics) and a 

collateral of the TTL was fed into the FP3002 for signal alignment. 4 to 8 stimulated trials were 

collected before manually infusing 1 ɛl 5 mM DHɓE through the cannula. After waiting for at 

least 5 min for drug diffusion, 4-8 stimulated trials were collected to compare with trials before 

drug treatment. 

For the simultaneous pharmacology and photometry recordings, an injector containing 

saline or 1-5 mM DHɓE was plugged into the opto-fluid cannula at ~10 am in the morning. 

Photometry recordings were collected with the FP3002 for multiple 5 min sessions until the 

middle of the day. At ~1:30pm, 1ɛl 1-5 mM DHɓE/saline was manually infused into the brain. 

After waiting for at least 5 min for drug diffusion, multiple photometry recordings were collected 

until the injector was removed from the opto-fluid cannula at ~5pm. 

4.4.2 Linear mixed effects model 

Using custom-written Matlab scripts, the onset and offset of song was labeled and the 

song duration was calculated for all the songs before and after saline application, and before and 

after DHɓE application. Then, a linear mixed effects model was fit to all song durations 

before/after applying DHɓE and before/after applying saline, with time factor (before vs after 

manipulation), drug treatment condition (DHɓE vs saline), and an interaction between these 

factors being fixed effects, and bird ID being random effects. 

4.4.3 Tissue collection 

Birds were deeply anesthetized with intramuscular injection of 20µl Euthasol (Virbac), 

and transcardially perfused with 1x phosphate-buffered saline (PBS, Sigma, P5493) followed by 

4% paraformaldehyde (PFA). Brains were removed, post-fixed in 4% PFA at 4 °C overnight and 
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moved to cryoprotective 30% sucrose PFA solution at 4 °C for two days. Brains were then frozen 

in Tissue-Tek OCT Compound (VWR, 25608-930) in disposable embedding molds (VWR, 

15160-157), and stored at ī80 ÁC until sectioning. Frozen consecutive sagittal sections (thickness 

of 50µm) were collected with a Leica CM 1850 cryostat and stored in 1x PBS solution at 4 °C 

until further procedures. For in situ hybridization, RNase-free PBS was prepared using 1x PBS 

(Invitrogen, AM9624) treated with DEPC (Sigma, D5758), and was used in these procedures. 

4.4.4 Immunofluorescence 

Free-floating sections were washed for 5 minutes for three times in 0.3% Triton X-100 

(Sigma, T8787) in 1x PBS (0.3% PBST), blocked with 10% Blocking One Histo (Nacalai tesque, 

06349-64) in PBST for 1 hour, and incubated with primary antibodies in PBST at 4 °C overnight. 

Sections were then washed for 5 minutes for three times in PBST and incubated with secondary 

antibodies and Neurotrace 435/455 (1:500, Invitrogen, N21479) at room temperature for 4 hours, 

followed by three 5-minute washes in PBST. Sections were coverslipped with Fluoromount-G 

(SouthernBiotech, 0100-01), and then imaged with a confocal microscope (Zeiss 710). For 

identification of microdialysis probes in Extended Data Fig. 1A, sections were directly incubated 

in Neurotrace 435/455 for 2 hours while skipping the procedures on Day 1. For identification of 

GRAB-DA2m (Figure 21), GRAB-ACh3.0 (Figure 35), and HVC terminals (Figure 42) in the 

sBG, the combination of antibodies was used as follows: mouse anti-GFP (1:500, Invitrogen, 

A11120) and goat anti-mouse Alexa Fluor 488 (1:500, Invitrogen A11001). For identification of 

ChAT, DARPP32, and GFP in Figure 37, the following combination of antibodies was used: 

mouse anti-GFP (1:500, Invitrogen, A11120) and donkey anti-mouse Alexa Fluor 488 (1:500, 

Invitrogen, A21202); rabbit anti-DARPP32 (1:1000, Abcam, 40801), donkey anti-rabbit Alexa 

Fluor 594 (1:500, Invitrogen, A21207) or donkey anti-rabbit Alexa Fluor 647 (1:500, Invitrogen, 

A32795); goat anti-ChAT (1:100, Millipore, AB144P), donkey anti-goat Alexa Fluor 647 (1:500, 
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Invitrogen, A21447), or bovine anti-goat Alexa Fluor 594 (1:500, Jackson ImmunoResearch, 

805-585-180). 

4.4.5 Fluorescence in situ hybridization  

In situ hybridization was performed using third generation in situ hybridization chain 

reaction (HCR v3.0, Molecular Instruments). Zebra finch probe sequences were custom made by 

Molecular Instruments and designed using the NCBI database as a reference (VGLUT2: 

NM_001309508.1; TH: XM_002198931.3; CHRNA4: XM_012570240.4). Adult male zebra 

finches were head-fixed on stereotaxic apparatus and green RetroBeads (LumaFluor, G180) were 

injected into the sBG. Specifically, green Retrobeads were injected at three different ventral 

coordinates per hemisphere (3.1 mm, 2.8 mm, 2.6 mm, 75 nl for each site) in the sBG. One week 

after RetroBeads injection, consecutive sagittal sections were collected using the procedure 

described in tissue collection. Sections were post-fixed in 4% PFA for 20 min, followed by two 3-

minute washes in DEPC-PBS, a 45-minute incubation in 5% SDS (Sigma, 71736) in DEPC-PBS , 

and three 5-minute washes in 2x sodium chloride sodium citrate 0.1% Tween 20 (2x SSCT, SSC: 

Invitrogen, AM9770; Tween: Sigma P9416). Then sections were pre-incubated in probe 

hybridization buffer (made by Molecular Instruments) for 30 minutes in a 37 °C incubator, and 

transferred to probe hybridization buffer containing HCR probes (VGLUT2 and TH, 1:200; 

CHRNA4, 1:50) overnight at 37 ÁC. On Day 2, sections were washed in probe wash buffer (made 

by Molecular Instruments) for 30 minutes for 4 times at 37 ÁC, followed by two 5-minute washes 

in 2x SSCT at room temperature. Then sections were pre-incubated in a probe amplification 

buffer (made by Molecular Instruments) for 30 minutes at room temperature and transferred to a 

probe amplification buffer containing HCR fluorescent amplifiers at room temperature for 48 

hours. On the last day, sections were washed in 2x SSCT for two 5-minute washes, incubated in 

Neurotrace (1:500) for 2 hours, washed in 2x SSCT for two 5-minute washes, coverslipped with 
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Fluoromount-G (SouthernBiotech, 0100-01), and then imaged with a confocal microscope (Zeiss 

710).
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5. Different  contributions of DA and ACh signaling in the sBG 

to song learning 

5.1 Introduction 

In Chapter 4, I showed that singing elevates levels of both DA and ACh in the sBG, and 

that ACh helps to drive some of this DA release. As a next step, I sought to better understand the 

role that ACh plays in sensorimotor learning. Here, I borrow terminology from developmental 

biology that distinguishes between permissive and instructive signals (Gilbert, 2000; Holtzer, 

1968). A permissive signal enables normal development to proceed but does not provide any 

information about the developmental outcome. In contrast, in the presence of a permissive signal, 

an instructive signal provides explicit information about what the developmental outcome should 

be, such as the detailed structure of a limb.  In the context of sensorimotor learning, a permissive 

signal would simply enable learning to occur, perhaps by elevating levels of vocal plasticity, 

whereas an instructive signal acts on this plasticity to drive song into a specific pattern. 

Clearly, both my work in Chapter 2 and previous studies support the idea that DA 

dynamics in the sBG track the quality of song performance to drive both juvenile sensorimotor 

learning and adult pitch learning. These findings are consistent with a model in which DA release 

in the sBG functions as an instructive signal to guide sensorimotor learning. However, whether 

ACh release in the sBG serves as an instructive or permissive signal remains unclear. More 

specifically, I sought to distinguish between two models: 1) ACh provides a permissive signal, 

perhaps by elevating DA levels in the sBG into a range where an instructive signal encoded by 

action potential activity of VTA cell bodies triggers additional DA release that can adaptively 

modify the song motor program; 2) similar to DA, ACh provides an instructive signal to drive 

sensorimotor learning. In either case, blocking cholinergic signaling should interfere with 

sensorimotor learning. However, only if the second model is correct should singing-related ACh 
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transients track the quality of song performance.  In this chapter, I seek to determine whether 

ACh release in the sBG functions permissively or instructively during sensorimotor learning. 

5.2 Results 

5.2.1 Blocking the nAChRs in the sBG reduces sensorimotor learning 

The current finding that a cholinergic mechanism regulates DA release in the sBG during 

singing raises the possibility that ACh plays an important role in sensorimotor learning. To 

investigate this possibility, I performed a microdialysis experiment similar to the muscimol and 

D1R blocking experiments described in chapter 2 (Figure 42). I implanted microdialysis probes 

bilaterally into the sBG of previously tutor juvenile male zebra finches between 55 and 60 dph. 

For better visualization of probe implantation, I injected AAV2/9-CAG-GFP to HVC bilaterally 

to label HVC terminals in the sBG. After 4 ï 6 days of normal learning, I infused 5mM DHɓE (an 

antagonist for nAChR Ŭ4ɓ2 subunit) into the sBG. After using VAE and ANN to calculate 

predicted age for individual syllables, predicted age score was plotted as a function of actual age 

(Figure 43A). Again, I used two methods to quantify whether DHɓE 23390 blocks the daily 

progression of predicted age. First, I measured daily changes in a syllableôs predicted age scores, 

by measuring the difference in mean predicted age for the first fifty and last fifty syllable 

renditions on the drug treatment day and the preceding control day.   This revealed that the daily 

increase in predicted age on the DHɓE treatment day was significantly smaller than on the control 

day (Figure 43B, n = 11 syllables from 4 juveniles, t10 = 2.487, p = 0.0322, two-tailed paired t 

test). Second, a linear mixed effects model showed a significant interaction between DHɓE 

treatment and time of day, indicating that learning was impaired across the nAChR blocking day 

(Figure 43C, t50054 = -2.9171, p = 0.0035, two-tailed t test). Therefore, blocking nAChRs in the 

sBG strongly reduced daily increases in syllable maturity that occur during sensorimotor learning. 
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Figure 42: Schematic for microdialysis experiment for DHɓE infusion. 

 A) Schematic of microdialysis method used to reversibly block nAChRs using DHɓE 

during sensorimotor learning. B) Representative histology of DHɓE microdialysis experiment. 

Blue: neurotrace. Green: HVC axon terminals in the sBG labeled by injection of AAV2/9-GFP 

into HVC. White dashed line: placement of microdialysis probe. Scale bar: 200 ɛm. 
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Figure 43: Blocking nAChRs in the sBG reduces daily increases in syllable maturity. 

 A) Predicted age scores plotted as a function of actual age for a syllable on the saline 

days used to train the ANN (blue), as well as the saline control day (red) and the DHɓE treatment 

day (dark blue), both of which were held out of the training set. Dots are individual syllable 

renditions and black line is rolling average. B) Blocking nAChRs in the sBG significantly impairs 

daily learning (change in predicted age from the first 50 to the last 50 renditions of a syllable, 

saline versus DHɓE, 11 syllables from 4 juveniles; t10 = 2.487, p = 0.0322, two-tailed paired t 

test). C) Linear mixed effects model showing that DHɓE treatment significantly impaired 

learning across the day (a significant interaction between treatment (saline/DHɓE) and time of 

day, t50054 = -2.9171, p = 0.0035, two-tailed t test). B: Boxes and error bars denote mean ± SEM.  


