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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 unkdovwenile
zebra finches are distinguished by their ability to copy the song of an adulatspmmtaneous,
intrinsically reinforced processlere, | use the zebra finch as a model system to sedyeural
mechanisms that operate within a s@pgcialized region of the basal gangBG)to enable
this remarkable form of motor learningsing in vivo microdialysis and computational methods
to quantify juvenile song development, | first determined that dopamine (DA) signaling in the
sBG is necessary for song learning. Using genetically encoded DA sensors and fiber photometry,
| showed that DA dynamics in the sBG faithfully track the learned quality of juvenile song
performance on a renditidsy-rendition basis. Consequently, my experiments provide
compelling evidence that DA functions in the sBGasward prediction errelike signal to
drive song learning, a process that evolves spontaneously and does not depend on extrinsic
reward or punishment. Furthermore, | 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 Acortical o inputs, which act via
DA during singing. While | was able to show that both cholinergic and dopaminergic signaling in
the sBG are necessary for song learning, | further found that only DA tracks the learned quality of
song performancd.herefore, dopamine dynamics in the basal ganglia encode performance

guality to drive sekdirected and longerm learning of natural behaviors
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1. Introduction

Learning occurs when behavior changes in response to reinfemc@rhorndike, 1905)

Theories of reinforcement learning posit that this process is driven by a discrepancy between
expected and experienced rewaddshe reward prediction error (RPE) long identified with
dopamine (DA) release in the basal ganglia (B&rshman & 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 reinfor¢Bigin & Sharot, 2021; Wood,
2021) One hint that DA may convey an Rilke signal in these types of learning is that DA
dynamics in the BG of the mouse correlate with and can reinforce spontaneously executed
movementgMarkowitz et al., 2023)although how this process is organized into-dieicted

and longterm learning of natural, adaptive behaviors is unknown.

A juvenile male zebra finch Apupil 0 memori z
multisyllabic song motif of an adult male Atut
music learningDoupe & Kuhl, 1999; Mooney, 2022; Sakata, Woolley, Fay, & Popper, 2020)
Successful song |l earning, which is ultimately
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 manyBraeker,

Pearson, & Mooney, 2023; Derégnaucourt, Mitra, Fehér, Pytte, & Tchernichovski, 2005; Goffinet,
Brudner, Mooney, & Pearson, 202Remarkably, sensorimotor learning proceeds without any
reinforcement ot her than the | uv(Eaes 1985Rricee x per i

1979) suggesting that singing is intrinsically reinforcing.



A major locus of sensorimotor learning is a s@pgcialized region of the basal ganglia
(sBG) that is active during singing but not other behaviors and is a primary target of
dopaminergic signalin@Feenders et al., 2008; Hisey, Kearney, & Mooney, 2018; Person, Gale,
Farries, & Perkel, 2008; Singh Alvarado et al., 208t¢atly 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 syllablieggered noiséGadagkar et al., 201,63nd performance
contingent optogenetic manipulation of this input can be used to alter the fundamental frequency
(pitch) of a target syllabléHisey et al., 2018; Xiao et al., 2018)nlike 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 bodiegKramer et al., 2022; Liu et al., 2022; Mohebi, Collins, & Berke, 20283ing the
guestion of whether DA dynamics in the sBG encode anlRBEignal during juvenile learning,
and whether this signal is indeed predictive of future learning.

In my thesis, | will focus on the role of DA released in the sBG dyuwenile birdsong
learning, a nottanonical circuit mechanism involving acetylcholine (ACh) that regulates DA
release, and how these two neuromodulators contribute to vocal le&@efage stepping into the
results, in the remainder of this chapter | will first review the fundamental knowledge about
birdsong learning, theories in the machine learning field, the zebra finch song syster@hand A

DA interactions in mammalian basal ganglia.



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 filaeifiopygia guttata native to Australia, is
one of the most webtudied 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).

Motif 1 Motif 2 Motif 3

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.

1.1.1Juvenile songlearning

Like human infants learning how to speak, a male zebra finch juvenile also needs to learn
from a tutor (usually his fathe(hmmelmann, 1969; Price, 197®ormal development of speech
and birdsong requires both auditory experience of the tutor, and extensive auditory feedback
dependent vocal practicehd@ song learning of juvenile zebra finches corsiktwo stages
corresponding to the two elements mentioned:fesensory learning phase, aa ensuing

sensorimotor learning phaféigure 2)



The sensory learning phase in juvenile zebra finches usually o€2ute 60 days post
hatch (dph). At this stage, the juvenile needs to listen to the tutor song repeatedly to form a
memoryof this experience, which is commonly referred to as a song templeteensory
learning phase in songbirds shares many common features witfiaomseofsensory 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 fotemgplateand will not be able to learn to
singa wild type sondlmmelmann, 1969; Thorpe, 1958}he formation osongtemplates 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 exassure
few asforty timesper day)to the sondTchernichovski, Lints, Mitra, & Nottebohm, 1999)his
is quite remarkable considering the mudltnensional spectrotemporal characteristics of adult
song structure.

The sensorimotor learning phase usually occurs frddnto 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 day8(4lph). However, in some other species
of songbird, like the whiterowned sparrow, the sensory learning and sensorimotor learning
phases do not overlap and can in fact be separated ByrbnthsExperiments that artificially
delay sensorimotor learning in zebra finches reveal tbatranonfeature ofsensory learninggs
the formation of a londasting auditory memory of the tutor softeunabiki & Konishi, 2003;

Marler & Peters, 1981)



Theinitial stage ofsensorimotor learninig calledsubsong, which contains a series of

noisy and disorganized vocalizatgx@miniscenof human infants babblingAronov, Andalman,

& Fee, 2008)After subsongs the plastic songstage whichrequires intensive vocal practice and

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

Unlike the highly stereotyped adult sotige boutto-bout variability ofplastic songs very high

The sensorimotor |l earning phase ends with song
stereotyped from bout to bout and in which the structure and sequence of syllables within the

motif closely resemble the tutor sofigerégnaucourt 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 whiterowned sparrow has helped to illuminate the role of audéxpgriencen
sensorimotor learning. Deafening of whiwned sparrows in the gap between the two learning
phases significantly impaired song development, indicating that auditory feedback is required
during the sensorimotor learning ph&kenishi, 1965) Moreover even the crystallized adult
songs of adult zebra finches still rely on auditory feedbdlok& songs of adult zebra finches
deteriorate several weeks after bilaterally removing the co¢bteabardino & Nottebohm, 2000;
Nordeen & Nordeen, 1992 herefore, 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 veeiited model organism to study internally guided



learning. However, our knowledge about the underlying neural mechanism remains limited so far.

One reason is the complexity s#nsorimotor learningvhichinvolves tens or hundreds of
thousands of songs that change across many acoustic dimensions for each Aythalgie

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

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

analyzing song learning have relied on haiaked acoustic featur€kke 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 rittiensionathanges that occur over

sensorimotor learning.
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Figure 2: Timeline for the zebra finch song development.

The £nsory learning phase occurs from ~25 to 60 dphlaeskensorimotor learning

phase occurs from ~40 to 90 dph. The | ower
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1.1.2Adult song residual variability and pitch learning

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

variability (Derégnaucourt et al., 2009)lost of this residual variability manifests as subtle



di fferences in acoustic features, including fu
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
Aundirecitredtohes omrgesence of female, the male si
(Sossinka & Bohner, 1980J he 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 subjecgenerally play more casually, and even some mistakes are not important;
while during performancesubjectawill try their best to accurately control every movement to
achieve perfection. Previous studiezebra finchetave shown that females prefer the less
variable directed song to undiredisong(Woolley & Doupe, 2008)and such motor variability is
controlled by certain brain regions dedicated to song leafKiag & 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 learninghich 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 (Figude (Tumer & Brainard, 2007)n thiscontingentdependent
paradigm, onspecificsyllableis detected, and a burst of white ndsplayed if the pitch falls
above or below a preet thresholdRemarkably, within several houegult male finchesould
learn toshift the pitch of the target syllabéand reduce the number of renditidriggering white
noise.Note thathe modulation of pitch could be bidirectionahrgeting highpitch variants will
shift the frequency downwards, while targeting {fmequency 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,



duration, etc.) or the pitch of other adjacent syllabies.only could the distorted auditory
feedback by white noise be used as a reinforcement signadualitory stimuli like electrical
stimulationcanalso drive adult pitch learningvhich raises the question of how relevant these
external reinforcement methods are for understanding juvenile sensorimotor I¢Rtc@iggor

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

their songs in an adaptive manmédrenexposed to aegative reinforament signal (white noise,
electrical stimulation)The residual variability in the crystallized song is not just a kind of noise;
insteada birdcan useét to modify the crystallized song according to perturbations in auditory
and norauditoryfeedback.

This simple, onalimensional, easto-quantify behavioral paradigm has raised great
interest as an falternatived method to study s
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, 201 ¥hich 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 learnin@isey 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 temporalifference learning theories
Before getting into the neurobiology of how birds learn how to sing, | 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 gedirected behaviors. There have been different theories to generalize
andidealize 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



maximize a reward signébutton & Barto, 201&JFigure4). 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
experiencewhich isthe 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{apkable, 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 rfoekeland modebased

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 §An an environment which generates rewarQ éRd presents

the state ($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 actiof@utton, 1988)TD learning is a moddtee
method, which means it does not require that the dgenan internal model of the environment
to enable the learning. Instead, it allows agents to learn directly through trial and error. In this
met hod, the fundamental computation underlying
In the most simplified version, this TD error is computed as:

t=r(S) + V(S) T V(Sa).

U indicates the error at time t; 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 r ewaindidateatnal t he w

the action taken this time has yielded a better result which will be reinforced, while the negative

11



tkmeans the opposite (Figuse Through the alculation of this TD error, the agent can learn to

maximize its rewards and take better actions.
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Figure 5: The behavior of TD error during TD learning.

Top: the state followed by a n@ero reward R*. Early in learning: the initial value

functi on V, and initial u, which is equal t o R
function accurately predicts reward, U is posi
time of the reward R*. Omitted: when predicted
Barto, 2018.

1.2.3Neural 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 theoriesoaiginally 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 monK8&ghultz et al., 1997)n 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
foll owing the cue, the DA neuronds firing rate
occurs after the cue, the DA neuron decreases the firing rate, indicating a negative RPB)Figure
Inthis case,the TDerrgfril) i s t he same thing asi=RIPE: since
V(S D1 V(S)), ris the reward actually received, while (VS V(S)) is the expected reward
which is defined as the predicted difference in value between the state the aatering and
the state the actor is leaving. In this way, TD error is exactly the discrepancy between reward (r)
andexpectation (V), which is the definition of RPE.

Moreover, the adult songbird VTA also encodes an-RiEsignal 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
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 fluct(2tiffys
Latimer, Goldberg, Fairhall, & Gadagkar, 202&hether 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.

1.3The 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 sondedicated circuits make the zebra finch amenable for drawing links between

neural processes and learning. Song production and song learning in zebra finches depends on

14



two different circuitsasong motor pathway (SMP), aadanterior forebrain pathway (AFP),

which are homologous to hierarchical cortical motor pathways and cbdgal ganglia

pathways in mammals, respectively (Figdyeln this subsection, | 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.
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Figure 7: Schematic of SMP and AFP in zebra finch brains.

From Mooney, 2022

1.31 Song motor pathway

Both SMP and AFP originate from HVC (used as a proper name), which is a song
premotor nucleuanalogouso mammalian premotor cortex. HVC projects to the robust nucleus
of the arcopallium (RAfNottebohm, Stokes, & Leonard, 197&halogouso mammalian layer 5
motor cortex. RA then projects to the syringeal motor neurons in the tracheosyringeal part of the
vocal motor nucleus nXlIts and respiratory premotor neurons in ventral respiratory group (VRG),
which contains the nucleus retroambigualis (RAmJnucleus paraambigualis (PAm)
controlling expiration and inspiration, respectivBates, Vicario, & Nottebohm, 1997; Vicario,
1991; Wild, 2004) Notably, bilateral lesions in HVC or RA completely disrupt s@dgttebohm
et al., 1976; Simpson & Vicario, 1990hdicating 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 HVYRA neurons reveal that they fire sparse action potential
bursts with extremely high temporal precision: individual HRE neuron fires precisely a
single time during one motif with a jitter of less than 1ms, and the population ofR#/C
neurons bursts sequentially across the nfaghnloser, Kozhevnikov, & Fee, 2002his
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 fuiatiagn

& Fee, 2008)

1.3.2Anterior forebrain pathway

The zebra finch AFP is analogous to a cortiesal gangliathalame cortical loops in
mammalsThe song premotor nuclei HV&hdthe lateral portion of the magnocellular nucleus of
the anterior nidopallium (LMANDoth project tdhe songspecialized part of basal ganglia (Area
X, which | will refer to here and throughout as the sBSBG projects tonedial nucleus of the
dorsolateral thalamus (DLMPBottjer, Halsema, Brown, & Miesner, 1988)LM then projects
back to LMAN.LMAN is the outputregionof the AFP, the same LMAN neurons projecting to
sBGsend collaterals and directly synapse onto RA neyidaites & Nottebohm, 1995Notably,
in contrast to lesions made in HVC or RA, lesions made in the output of the AFPMIAN) do
not disrupt singing or song patterning in adult finchesaffect juvenile song learnir{gottjer,
Miesner, & Arnold, 1984; Kao & Brainard, 2006; Scharff & Nottebohm, 19@t)jcating

different roles of SMP and AFP iisg production and song learning
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1.3.2.1 HVC sends timing information tathe sBG
In addition to the HVC projection neurons that innervate RA, there is a distinct group of
glutamatergic neurons in HVC that project specificallgBgs. Unlike an HVGRA neuron,
which fire once per motif, electrophysiological recordings in HX@eurons reveal that they
show a similar stereotyped firing pattern with a jitter less than 1ms like-RIX@eurons, but
burst several or more times during one m@ibzhevnikov & 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 AF® the SMP Multiple experiments have shown that
LMAN encodes a song variability signal. For exampsjdns of LMAN in adult zebra finches
do not affect crystallized song but abolishes the variability of theegbdépendent changes in
variability (Kao & Brainard, 2006)Lesions of LMAN in juvenile zebra finches derail learning
and make the song highly stereoty§Bdttjer et al., 1984; Scharff & Nottebohm, 199dhile
reversibly inactivating LMAN cell bodies or blocking NMDA receptors in RA in juveniles
reduces song variability and transiently freezes song develo@kertzky, 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 (LMANRA synapses are predominantly NMBwediated while HVE
RA synapse are mostly through AMP#&guse reversions recently expressed adult pitch learning
(Andalman & Fee, 2009; Charlesworth et al., 2012; Warren et al., .ZDddgn together, these
results indicate that the AR® both an engine for song variability afadilitates 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 preferentsiigngthened over inputs
from LMAN, reducing the variability in song and consolidating the learning out¢énoaov 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 fun¢tieanardo, 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 sigtedrney et al.,

2019)

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

The sBG receives cortical inputs from both HYC 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 sB@GVioreover, 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, | will review the architecture and cellular organization of the sBG.

Unlike mammals, where the striatal spine neurons and pallidal celimat@mically
segregated, the zebra finch sBG is composed of intermingled spiny neurons and pallidal cells.
However,sBGcontains many of the same cell types as found in mammalian striatum, including

cholinergic interneurons (CIN), faspiking interneurons (FSI), and lethreshold spiking
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interneurons (LTS). Additionally, sBG also contains a small number of glutamatergic
interneurongBudzillo, Duffy, Miller, Fairhall, & Perkel, 2017; Farries & Perkel, 200B)the
following paragraphs, | will mainly discuss spiny neurons, pallidal cells, and CINs.

Thespiny neuron$N) is the most common cell type in sBG, which comprises over 90%
of the sBG neuronal population. The SN has a small soma size (diaiirfégnd 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 eaemnts &

Perkel, 2002)Dopaminea n d a d e n -ansniophasphatégulatéd phosphoprotein
(DARPP32) is broadly used as a marker for SNs, despite DARPP32 is not
immunohistochemically detectable in all spiny striatal neurons in {Reiger, Perera, Paullus,

& Medina, 1998) Different from the segregation of Bdnd D2type SNs in mammalian
striatum, D1 and D2type receptors are eaxpressed in most sBG SK&ubikova, Wada, &
Jarvis, 201Q)DA modulates the SN excitability through D1R and D2Rs: activation of D1Rs
enhances while D2Rs reduces excitability, respectiiilyg & Perkel, 2002)This type of
modulation is through the slow ramp depolarization that occurs before SN qpikings &
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 epboton imagindGoldberg & Fee, 2010; Singh
Alvarado et al., 2021)

The pallidal cellsn the sBGdoes not have a counterpart in mammalian strigkarries
& Perkel, 2002) Instead, they resemble neurons indkternal andnternal segment of the

mammalian globus pallidy&arries & Perkel, 2002; Goldberg, Adler, Bergman, & Fee, 2010)
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There are two types of pallidal cells in zebra finch sBG, the first tythe i®ngprojection
neurons in sBG, which semghibitory projections to DLM(Luo & Perkel, 1999a, 1999b)
(Farries, Ding, & Perkel, 2005)vhile the secondypeprojeds 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 pul$esries & Perkel, 2002).ys8AsnS
neurotensinBl3 (LANT®) is the molecular marker for pallidal celReiner, Laverghetta, Meade,
Cuthbertson, & Bottjer, 2004Recordings in singing birds revealed different firing properties for
these two kinds of pallidal cells: thalampiojecting neurons exhibit activity that discharges
continuously, while locaprojecting neurons exhihirge firing rate modulations including bursts
and long pausg$-arries et al., 2005)

The CINs have aspiny dendrites and substantially larger soma than tighHohis
Wilson, & Dani, 2002) The CN is tonically active at a slow rate and exhibits an unusually long
duration after hyperpolarization after each action potefielries & Perkel, 2002Choline
acetyltransferase (ChAT), the enzyme that synthesizes acetylcfitiwaguchi, 1993)is
widely used as a marker for CIN®utative CINs in the sBG fire tonically during nsimging
period, and increase their firing rates during singiagldberg & Fee, 2010Yhis 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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1.3.3Midbrain dopaminergicinputs to AFP
1.3.3.1 Physiology and functionality of DA inputs to sBG

Similar to the mammalian BG, the zebra finch sBG also receivegtansive
dopaminergic projection from midbrain ventral tegmental area (VTA) and substantia nigra pars
compacta (SNc)sSincezebra finch VTA and SNc form a continuous group of aalld have not
been found taliffer in their projection targets or innervati@@ale, Person, & Perkel, 2008)
call both VTA and SNc simply the VTA through the rest of my thesis. Although VTA contains
both dopaminergic and natopaminergic neuron&ale & Perkel, 2006)racing experiment
reveals that over 95% of VTA neurons projecting to the sBG are dopami(idisgy et al.,

2018; Person et al., 200&)nd these projections are almost completely ipsilafeisty et al.,
2018) Compared with the nedopaminergic neurons, dopaminergic neurons in VTA show very
different physiological properties. They tonically fire broad action poterftiskans)at a slow
rate(~3 Hz), have strong spikirequency adaptation, and are autoinhibited by D2 rece{itais

& 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 VTASBG DA neurons decreased on DAF renditions and increased on renditions when
DAF was withheld Gadagkar et al., 201§frigure 8). Moreoverin adult zebra finches trained in
a twotarget paradigm with one syllable subjected to DAF with a high probability (~50%) and a
second syllable with low probability (~20%), V¥#BG neurons show a significantly larger
difference in firing rate between the undistorted and distorted renditions of thprbiggbility

target syllable compared with the lgaobability ong(Gadagkar et al., 2016)hese observations
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indicatethat 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 s{@wdagkar 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 leartingey et al., 2018)
proving the necessity of VTAABG neurons in this learning paradigm. Moreover, pitchtingent
optogenetic activation or suppression of V§BG terminals is sufficient to positively or
negatively reinforces the target syllable pitch, tying noiseen fluctuations in VTA cell body
firing rates during singing to pitch learnifigisey 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 Pike 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 structurg®eier et al., 2015; Faget et al., 2018; Watblohida, Zhu, Ogawa,
Vamanrao, & Uchida, 2012)he local microcircuit inside VTA also comprises a mix of

dopaminergic, GABAergic, and glutamatergic neur@m®wn 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@hapterl.3.2.3 (Gale & Perkel, 2006)

Tracing experiments have revealed two major inputs to VTA: the ventral intermediate
arcopallium (Aiv) and the ventral pallidum (VEQale et al., 2008; Mandelbl&erf, Las,
Denisenko, & Fee, 2014; Person et al., 2qe&)ure 9).Aiv localizes to the rostral and ventral
side of RA, which is analogous to higkander auditory cortex in mammals. Although Aiv
receives input from auditory regions including Field(ptoper name, analogous to mammalian
primary auditory cortex)caudal mesopallium (CM), and Avalanche (Av), Aiv neurons projecting
specifically to VTA (referred to as AIVTA neurons) do not respond to normal singing nor to
white noise played back to the bird during fsdinging period¢MandelblatCerf et al., 2014)
Instead, in adult birds exposed to syllatilggered noise, the firing rates of AWTA neurons
only increase on renditions that trigger ndigandelblatCerf et al., 2014)Furthermore, similar
to pitch-contingent noise, pitehontingent optogenetic excitation of Aiv axon terminals in the
VTA negatively reinforces the target syllable pi{&tearney et al., 2019Moreover,
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 feedbacklependent evaluative sigrilearney et al., 2019)Altogether, these findings
show that AivWTA neurons evaluate auditory feedback to detect errors to facilitate adult pitch
learning.

The VP localizes in the ventral partlidsal gangliaDifferent from Aiv, pitchcontingent
auditory distortion reveals a more heterogenous resMPiWTA neurons, like song timing, and
reward prediction error (RPHike signals(Chen et al., 2019)ke VTA-sBGneurongGadagkar

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, sBGhen et al., 2019; Gale & Perkel,
2010) Contrary tAiv-VTA stimulation, pitchcontingent activation of P-VTA positively
reinforces the target syllable pitgKearney et al., 2019Moreover, 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 feedbacklated evaluative signéiKearney et al., 2019)Taken together, these
findings show thaV/P-VTA neurons send error and error prediction signals to VTA to drive pitch
learning.

In situhybridization shows thaiiv-VTA neurons are mostly VGLUT2 positiwvehich
means they are likely to lexcitatory, whileVP-VTA neurons are mostly VGAT positivethich
meanghey are likely to be inhibitor{Kearney et al., 2019However Aiv-VTA stimulation
increases the putative interneuron firing rates while decreases putative DA neuron firing rates in
VTA (Kearney et al., 2019)n contrastyP-VTA stimulation decreases the putative interneuron
firing rates while increases putative DA neuron firing rates in (Kéarney et al., 2019)
Considering the molecular propertiesfov-VTA andVP-VTA neuronsthe 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 AFRare also shown in the schematitcom Kearney et al., 2019.

1.3.3.3 Proposed model for learning in sBG

As | have mentioned before, juvenile song learning differs from the adult pitch learning
in that the juvenile bird modifies thengaction under the guidance afiditory feedback an in
reference tdhe memorized tutor sonather than involvingexternalreinforcementlelivered
using singingtriggeredwhite noisg(Derégnaucourt et al., 2005; Eales, 1985; Funabiki & Konishi,
2003; Immelmann, 1969; Konishi, 1965; Marler & Peters, 1981; Marler & Tamura, 1964;
Tchernichovski, Mitra, Lints, & Nottebohm, 200Due 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 thahe sBG receives a timing signal frddvC, a variability signal
from LMAN, and a reinforcement signal froMTA, andinspired by theories of RL and RPE, Fee

and Golberg proposedsgnapticmodelthat operates in the sBG fluvenile and adulsong
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motorlearning. In this model, song motor learning occurs when the synapse from HVC to the
spiny neuron in sBG is strengthern@&ee & Goldberg, 2011Driginally the HVGSN 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 HVEN 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 FBICsynapse. Conversely, renditions that are
evaluated negatively (i.e., auditory feedback is less like the tutor smmhgle DA release and

further weaken the HV{SN synapse. Through repeated interactions of DA and eligibility traces,

fi ¢ o r HWCeSN dynapse will be strengthened, and learning will occur (Figure 10).
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Figure 10: Proposed circuit model for juvenile song learning.

Left: the HYGSN 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 HVGSN synapse, followed by the reinforcement signal DA. Right: the consistent
correlation between eligibility trace and reinforcement signal strengthened theSN\&gnapse.

From Fee and Goldberg, 2011.
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1.4 Neural mechanism driving juvenile song learning
1.4.1Current findings about sensorimotorlearning

Despitethe complexity osensorimotor learningnd theong-standing technical issue to
analyz this processscientists have done tremendous work and achieved a lot in understanding
the underlying mechanisms behind sensorimotor learRingrmacologicahactivating LMAN
cell bodies or blocking NMDA receptors in RA in juveniles reduces song variability and
transiently freezes song developm@lveczky et al., 2005)ndicating the necessity of LMAN
during this learning process. Moreovdthaugh 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 les&function experiment® study thisthe first involves genetically
lesioning the VTAsBGnneurons in juvenile male finches, which prewghe song from
increasing the similarity to the tutor sofigne 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 dbknow how the
endogenous DA signal operates during sensorimotor learning.dopamine released by VFA
sBG neurons convey a PHike signal in this internally guided juvenile song learmitigso,
what signal does dopamine dynamics correlateilitteseare the questionswvaseager to

answer.

1.4.2Advances in techniques facilitate studying sensorimotor learning
There are three potential problems to understand these questions.trekick of tools
to quantifythe juvenile song developmenthichinvolves simultaneous changes across many

acoustic dimensions for each syllatficond isthelack of tools to measure the endogenous DA
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level. Third, the current method is to measure V3BG cell body firing to represent the terminal

DA release, but there might be a rmanonical mechanism regulating DA release in the terminal
independent from the cell body action potential. In that way, the-$B@& 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 willdiscussedn Chapter 1.5. In my thesis, |

benefit from two technical advantages to illustrate these probenaselvariational

autoencoder (VAE} artificial neuralnetwork (ANN)to quantify sensorimotor learningndthe
genetically encode@RAB-DA dopamine sensor.

Inspiredby recent advances the machindearning field Goffinet et al. appliedn
unsupervised machine learning approachy#r@tionalautoencode(VAE), to analyze birdsong
(Goffinet et al., 2021)For eaclsong sound spectrogranasesegmentedhto syllables Each
image of syllable contairtigh-dimensionainformation(128x 128 pixels) Despite the
complexity of the acoustic datitne encoder arm of the VAE will reduce the 128x128
dimensionality into 32 dimensionhrough the decoder arm, the 32 lateqresentationstill
capture enough information to reconstruct to original (fFigure11). For visualization purposes,
these 3zdimensional 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 (Figurd 2A). Qualitatively, this method of visualizing syllable development
reveals a wawike progression through the latent embedding (Fid2®).

To quantify this developmental progression in syllable acou&ricsiner et al. designed
anartificial 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 agdr@jts latent

29



acoustic representation. Figur@ shows an example of predicted age scores plotted as a function
of actual age for a syllable in 5 consecutive dagspreviously reporte(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 agservesas a proxy for maturity of syllable. The higher the predicted
age is, the more mature that syllable is.

The second technical advance | benefited a lot from is the usage of the-GRAB.
Sun et aldevelogd asecond generation of tlyenetically encode@-proteincoupled recepter
activationbased DA (GRABDA) sensorswhich is based on an engineered D2 recepioding
of DA will causea conformational change of the sensor and indutigorescent signahat
enablsthemeasuremertf endogenoubA levels. GRAB-DA2m has been proved functional in
several organismgke miceor drosophilgSun et al., 2020)n my thesis, | proved that GRAB
DA2m successfullyvorksin zebra finches, which has recently been supported by another group

(Roeser et al., 2023)
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Figure 11: Schematicof VAE.
A variational autoencode¥AE) compressively encodessund spectrograms sfng
syllables into a 32limensional latent embedding and decodes the latent embedding into an image

that closely matches the original spectrogram.

UMAP1

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

A) UMAP projections of | atent eniodudodyi ngs of

note (i)and syllables AF) that were recorded across a several week period of sensorimotor
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learning. Scale bar: 1 kHz,50n8. Syl | abl e @ D oproduced betwaenVOande ndi t i
90 dphshown 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
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Figure 13: An example ofartificial 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 rendition)ote 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 whathavewritten up to this point, one may be inclined to hypothesize that
DA levels encode the absolute similarity of song to tutor siéigis hypothesis were tru®A
levels in an early phase would be as low as nearly zero thb@nvenile is producingnly a
poor copy of the tutor song, ameuld be extremely high at the adult phase when the bird is able
to producea perfect songHowever, contradictions could be easily derived when we think about

these two pointst) how could the low dose of DA drive the active phase of learning at the
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beginningof sensorimotor learning phas® why didrecordings in VTA dopaminergic neurons
still show a low firing rate (average less than 4 HzZhaadult when the song most closely
resembles the tutor soiGale & Perkel, 2006)So, instead of encoding absolute similarity to
tutor song, is DA able to encode a firel ativebo
of sensorimotordarning?

Reinforcement learning and temporal difference learning theories give us hints about that.
As has been reviewed in CharB+&S)- U(S.3 mealliiy er r or
that the TD error involves the reward history. In otherdsoit is possible that DA release from
VTA-sBGneurons 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.

1.5Dopamineand acetylcholine interactios in the sBG

Action potenti al s isamaahd peopagating to axeraterminals e neur C
have always been considered as the canonical mechanism for neurotransmitter release. As
reviewed inChapter 1.3bursts of spiking activities in dopaminergic neuron soma encodé¢dRPE
facilitate motor learning and decision makii@adagkar et al., 2016; Schultz et al., 199Hese
action potentials undoubtedly can cause dopamine release in the axon t@viohebi et al.,
2019; Phillips, Stuber, Heien, Wightman, & Carelli, 2003; St@hdgny, Chergui, Chouvet, &
Gonon, 1992)However, one concelin that there could be other mechanssegulating DA
release in the terminal independent from the cell body action potential. The current method is to
measure VTAsSBG cell body firing to represent the terminal DA releasejrbtlite presence of
this noncanonical mechanism, measuring the cell body action potential is insuftzi@nswer
the question of how DA dynamics relate to performance and leainawed astudyin areward

seeking task showed that thé ramp when approaching the rewarded side is not caused by the
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cell body firing(Mohebi et al., 2019Electrophysiology recordings in DA cell bodies and fiber
photometry recording of the terminal DA release show a dissociation between the two signals
during the task. Thidissociation of cell body firing and terminal DA releé&saot uncommon
across multiple studies using various animal mogétshebi et al., 2019; Roeser et al., 2023)
Thus, people started to wonderhifg 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 (NnAChRSs) are expressed in
the presynaptic site of DA terminals, which makestylcholine (AChYyeleased by local
cholinergic interneurons (CIN) a potential mechanism for modulating the DA release. Indeed,
activating nAChRs on DA terminals can drive dopamine rel@@aehope et al., 2012; Sulzer,
Cragg, & Rice, 2016; Threlfell et al., 2012; Zhou, Liang, & Dani, 2001; Zhou et al., . 20022
specifically, ACh is released in the striatum by CINs, which compti8é of the neurons in the
striatum. Despite the small proportion of CINs, they possess dense axonal arborization throughout
the striatum and innervate DA axon termindlarelfell et al., 2012; Wilson, 2005Remarkably,
optogenetically exciting CINs drives striatal DA release both in brain slices and behaving animals
(Liu et al., 2022; Mohebi et al., 2023J)his process is dependent on the nAChRs because
application of the nAChRs antagonist DHBE stro
optogenetic stimulation of CIN&iu et al., 2022; Mohebi et al., 2023urthermoreas DA has
been shown to affeéeaturedike movement initiationmovementirection and motivation,
blocking this local release mechanism of Bduld potentially have a strong effect on these
behaviors. Indeedyui | at er al i nfusion of DHDE into dorsal

initiation direction when the mouse is freely exploring an open field giregiaating its role in
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motor contrd (Liu et al., 2022) Moreover, dateral inactivation of NAChRs in NAc decreases the

ratodéds motivation t @Mohebiatpll, 2023 t he operant task
Despite the important role of ACh modulation of DA releasthérstudies cited above,

the significance othis nonrcanonical mechanism of DA releasdeiss cleaimn other kinds of

behavioraparadigms. For exampldual imaging of DA and ACh release in ventrolateral

striatum of the mouse engaged in a decisi@king task shows an atbrrelationbetween the

two signals, while DA inhibits the ACh release but ACh does not affegt@»antranupong et al.,

2023) Another behavioral task which lets the mouse run on a treadmill and raneoeilye

unexpected rewarshows asimilar anticorrelatiorbetween DA and ACh, but neither DA nor

ACh locally affects each oth@rreleas€Krok et al., 2023)However, no matter howsarefully

these groupstudied the relationship between ACh and DA release, we still Kioow their role

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

introduction chapter, | willisethe advanced computational method VABEN to quantify

juvenile song development, the geneticatycoded DA sensor to measure endogenous DA

release, andxplorethe noncanonical DA releasmechanismand how it contributes taiyenile

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

2.1Introduction

Previousstudies in mammals hagkown that midbrain dopaminergic neurons encode
reward prediction error (RPE) to facilitate learning that requires external reward or punishment
(Gershman & Uchida, 2019; Schultz et al., 19%%wever, there is little that we know about the
neural mechanisathatmediate internally guided learning, partly due to the scarcity of the forms
of internally guided learning in animal modeis | have reviewed in Chapter ljuwenile 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 learfidbgupe & Kuhl, 1999; Mooney, 2022; Sakata
et al., 2020) Successful song learning dependssensorimotor learninghase during which
the juvenile practices without any reinforcement other ttsaaxperience of listening to its own
song, suggesting that singing is intrinsically reinforcing.

Homologous taghemammalian brain, the dopaminergic neurons in the midbrain VTA
project tothe basal ganglia (BG), which in songbirds includes a-spegialized region, theBG.
A longstandinghypothesiss 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, VTAaxons will releaséess DA. However, nearly all dfieevidence so fanof
support this hypothesemsrom research in adult bisfGadagkar et al., 2016; Hisey et al.,
2018; Xiao et al., 2018which used negative reinforcement signal, like white noise, as an
external punishment. The difficulties to prove this hypothesis in juvetdias from two issues:
Thefirst is lack of toosto study juvenile song development, and the second is lack etdool
measure the endogenous DA levethe sBG of a juvenile bird as it learns to sihgill address

these two questions in Chapter 2 and 3, respectively.
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2.2Results
2.21 Blocking neuronal activity in the sBG prevents learning

Following memorization of a tutor song, a juvenile male zebra finch sings many
t housands of song renditions each day for over
closely resembles the memorized tutor elobh my thesis, bsed anovel \ariational
autoencoder (VAE} artificial neuralnetwork (ANN) methodto rigorously characterize this
complex sensorimotor learning procéBsudner et al., 2023; Goffinet et al., 202&hich has
been introduced in Chapter 1.4.2.

To explore how the sBG contributes to daily, learrieigted changes, | used
microdialysis methods to infuse drugs into the gBgure 14A) Juvenile birds were raised in
the companyf their parents taeceivenormal tutoringand social experienamtil 551 60 dph.
Usingan approach thas described in detail in the Methods section of this chapteade
microdialysis probes and implaat thembilaterallyin thesBG. After the birds recovered from
surgery, thewere moved into a sound isolation béX. infusions were done 5 to 15 min before
cage lightscameoneverymommaghd t he juvenileds songs were r ¢
experimental periadAfter 21 4 dayswith only saline infusions (termeatbrmal learning days
muscimol, a GABAA receptor agonist that suppresses action potential activity in neuronal cell
bodies, was infusedin a singledrug manipulation day. Muscimatmained in the probe until the
following morning, when itvasreplaced with salinéor an extra 2 4 daysAt the end oata
collection, afluorescent dye, Fast Green, was infused through the microdiphgdiss to
visualize drug spreafFigure 14B) At the end of the experimental peridd;onfirmed probe
placement with pogtoc histology, andisedthe VAE-ANN method ¢ calculatehe predicted age
for all syllablesproduced by the juvenil&pecifically, when training ANN, | 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. FigueA shows an example of predicted age scores plotted as a function
of actual age for a syllable in 5 consecutive daghiding the muscimol treatment day

| used two methods to quantify whether muscimedtment disruptethe daily
progression of predicted age. First, | calculdateddifference inthe mearpredicted agéor the
first 50renditions andhe last 50 renditions of a syllable for bétie muscimol day and the day
before muscimo{ ppr edi ct ed age = mean pieechhpedieedtl age f o
age for last 50 renditionsh pairedt t est showed a significant di f
on themuscimol dayersus theontrol day Figure 15B,7 syllables from 5 jueniles, § = 3.412,
p = 0.0143).

However, the first method is only restricted to tla¢a near thetart andheend 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, | fit a linear mixed effects modeldgllallerenditions
onthe 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, |
calculated predicted age error (predictediagetual age) to be the response variable of the linear
mixed effects model (detaibf the modehrediscussed ithe Methods sections of this chapter
Figure15Cshows 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 -8dighin
predicted age increases were significantly larger on control days than muscimol days, indicating
that sBG inactivation significantly impaired learning across the Eigyi(e 15C an interaction
between treatment (control/muscimol) and time of dayot 6.6284, p = 4.643185, twotailed
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.

38



Muscimol
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B Neurotrace

Figure 14: Schematicof microdialysis experiment.
A) Schemdt of microdialysis method used to reversibly inactivate sBG neuronal activity
with muscimolor SCH23390during sensorimotor learning) Representative histology of
microdialysis experiments. Blue: neurotraGeeen 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 oleige for a syllable on the saline
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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 rendition8) 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 juvesie8,412, p =



0.0143, twetailed paired t testC) 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 dayeo= 6.6284, p = 4.643185, twotailed t test)B: Boxes

and error bars denote mean + SEMDark lines are the average slope per group, lighter lines
and shaded regions show the posterior estimates for individual syllables and 95% confidence

intervals.zp < 0.05.

2.22 Blocking neuronal activity in the sBGreduces the rate of sond¢garning
without altering the amount of singing amount

Envisionthechange irpredicted age over the dag a cumulative process likbmbing a
flight of stairs. The total aount of increasshouldd e pend on both the number
sizeo f e a c.hMustimol geptient could reduce the change in predayedly increasing
the number of steps, the step size, or boteed, blocking neural activity in sB&uld impair
the birdds mottihwat ireerd utcd ngi nche total.Toumber of
account for this possibility, | compared the number of renditions for each syllable produced on
the muscimol day to the control day, based on the rendition number calculated IfiFigie
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 b#ds; t
1.678, p=0.1443, one sample two tailed t tddgreover muscimol infusion into the sBG
strongly reduced the daily increase in predicted age sevezswhen normalized to the total
amount of singing (n = 7 syllables from 5 juveniles; 8.157, p = 0.0196, twtailed paired t test
Figure 17. In summarythese 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 sBGreduces 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 birgls; 1.678, p=0.1443, one sample tteded
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 juveniless £+ 3.157, p = 0.0196, twtailed paired t testBoxes and error bars

denote mean + SEMp < 0.05, ns: not significant.

2.2 3 Blocking neuronal activity in the sBGdoes not alter various acoustic
features of individual syllables

In contrast to the VAEANN methods used here, traditional song analysis methods focus
on canonical, hangicked acastic features of syllablesuch as syllable duration, amplitude,
pitch (fundamental frequency), etc. Given this traditiacgnsidered it importarib explore
whether blocking neuronal activity in the sBG affdbisse acoustic featurelo quantify these

features, | collaborated with a post doc in our lab, Dr. Drew Schreiner. | first used the VAE
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segmentation decisions to segment song files into individual files for each rendition of each
syllable.Dr. Schreinethen 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 modulatioBrThen,
Schreinercalculated the mean and standard deviation of each feature on both thedayrara

the drug treatment daworking together, w found that muscimol did not alter either the mean

or the standard deviation ahy of theacoustic features of individual syllables measured by SAP
(Figurel?). Thus, inactivating the sBG with muscimol appears to exert a selective effect on song

learning without significantly altering the quality of song production.
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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 twailed t test wittBonferroni correctionBoxes and error bars denote

mean = SEM. ns: not significant.

2.24 Blocking the D1-type dopamine receptors in the sBG reduces learning
Previous work has shown thadghminergic input to sBG, specifically through-Bpe
dopamine receptors necessary for adult pitch learniimgzebra finches, and that chronic
treat ment with D1 receptor blockers in the
to sing songs that are acoustically similar to its t(lisey 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 VAEBENN approach| conducted a parallel set of experiments in which |
used microdialysis methods to infuse S€BB90, a D1R antagonjstnto the sBGThe overall
design was similar to that described for the muscimol experimfiités.usingthe VAE-ANN
method for all renditions of a syllable produced during the experimental periquiedicted age
scoreor each rendition waplotted as a function of actual age (Figl®&). Again, | used two
methods to quantify whether SE3390 blocks the daily progression of predicted age. First,
calculated thepp r e d i ¢whiehdevenlgdethat this valfier the SCH23390day is
significantly smaller than the control dayigure 18Bn = 15 syllables from 7 juveniles, t
4.182, p = 0.0009, twtailed paired t test). Second, the linear mixed effects modelesha
significant interaction between SE8390 treatment and time of day, indicating that learning
was impaired across the D1R blocking daig(re 18Ctao10.=-19.591, p = 3.4181#&1, two
tailed t test). Taken together, both analysis methods show that blackidgeceptorsn the
sBGsignificantly reduces the daily increase in predicted age. This result supports the finding that
longitudinal blockade of D1R during juvenile song learning previempsovement in tutor song
similarity (Hisey et al., 2018)Notably, compared with muscimaleatmentwhich almost

completelyblocked dailyiearning,a small amount dearningstill occurred orthe D1R blocking
44
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day. It could be explained by not completely blocking Bldrthe existenceof other

mechanisms, for example, Bype dopamine receptors.

A Saline: training

65 SCH-23390

(2] [o)] [e2]
N w A
T T T

Predicted Age (dph)

(o]
-
T

(2]
o

(2]
o
[e)]
—
(]
N
[o)]
w
»
N
()]
[&)]

Actual Age (dph)

C

W

25
3 *kk E 2.
2.5 s
0 = 1.5
S 2 =
o % 0.5
<15 <
B B |
5 1 5 -0.5
B B -1
T 0.5 T
S . |
0 NS 2 N
N 04 06 08 1
.05t Saline SCH-23390 Time of day

Figure 18: Blocking D1Rsinthe sBGreduceddai | y i ncreases
predicted age

A) Predicted age scores on control (blue), saline control (orange) an@3%d
treatment (green) days, with a 2@hdow rolling average in blaclB) Group data showing that
blocking D1Rs in the sBG significantly reduces daily learning (chantieeimearpredicted age
from the first 50 to the last 50 renditions of a syllable, n = 15 syllables from 7 juvenites, t

4.182, p = 0.0009, twtailed paired t testC) 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/SGI3390) and time of daysdteo=-19.591, p = 3.4181#&1, twotailed t test).

B: Boxes and error bars denote mean = SEMDark lines are the average slope per group,

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

confidence intervals. zpz< 0.001.

2.25 Blocking the D1-type dopamine receptors in the sBGeduces the song
learning rate without reducing the amount of singing

As dopamine signals in certain parts of the mammalian basal ganglia can encode
movement vigo(Ko & Wanat, 2016; Panigrahi et al., 2016jvanted to test if blocking the
D1Rs in sBG could i mpai lfourtdthat thdofalrsydlable remditond v at i on
produced on the D1R blocking dasere not significantly differerdompared with the previous
control day Figure 19An = 15 syllables from 7 birdsj.t= 1.868, p = 0.0828, one sample two
tailed t test). | also found that SE28390 infusion into the sBG strongly reduced the daily
increase in predicted age scores even when normalized to the total amount of Eiggireg1(9B,
n = 15 syllables from 7 juvenilesyt 3.036, p = 0.0089, twtailed paired t test). In summary,
these results show that blocking dopansigmalingthrough D1R in the sB@npairs song

learning without impactinghe 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 renditgmiuring the D1R blocking day compared with
previous saline day (n = 15 syllables from 7 birds;11.868, p = 0.0828, one sample twded t
test).B) Group data showing that SE2B390 strongly reduced the daily increase in predicted age
scores, even when normalized to the total amount of singing (n = 15 syllables from 7 juvgniles; t
= 3.036, p = 0.0089, twtailed paired t testBoxes and error bars denote mean + SEM.<

0.01, ns: not significant.

2.26 Blocking the D1-type dopamine receptors in the sBG does not affect
various acoustic features of individual syllables

Similar tomy analysis of thenuscimol experiment, | wanted to explore whether blocking
D1R in the BG affects other canonical, hapitked acoustic features of syllablés.
collaborationwith Dr. Schreinerwe 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 mearthe standard deviation afy of theacoustic features of

individual syllables measured by SAP (Figa.
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Figure 20: Blocking D1Rsin the sBG does not affect various acoustic features of
individual syllables, as measured using Sound Analysis Pro (SAP).

Quantification of mean valué\j and standard deviatioB) of numerousacoustic
features of individual syllables on the Dbivcking day compared with previous saline day. For

all features, p > 0.05, one sample #@ded t test with Bonferroni correctioBoxes and error

bars denote mean + SEM.

2.3 Conclusions

In this chapter, | used pharmacdicej manipulatios to testthe necessity of neuronal
activity and DA signaling in the sBG feensorimototearning. Specifically, | 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 ins y | | a Iprediciedagarfeicune
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15A, 15B. A similar approach showed that blocking-pe DA receptors in the sBG strongly
attenuated daily increases in syllable predictedsagees (Figuré8A, 18B. A linear mixed

effects modetevealed significant interaction between drug treatment and time of day for both
treatment groups, indicating that learning was impaired across the drug treatment dayl&tigure
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 Egure

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)
(Figurel7, 20Q. Therefore, neuronal activity and DAfRediated DA signaling in the sBG are
necessary for daily changessyllable qualitythat characterize sensorimotor learnimguvenile

male zebra finches

2.4 Methods

Juvenile (3195 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 14:18 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 dalyor probe design, s€elamaguchi & Mooney, 2012)

49



Juvenile zebra finches were raised in the company of @hradle tutor until 5850 dph until
being implanted the microdialysis probes.

Juvenile nale 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
stereotaic coordinates of sB@vhich were used to localize target sitesléder microdialysis
implantation Stereotaxic coordinates measured from the posterior edge of the bifurcakien of
midsagittal sinus (¥inus):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 laterakZ36lmm 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).Birdswere monitored in a recovery cage witlodl and water under a heat lamfter
recovery, birds were placed in a sound isolation box and left for two to three days until their
singing \ate 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 bindsl 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 treatmenhhe following concentrations and drugs were used for

the microdial ysis experiments: musci mol (750 ¢
0925) Al | drugs were prepared in a mammalian Rir
1176310). At the end of data collection, a fluorescent dye, Fast Green (1 mg/ml, Sigtsa),F7

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 | arge corpus of a juvenil
sensorimotor learning (584 dph), individual song renditions were segmented into their
component syllables using the Autoencoded Vocsallysis (AVA) package iPython(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 spectrogramsing 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 ia previous studyBrudner et al., 2023All 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-BE0epochs).

2.4.3Artificial 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, ugipgeviously describeapproachBrudner et al.,

2023) For drug treatment experiments, we restricted ANN training to a narrower developmental
window that bracketed this drug treatment dayt (Pays 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 betwedeand 1 independently for each syllable. We trained

the networks by minimizing measguared error between the predicted age and true age. All
parameters were optimized using the Leventddagquardt 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 5@enditions of a syllable in the drug day and the previous saline day to see the
effect of drug treatment (Rige 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 mixedeffects model
| used linear mixed effects models to account for hierarchical dependentieddta.

Specifically,l 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 treatrhedgel random effects of syllable ID

and bird 1D The model wadit using Matlab'sfitime function and providing the Wilkirmn

notation formula: predicted age errol+ time of_day* treatment + (1 + tim_of_day | bird) +

(1 +time_of_day syllable).’

2.4.5 Song feature analysis

To quantify the acoustic features gflables, we first used théAE 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 maatfpns (muscimol, SCH233%ihfluenced
acoustic features, we calculated the mean and standard deviation of each feature on both the
vehicle pretreatment 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% usingamgle ttests, which were

Bonferroni corrected for multiple comparisons.
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3. Dopamine dynamic in the sBG predict learning outcomes

3.1Introduction
Although previouditeraturehas shown thatlopaminegic neurons irthe adult finch
VTA encodeanRPElike signalafter hours or days of singirigggered noiséGadagkar et al.,
2016) whether dopamine released by VFEBG neurons convey an RHAKe signalduring
juvenile sensorimotor learning remains unclétaving established the importance of DA
signaling in the sBG to sensorimotor learningCimapter 21 want to further explore the
relationship between DA dynamics inthe sBGandrenditeme ndi t i on variati ons
maturity. As discussedn Chapter 1.4.2a reasonablbypothess isthat DA levels encode the
absolute similarity of h e | useora moits tuterd song.If this hypothesis wereorrect DA
levelsduring the initial stages of sensorimotor learning would be low, then steadily increase as
the juvenileds song devel op.ddweverncomradictonsc| osel y
could be easily derived when we think about these two pdiptsow could the low dose of DA
drive the active phase of learning at the beginoingensorimotor learning phass) why did
recordings in VTA dopaminergic neurons still show a low firing rate (average less than 4 Hz) in
adultdés singing crystallized songs, a point at
(Gale & Perkel, 2006)Thus | hypothesize thaDA dynamics encode song qualities that become
more common ac@r the course of sensaorimotor learning, regardless of its similarity to the tutor
song.
Indeed, this hypothesis is based eimforcement learning and temporal difference
l earning theories. As has been remiSgtwégsgk i n Cha

V(St1), meaning that the TD error involves the reward history. In other words, it is possible that
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DA release from VTAsBG neurons not only depends on the current state of the syllable, but also
the previous performance of the syllable.

Anotherhint that DA may convey an RRke signal in these types of learningme
from a recent studgMarkowitz et al., 2023)Markowitz et al. foundhat DA dynamics in the BG
of the mouse correlate with and spontaneously executed moveientever,optogenetically
evoking DA release during a specific behavisyllabled couldsignificantlyinduce the mouse to
reinforce the use of that behaviodtoughDA dynamics has correlation with théelf-directed
spontaneous behavior, the rolelA dynamics in the BGluringlearning is unknownwith the
help of GRABDA2m as a dopamine sensor to measure endogenous DASewveét al., 2020)
usedfiber photometry tstudythe correlationbetweerDA dynamicsand the learning outcome in

this chapter.

3.2 Results

3.2.1 Electrical stimulation inthe VTA elevates DA in the sBG
As mentioned in ChapterZ 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, | us&¥2/9-hsynGRAB-DA2m to express a
genetically encoded dopamine sensor, GRA2m (Sun et al., 2020pr AAV2/9-CAG-GFP as
a control,in the sBG of adult male zebra fincH&sgure 21). First, tonfirmedthe function of
the sensowith fiber photometry and electrical stimulation. Birds were anesthetiitbd
isofluraneand placed in a stereotaxic apparatus. A pulse train (20Hz, 1 ms on, 49 ms off, for 1s
was generated througha TTLand 200 0 € A current was delivered t|
stimulating electrode to stimulate VTA, the midbrain group providing majority of dopaminergic

inputs tothesBG (Durstewitz, Kroner, & Gunturkun, 1999%fluorescence signal of either
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GRAB-DA2m or GFP control was captured by FP3002 (Neurophotometrics). | found that
electrical stimulationn the VTA elicited transient increases in fluorescence in the sBG in the

GRAB-DA2m birds, while such transients were not detected in-&iPessing birds (Figur2?).

A B GRAB-DA Neurotrace

Ferrule

Figure 21. Schematic of fiber plotometry experiments for measuring DA release in
the sBG

A) Schematic showing use of the genetically encoded DA sensor &FBn (Sun et
al., 2020)and fiber photometry to measure endogenous DA signals in theisBEP as a
control B) Representativeagittatview histology of GRABDA2m photometric recordings
Green: GRABDA2m. Blue: neurotrace. White dashed line: placement of photometry ferrule.

Scal e bar: 200¢& m.
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Figure 22: Electrical stimulation in VTA elevatesDA in the sBG
A) Schematic showintheuseAAV to expresghe geneticdy encoded DA sensor GRABA2m
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 GFO¥Bbird (blue),
similar results observed in 5/5 GRABA birds in total; n = 7 trials from one GFP bird (red),
similar results observed in 4/4 GFP birds¢dtal). 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 GRABA2m to track the DA transients, | wanted to
explore the relationship between DA signal and sindiegpresse@GRAB-DA2m in the sBG of
adult male zebra finch¢$20-237 dph)and collected fiber photometry signal together with the
song.After the data collection, | aligned the photometry to the song onset, first syllable, and song
offset, respectively. ftometric recordings detected robust singiglated DA transients in the
sBG of adult male zebra finches that tracked the onskttidn and offset of song bouts, again
such transients were not detected in @&pressing birds (§ure23). Noteworthy, his
surprising resulstands in contrast to the action potential firing rates of the VTA DA neurons that
innervate the sBG, which are not elevated above baseling fates during normainging

(Roeser et al., 2023) will further discuss this in Chapter 4.
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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 learnB)gRepresentative DA transients
aligned to sound spectrograms during several bouts of sin@ngingingrelated fluorescence
in the sBG aligned to song onset recorded with GR¥2m (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 birdsR) Representative GRABA2m fluorescence in the sBG aligned to
the first syllable in the motif (67 songs from one biE)iRepresentative GRABA2m
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 samé&)biRBpresentative
GRAB-DA2m fluorescence in the sBG aligned to song offset (66 songs from onelbFd).

Solid trace and shaded region indicate mean and SEM, respectively.

3.2.3 Redicted age scores of adjacent syllables were uncorrelated

Having confirmed théunctionality of using GRABDA2m and fiber photometry to
measure singingelated DA transients in the sBGexpressed GRABA2m in the sBG of
juvenile male zebra finches and recorded song and singiatpd DA transients in the sBG
during sensorimotor learning. At the end of the final imaging session, we trained-ANNBnN
recordings of each juvenilebés song and gener at
syl l abl e i n t hexpldingthadrélasionship betyveen BAeandsyllable maturity, |
wanted tdirst 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 syllablesTo this endl collaborated with Miles Martinea doctoral studeritom
Dr . John Pe arUnvarsiysUsihga borreation Bnalksislr. Martinezmean

centered predicted age independently for each syllable and then calculated the Pearson correlation
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coefficientbetween the maturities of successive syllables (e.g. corr(AB), corr(BC), corr(CD)...).
We found that 89% of syllable pairs (730/824 of recording sessionsedhawsignificant
correlation in predicted age. Outmfnority of the pairghat did show a significant correlation

the correlation was centered at zero (0.0049 = 0.0008). Badbdsmanalyseswe concludd

that the predicted age scores of adjacent syllables were uncorrelated 28)gure
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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 onejuvenile Correlation = 0.025@) 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).

3.2.4Singingrelated DA transients in the sBGcorrelate with the learned
quality of syllable performancemeasured using VAEANN maturity scores

Since we found no correlation between the predicted age scores of adjacent syllables, |

focused on a syllablevel analysis that related the magnitude of DA transients in the sBG to the
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learned quality of syllable performance. | used three approaches to test the hypothesis that DA

transients in the sBG are correlated with the learned quality of syllable performance.

3.2.4.1DA level in top 10% PAE trials is higher than bottom 10% PAE trials.

First,to measure syllable maturity relative to learning outcomesculated 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 VAENN. | 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@5). Analysis of the associated GRABA2m signals revealed that DA

transients in the sBG were significantly higher on the most progressive syllable renditions (Figure

26).
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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 1@%d) and bottom 10% (red) scores from

each recording day, as sampled for the group analysis showruire Ri§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%lH{lue) and bottom 10% (red) PAE scores from each recording day.
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Figure 26. Singing-related DA levels in the sBGis higherin the top 10% PAE trials
than bottom 10% PAE trials.

A) Traces shown the mean (solid lines) and SEM (shaded regions)&&tueed 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 syBlikoup 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 bipds5t162, p < 0.0001, one sample

two-tailed t test). Magenta dot represents the syllable shovn@) Mean zscore of the DA
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fluorescence transients for the syllable showA itime warped to 16 interpolated sampley.
Mean zscores of timavarped, syllablaligned DA transients for top and bottom 10% PAE
scores for all syllables (21 syllables from 5 birdszt4.913, p < 0.0001, twtailed paired t test).
Magenta line represents the syllable showA.i\, C: Solid trace and shadeegion indicate

mean and SEM, respectively, D: Boxes and error bars denote mean + SEMpz< 0.001.

3.2.4.2DA level in top 10% dPA trials is higher than bottom 10% dPA trials.

To further test the hypothesis that DA dynamics track the quality ofsenfigrmancel
calculated the rendition to rendition change in predicted age scores for each syllable (delta
predicted age, or dPANhich allows us to inspect local changes in syllable performance that
were notably more progressive or regressive than the immediate prior rendition of that syllable
(Figure27). The GRABDA2m 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 (Fig2@e

Together, hese 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 uppand lowermost 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. LBfedictedage scores plotted as a function of

actual age for ayllable from one juvenile. Right: higbower plot showing 6 consecutive

renditions from the black box inthe leftpargelpr edi ct ed age (d-PA) = pred
predicted age {1). B) Distributionof delta Predicted Age (dPA) scores for a single syllable from

one juvenile across recording days (gray), with top 1€ and bottom 10% (red) dPA scores

from each recording day, as sampled for the group analysisureR28 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%lH{lue) and bottom 10% (red) PAE scores from each recording day.
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Figure 28: DA level in top 10% dPA trials is higher than bottom 10% dPA trials.
A) Differences in zscored DA transients for the top (blue) and bottom (red) 10% of delta
Predicted Age (dPA) score renditions for the example syllable shokigune 26 B) Areal
differences in dPA transients for all syllables (21 syllables from 5 bigds 5151, p < 0.0001,
one sample twaailed t test). Magenta dot represents the syllable shown@) Mean
fluorescence-scores for top and bottom 10% of dPA scores for the syllable shotrtime-

warped to 16 interpolated samplB3.Mean zscores of timavarped, syllablaligned DA
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transients for top and bottom 10% dPA scores for all syllables (21 syllables from 5birds; t
2.754, p=0.0122, twailed paired t test). Magenta line represents the syllable shotun in
A, C: Solid trace and shaded region indicate mean and SEM, respediyvBtyBoxes and error

bars denote mean + SEK.zp=< 0.001.

3.2.4.3DA levels positively correlate with sessioigentered maturity.

The PAE and dPA measurements establish that DA transients in the sBG correlate with
the learned qualitgf a syllable, as measured using the highest and lowest dedites\GAE-
ANN maturity scoresHowever, models of reinforcement learnimgpothesizeéhat DA transients
should correlate with performance quality in a continuous mannexdd@ss this issué
collaborated wittMr. Martinezto analyze the relationship between the magnitude of DA
transients in sSBG and a more local measure of syllable matrityMartinezcalculated the
session centered maturity, whigkespredicted age scores meeentered within each-Binute
imaging sessiagrand then ran a linear mixed effects model, with sesmotered maturity being
the fixed effectcollection day grouped by bird ID and syllable ID, syllable ID grouped by bird
ID, and bird IDbeing the random effect§his timelocal analysis revealed a positive relationship
between the magnitude of the DA transient in the sBG and the relative maturity scores for all
syllables (Figur9). Along with our finding that DA signaling in the sBG is necessary for daily
learningrelated changes to syllable maturity (FigiB, theseadditional analyseisidicate that
performanceelated DA dynamics in the sBG reliably correlate with song learning outcasnes

measured using predicted age scores resulting from the AME analysis
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Figure 29: DA levelsin the sBG positively correlate with sessiorcentered maturity.
A, B) Sessiorcentered analysis plotting the magnitude of DA transients and changes in predicted
age scores for the steepést slope = 0.0325) and shalloweBt 6lope = 0.0111) syllable
relationships, slpes are posterior estimates from linear migffdcts model irC. 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

zer o, b 14%3=6.620,% 6 6.018585, twotailed t tesk
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3.2.5Singingrelated DA transient in the sBG positively correlate with both
syllable duration and loudness

I'n addition to DAOs est ablalsis bergaih partedftte i n mot
mammalian basal ganglia can encode movement (go& Wanat, 2016; Panigrahi et al.,
2015) Therefore, | collaborated withr. Schreineto 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
singingrelated DA transient in the sBG positively correlated with both syllable duration and
loudness, but not with a wide variety of other featuFégure 3(Q. Furthermore, dlable loudness
and duration were not correlated, indicating they are independent fe&igiee 31). One
possibility is that differences in syllable durationardnessould drive a spurious correlation
between DA dynamics and syllable maturlypwever syllableduration and maturity (PAE)
were not correlated, whikgyllableloudness 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 maturitfFigure 3). 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 zscores of timavarped, syllablaligned DA transients for top and bottom 10% of
various acoustic features. n = 21 syllables from 5 birgdsiFE1.999, p=0.0246, twavay RM
ANOVA,; Bonferroni corrected post hoc testing revealed that only duratigr@#.383, p =
0.0002) and amplitudez(b= 3.970, p = 0.0012) significantly differeldM: frequencyBoxes and

error bars denote mean £ SEMp < 0.01z zpz 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 correlatioroefficient measureldetween duration and loudness (nl= 2
syllables from 5 birdsz¢ = 0.8353, p = 0.4134, one sample #aded t test)B) Pearson
correlationcoefficient measureddetween duration and PAE (n = 21 syllables from 5 biggs; t
0.7471, p = 0.4637, one sample #miled t test)C) Pearson correlatiorpefficient measured
between Amplitude and PAE (n = 21 syllables from 5 birds; 4.568, p = 0.0002, one sample

two-tailed t test)Boxes and error bars denote mean + SEMpz< 0.001, ns: not significant.

3.3Conclusions

In this chapter| used agenetically encoded dopamine senG®AB-DA2m and fiber
photometry to explore the relationship between DA dynamics and syllable maturity. First, by
electrically stimulating VTA] confirmed thdunctionality of the dopamine sensor (Figure 22).
Next, | found that the DA signal faithfulleportswhen the bird is singingegardless of song
quality (Figure 23). By using VAE and ANN figured out thathe maturity ofadjacent syllables
maturity is uncorrelated (Figure 24stablishinghe feasibility for the syllabléevel analysis for
assessing how DA dynamics relate to the learned quality of song perforrBgnceng three

different analysis methods, | found that DA dynanfiathfully track fluctuations in théearned
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guality of individual syllablesincluding from one rendition to the ngRigure 2529). In the end,
analysis of DA signal and various acoustic features showed that DA signal in the sBG is also
related to song movement vigdnut that these correlations cannot account for the positive

correlation between DA levels and syllable matufffiigure 30, 31).

3.4 Methods

Juvenile (3195 dph) and adult (12237 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:iiQight: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 finchegere anesthetized with 2% isoflurane before being

headfixed 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 sinusifs): for VTA, head angle 37°, 1.65

mm rostral, 0.5..5 mm lateral, 6.2 mm ventral; for sSBG, head angle 43°, 5.1 mm rostral, make a

mark, switch to head angle 72°, 1.7 mm rostral from mark, 1.6 mm later&,63mm ventral
(this coordinate avoids damaging LMAMJAV2/9-hSynGRAB_DA2m (WZ Biosciences,

YLO02009AV9-PUB), or AAV2/9CAG-GFP (Addgene, 3782BAV9) wasinjected using a
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glass pipette attached to a Nanojiéatr Nanojectlll (Drummond Scientific) Specifically,
viruses were injected #hree different ventral coordinates per hemisphere (3.1 mm, 2.8 mm, 2.6
mm, 300 nl for each site) in the sBG. Fi ber
Neurophotometrics) were implanted unilaterally (counterbalanced for hemisphere) during the
same surgery as the viral injection to the dorsal edge of sBG (2.6 mm vdrteagurgical site
was covered with a silicone adhesive, KWHL (WPI), and thderruleswere secured in place
using MetaBond (Parkell, S396, S398, S37ZBbra finches were monitored & 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 patctibosicLenses, 200
em core, O0.37 NA). In brief, light from 470
(for isosbestic control signal to detect motion artifacts) LEDs was generated in turn at a total
frame rate of 30 Hz (15 Hz per wavelengthnhdjgass filtered and directed down the patch cord
via a 20x objective. Light was measured at the tip of the patch cord to make sure the power for
eachwavelengtvas ~50 & W. -DAIGRP flunrdsce@de wds collected through the
same cannula and patobrd, split by a dichroic mirror, bandpass filtered, and focused onto
opposite sides of an sCMOS camera sensor. Data was acquired using tkeurpersoftware
Bonsai(Lopes et al., 2018)y drawing a regionf 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 custaiitten Matlab scripts. In each imaging
session, the blue channel was fitted to and subtracted from the green signaleusiagah

polyfit function. DAIGFP signals were-gcored in each imaging session and aligned to the audio
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recadings. In electrical stimulatiorz;score to baseline was used instead-s¢are to the whole
imaging session. Baseline was defined as 4 trargls before stimulation onset.

For the juvenile DA experiment, AAGRAB-DA2m was injected into the sBG between
33-38 dph. Each juvenile was housed with an adult male tutor ur05fph. One to nineteen, 5
to 10minute 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. Deltgredicted 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 anBlgsisin
26C, 28C syllables were interpolated to the same length (16 samples). Sesstered maturity
was calculated as the predicted age rreamiered withireach 5minute imaging session.

For the electrical stimulation experiment, birds with previously implanted optic ferrule or
optofluid cannula were anesthetized with 2% isoflurand 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) and20@ 0 € A current was deli
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 &ials w

collectedfor 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 foeatered 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 sessiayllable 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-¥XE 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 hWwoDA transients correlated with acoustic features, we used custom
Matlab scripts to align the acoustic featdeda with the interpolated Dgignal for each syllable
rendition. We then found the top and bottom 10% for each individual acoustic feature within each
day and calculatetthe average interpolated Dstgnal for the top/bottom 10th percentile of each
acoustic feature. A-vay RM ANOVA with post hoc, Bonferroni corrected multiple
comparisons was used to determine if there was a signifdifference in DAransients related

to any individual acoustic feature
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4. Canonical and nonrcanonical circuit mechanisms regulate
DA release in the sBG

4.1Introduction

As | have shown in Chapter 3.2.2, a notable feature of the DA signal | recorded in the
sBG is that it always increased from baseline ledatingsinging, regardless of song quality.
This stands in contrast to the action potential firing rates of VT AsBratathat project to the
sBG, which are not elevated above baseline firing rates during normal siRgiesgr et al.,

2023) Thisdiscrepancyetween the two signals suggests a-camonical mechanism for DA
release in the sBG, independent from the YABG cell body firing. Thigliscrepancys also
surprising consideringextensive prioresearclexaminingdopaminés role in learning depeerd

on measurements somatic action potentia(€ohen, Haesler, Vong, Lowell, & Uchida, 2012;
Eshel et al., 2015; Eshel, Tian, Bukwich, & Uchida, 2016; Schultz et al., 1997; Starkweather,
Babayan, Uchida, & Gershman, 201U}timately, anon-canonicaimechanism for DA release
renders measurements@A somatic action potentials insufficient to answe question of how
DA dynamics relate to performance and learning.

In the mammalian basal ganglia, acetylcholine (Algasedrom cholinergic
interneurons (CINsand acting through nicotinic receptors on DA terminals is sufficient to trigger
DA release, at least in certain conditighksamer et al., 2022; Liu et al., 2022; Mohebi et al.,
2023) Furthermore, CINs can be excited by glutamatergic input from the ¢Qite@xtranupong
et al., 2023; Krok et al., 2023)roviding a pathway by which cortical activity can potentially
modulate DA release in the striatuihere does the singinglatedelevation of DA signal come
from?The existence of CINs in the sBG raises the possibiiaya similar noacanonical
mechanisnoperatesn the sBGto regulateDA releaséndependentrom action potential activity

in VTA cell bodies If so, is the singingelated DA peak under the modulation of other brain
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regions, for example, soqyemotor regions that provide input to the sBG and that may innervate
CINs?In this chapterl will use acombinationof electricalstimulation, fiber photometry,
pharmacoloigal manipulatiors, transsynaptiwiral tracing andn 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 artifatmoved the stimulation electrode to
HVC, a pallial song premotor input to the sBBottjer et al., 1989)and delivere®004 0 0 ¢ A
currentwith the samegulse train (20Hz, 1 ms on, 49 ms off, for 1s) through a bipolar stimulating
electrode Surprisingly | observed that electrical stimulationhtvC routinely evoked DA
transients in the sBG (Rige 32).

One possible explation is that HYC neurons projecting to sBGretease DA. To
exclude this possibility, | collaborated with Dr. Audrey Mercer, a post doc in ouDtaMercer
retrogradely labeled the HVEBG cell bodiedy injecting retrobeads to the sBG. Then, she
performed in situ hybridization for the glutamatergic cell max@t.UT2 and dopaminergic cell
markertyrosine hydroxylase (THhe enzyme required for Dgynthesis We found thaHVC-
sBG neuronsare VGLUT2positivebut TH negative (Figure 33indicating thaelectrical
stimulation in HVCis unlikelyto trigger DA releasdirectly from HVCaxon terminals
Moreover, electrical stimulation in the contralateral Hi&l=d to evoke DA transients in the
sBG, indicating that the DA transient evoked by ipsilateliNaC stimulation was not simply a

nonspecific effect of electrical stimulation of the bréifigure 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 GRBB2m in the sBG. B)
Example DA transient evoked by HVC stimulation aligned to stimulation onset (8 trials from one
bird, similar results observed in 6/8ds). B: Solid trace and shaded region indicate mean and
SEM, respectively.

NeurOtrace VGLUTZ TH Neurotrace VGLUT2 TH Neurotrace TH

Neurotrace VGLUT2 TH

Figure 33: HVYC-sBG neurons are glutamatergic but not dopaminergic.
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Lower-power (left) and highepower (right) images showing that HYC neurons
retrogradely labeled (green) by retrobgenjection into the sBG express VGLUT2 mRNA
(magenta), but not TH mRNA (red); all neurons are labeled with neurotrace (blue). Scale bar: 100

em (left) and 20 em (right).
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Figure 34: Contralateral HVC stimulation did not evoke DA release in the sBG.
ExampleGRAB-DA2m transient eoked in the sBG by ipsilateral HVC stimulation (blue, data
from Figure 33 and not by contralateral HVC stimulation (red, 6 trials from the same bird), both

aligned to stimulus onse$olid 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 the mammalian basal ganglidoegan to explore whether HVC
axon terminals in the sBG could excite ACh reldase CINsand thus activatricotinic
receptors ol TA-sBGterminalsandtrigger DA releaseSinceCINsin themammaliarstriatum
can be excited by glutamatergic input from the cof@hxantranupong et al., 2023; Krok et al.,

2023) andHVC-sBGneurons are active when the bird is sindiiigzhevnikov & Fee, 2007)
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first asked whetheglectrically stimulating in HVC could drivACh release in the sBQ.o test
thisidea | virally expressed a genetically engineered ACh sensor, GRBE3.0(Jing et al.,
2020) in the sBG of adult male zebra finches (Figy35. | observed thaglectrical stimulation of
the ipslateral, but not conttateral HVCevokedACh transients in the sBG (Rige 36.
In contrastglectricalstimulation in the ipsilateral VTA failed to evoke ACh transients in
the sBG Figure 36. This result is different from themammalia work that DA inhibits the ACh
release in the striatu(@Chantranupong et al., 2023jJowever, 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.

~h Neurotrace

Figure 35: Schematicshowing expression o GRAB-ACh3.0 in the sBG.
A) Schematic showing use of the genetically encodét sensor GRABACh3.0and
fiber photometry to measugetectrically evokedd\Ch signals in the sB&) Representative
histology of GRABACh3.0 photometric recordings. Green: GRAEBh3.0. Blue: neurotrace.

White dashed |l ine: placement of photometry fer
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Figure 36: Ipsilateral HVC but not contralateral HVC or VTA stimulation evokes
ACh release in the sBG

A) Schematic of HYGnd VTAstimulation in birds expressing GRABCh3.0 in the
sBG.B) Example GRABAChH3.0 signals evoked in the sBG by ipsilateral HVC stimulation
(blue, 9 trials from onadult male finchsimilar results observed #i4 adult male finchésbut
not by contralateral HVC stimulation (red, 5 trials from the sarak similar results observed in
4 /4 adult male¥or ipsilateral VTA stimulation (green, 5 trials from the samade similar
results observed if2adult males All tracesaligned to stimulus onsetolid 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 H\W(Set an anterograde
intersectional method to selectively label neurons in the sBG receiving synaptic input from HVC
axons(Zingg et al., 2017)Specifically, | njeciedtheviral constructAAV2/1-hsynCre in HVG
which has beeshownto travelanterogradelhand infect neurons postsynaptic to neurons in the
injection site Meanwhile, | injectedAV2/1-CAG-FLEX-GFP or AAV2/9CAG-FLEX-GFP in

the ipsilateral sBGIn this way,| expected thaGFP will express isBG neuronshatreceive
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monosynaptiénput from HVC (Figure 37A)l thencombiredthis intersectionafiral tracing

method with immunbistochemical methods identify DARPP32, which isa marker for spiny
neuronsandcholine acetyltransferase (ChAWhich servesis a marker for CINgdJsing this set

of approached,observedsFP expression in ChAT+ neurons in the sBG, as well as DARPP32+
neurons and otheBG cell typegFigure 37BD). Despite the low efficacy foAAV2/1-hsynCre
virus to jump synapse, | was still able to get 83 GFP+ neurons from 6 birds. Aneseg33
neurons ~10%colocalizewith ChAT (Figure 37E). This percentage is remarkable, considering
that CINs only constitute ~1% of total neural population in mammalian strig@hedps, Houser,

& Vaughn, 1985and probably a similar small proportion in zebra finch sBG.

Neither
- .

DARPP32  ChAT DARPP32  ChAT

Figure 37: CINs in the sBG receivesynaptic 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: AAV24isynCre was injected into HVC, AAV2/1 or
AAV2/9-CAG-FLEX-GFP was injected into the ipsilateral sB&.Low-power image showing
expression of GFP (green) in ChAT+ (magenta, a marker for cholinergic neurons) or DARPP32+
(red, a marker for spiny neur «Cndbighpeaverr ons. n =
images for left C) and right D) white boxes irB) showing GFP (green) colocalization with
DARPP32+ (red) or ChAT+ ( malg) ®iachat)ofthe paucentages. Sc a
of GFP+ cells that were positive for ChAT (magenta), DARPP32 (red), and neither &@ray).

neurons in total from 6 birdd2 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 nenanonical 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 sBGTo test this predictionl implantedanopto-fluid cannula in the sBGf
adult male finches previously manipulated to exp&R&B-DA2m, enabling me to
simultaneously measure DA transieatsl pharmacologally manipulaé nAChR signaling in the
sBG. Birds were anesthetizday isofluraneand placed in a stereotaxic apparafupulse train
(20Hzfor 1s 2004 0 0 ) veag\appliedhrough a bipolar stimulating electrodesither HVC or
VTA. | meaured the electricallgvoked DA transients in the sBiefore and after injectingel
5mM D H b @n antagonistfon ACh R U 4 b) throsgh theuoptofitiid cannulifound that
i nf us i ning the $BRsknificantlyreduced DA transients evoked by HVihilation, but
not those evoked by VTA stimulation (fige 39.

An importantremaining issue to resolveughether VTAsSBGneurons expressAChRs.
To this end, | injected retrobeads to the sBG to retrogradely labelsBlAcell bodies.
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Following cardiac perfusion and fixation with paraformaldehyae]lected brain sections that
contained the VTAand performed in situ hybridization to detect, BHnarker for dopaminergic
neuronsand CHRNA4, the mRNA for translatimgA C h R U 4. Thés agproactievealed

that the TH+ VTAsSBG neurons expreSSHRNA4 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 nAChRsclated on DA terminals arising from VTA cell bodies.
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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 GRBB2m in the sBG
bef ore and af tBeExamplp PA trarsients evbledittthe sBG by HVC

stimulation, aligned to stimulation onset, before (blue, 12 trials from one bird) and after (red, 18
83



trials from the same biCyEkgmple DAftransients gvokBdHtlie i nt o
sBG by VTA stimulation, aligned to stimulation onset, before (blue, 5 trials from one bird) and
after (red, 6 trials from tD) &tegahaitbemodgredA i nf us
transient for a 2s window following HVC sti mul
sBG (n =4 birds;st=4.812, p = 0.0171, twtailed paired t test)E) Integral of the zscored DA
transient for a 2s window after VTA stimulatio
= 3 birds, 1=1.492, p = 0.2742, twtailed paired t testB, C: Solid trace and shaded region

indicate mean and SEM, respectively, E: Boxes and error bars denote mean + SE\k

0.05, ns: not significant.

VTA-sBG TH VTA-sBG TH VTA-sBG

Figure 39: The mRNA for the nAChR subunit that binds DHBE is expressed in
VTA-sBG neurons

Lower-power (left) and highepower (right) images showing that the VTA neurons that
are retrogradely | abeled (magenta) by injectio

mMRNA (CHRNA4, green) and TH mRNA (red). Scale
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4.2.5Singing elevates ACh in the sBG

The HVC neurons that project to the sBG exhibit robust increases in action potential
activity during singingKozhevnikov & Fee, 2007)and thus could act through this local
cholinergic mechanism to help drive singiregated increases in DA in the sBI@.this case,
there should also be an increase in the ACh signal when the bird is singing. To test this idea, |
virally expressed GRAB\Ch in adult birds and performed fiber photometry recordings together
with the singing dataConsistent with this idea, fiber photometric recordings detected robust
singingrelated ACh transients in the sBG of adult male zebra finches that tracked the onset,
duration and offset of song boutsdure 40. Notably, this singingrelated ACh signal is
extremelysimilar to singingrelated DA transientspreviously recordeth the sBG asshown in

Chapter 3.2.2.
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Figure 40: Singing elevates ACh in the sBG.
A) Schematic of photometric recording of GRARh3.0 transients in the sBG of
singing birdsB) Representative ACh transients aligned to sound spectrograms during several
bouts of singingC) Representative ACh transients aligned to song onset (54 trials from one bird,

similar results observed from 6 birdB) Representative GRABCh3.0 fluorescence in the sBG
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aligned to the onset of the first syllable in the motif, 54 trials from one Bjfdepresentative
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 birdh)) Representative GRABCh3.0 fluorescence in the sBG

aligned to song offset, 70 trials from one bi@F: Solid trace and shaded region indicate mean

and SEM, respectively

4.2.6 Blocking nAChRs in the sBG reduces singingelated DA transients

If some ofthe singingrelatedDA signalin the sBGis generatetty HVC acting through
CINs, thenblocking nAChRs in the sBGhouldreducethese singingevokedDA transients.
Therefore, usingdult male finches that were virally treated to expresGiBAB-DA2m in the
sBGandimplanted with aropto-fluid cannula, Imeasured singingelated DA transientis the
sBGbefore and after injectinD H b @el 5mM). Indeedj n f u s i ringp thD $BfsEongly
reduced singingelated DA transientm the sBG (Figure 41Since song duration could tze
variable that influencethe magnitude of the GRABA signal, | fit a linear mixed effects model
to all song durations before/after applyibgH b &hd before/after applying salingith time
factor (before vs after manipulatiomyug treatment conditiofD H b \& saline)and an
interaction between these factors being fixed effects, and bird ID being rafigats(Table 1).
However,| found thatD H b d&pplication did not affect song duratidrherefore singingrelated
DA transients in the sBG depend in part on a process where ardeiphdent elevation of ACh

activates nAChRs in the sBG to trigger DA rekeas
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Figure 41: Blocking nAChRs in the sBG reduces singingelated DA transients.
A) Schematic of photometric recording in singamplt male zebra finchexpressing GRAB
DA2m in the sBG, before and afB)&amgleDAusi ng DHDbH
transients aligned to song onset, before (blue, 38 trials from one bird) and after (red, 41 trials
from the same bird) CriEkampgla DAdgandledts dignédrotsangt he s BG
onset before (blue, 59 trials from thersabird inB) and after (green, 33 trials from the same
bird) infusing saline into the sB®) Quantification of percentage change in the integral of-the z
scored singingevoked DA transient, measured from 0 to 5s from song onset, after saline (green)
or DHBE (red) infusi gn2764hp=00.0896 evae@Bpaireftrtests 6 bi r
E) Quantification of the percentage change in the peak ofseered singingvoked DA
transient after infusion of ewinhs$ongeons®bthe6, measu

birds, t = 4.958, p = 0.0043, twtailed paired t test)B, C: Solid trace and shaded region indicate
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mean and SEM, respectively, E: Boxes and error bars denote mean + SEWk 0.052 p <

0.01.

Table 1. Blocking nAChRs in the sBG does not affect song duration.

effect group term
1fixed NA (Intercept)

estimate std.error statistic df
5.296724 0.823494 6.432016 5.027952 0.00132Z
0.522174 0.376776 1.385901. 13.50142 0.18824:
0.474567 0.385719 1.230343 8.031514 0.25338¢
-1.23876 0.6921 -1.78986 5.575208 0.12742¢

2 fixed NA timeFactorafter

3fixed NA treatmentFactordhbe

4 fixed NA timeFactorafter:treatmentFactordhbe

5 random bird sd__(Intercept) 1.943052NA

6 random bird cor__ (Intercept).timeFactorafter -1 NA

7 random bird cor__ (Intercept).treatmentFactordhbe 0.408615NA

8 random bird cor__(Intercept).timeFactorafter:treatmentFactordhbe 0.04003NA

9 random bird sd__timeFactorafter 0.41654NA
10 random bird cor__timeFactorafter.treatmentFactordhbe -0.40861NA
11 random bird cor__timeFactorafter.timeFactorafter:treatmentFactordhbe -0.04003NA
12 random bird sd__treatmentFactordhbe 0.502657NA
13 random bird cor__treatmentFactordhbe.timeFactorafter:treatmentFactordhbe-0.89562NA
14 random bird sd__timeFactorafter:treatmentFactordhbe 1.215273NA
15 random Residualsd__Observation 3.666647NA

4.3 Conclusions

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

p.value

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

In this chapter, | combined fiber photometry, pharmacological manipuation

immunofluorescengtaining,andin situ hybridization to identify a noganonicakircuit

mechanism regulatg DA release in the sBGhis evidence indicates thaing premotor activity

arising fromHVC activatescholinergic interneurons in the sBG, which relesszetylcholine to

activatenAChRson VTA-sBG terminals anttigger DA release. To test this hypothedis,

demonstrated (to my surprise) that electrical stimulation in \@ced DA release in the sBG

(Figure 32) Next, | found thatelectrical stimulation in the ipsbut not contralateral HVC

triggered ACh transients in the sB&milar totheevokedDA transient{Figure 3§. Then,an

anterograde intersectional methgitbwed that CINs in the sB@ceiwe synaptic inputs from

HVC axons(Figure 37) Then | showed thanfusing the nAChRJ 4 b 2

into the sBG reduced DA transients evoked by HVC stimulation, but not those evoked by VTA

subunit antagon

stimulation (Figire 39. In situ hybridization furtheiconfirmed that the TH+ VTA cells that

project to the sBG exprefise CHRNA4mMR N A
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the binding site for DHBEFigure 39. Next, | showed that ifireely behaving birdghe ACh
signalin the sBCGfaithfully tracks the song when the bird is sing{fggure 40) Local inhibition
of NAChRswithDHBb E st r on gl y-relateddDA tramsientsin thegsB@) without
reducing song duratioffrigure 41, Table 1). Taken togethiérese resultsdicate that HVC axon
terminals can drive DA release in the sBG through a local mechanism involving ChAfohse
and nAChRs located on DA terminalevealing that norrcanonical mechanism regulateA

releasdn the sBGindependent fronthe action potential activity of TA cell bodes

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 14:18 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 AAV2ISynGRAB_DA2m (WZ
Biosciences, YL0O020G8V9-PUB), AAV2/9-hSynGRAB_ACh3.0 (WZ Biosciences,
YLO01003AV9-PUB), or AAV2/9CAG-GFP (Addgene, 3782BAV9) into the sBG using the
similar surgicaprocedure described @hapter 3.4.1Specifically, 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 djic 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 em core, O0.37 NA, Neurophotometr

(2.6 mm ventral). For simultaneous photometry recording and pharmacology manipulatien, 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 aedured in place using MetaBond.
For data acquisition, at least 3 weeks after optic ferrule implantation, or 2 to 3 days after

optofluid cannula implantation, birds were attached to a photometry system (Neurophotometrics

FP3002) through a patch cord (Doric Lenses, 20

(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 20x objective. Light was measured at the
tip of the patch cord to make sure the-power
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 opsurce software Bonsgiopes et al., 2019)y drawing a
region of inerest 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 custmitten Matlab scripts. In each imaging
session, the blue channel was fitted to and sciefisfrom the green signal using the Matlab
polyfit function. DA/ACh/GFP signals werescored in each imaging session and aligned to the
audi o recordings. I n e |-fid tannule exgetimemtsystoeettoi on and
baseline was used insteaf zscore 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
optofluid cannulawere 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 20@ 0 € A c u r eredthroughas del
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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 sigaignment. 4 to 8 stimulated trials were
collected before manvually infusing 1 el 5 mM
least 5 min for drug diffusion -8 stimulated trials were collected to compare with trials before

drug treatment.

For the simultaneous pharmacology and photometry recordings, an injector containing
salineori5 mM DHbBE was pl fludganmoula at 10 am ih theemomipgt o
Photometry recordings were collected with the FP3002 for multiple 5 min sessions until the
mi ddl e of the d&dy mMAIDHHE/3@Gpmnelalasl manually
After waiting for at least 5 min for drug diffusion, multiple photometry recordings were collected

until the injector was removed from the offliid cannula at ~5pm

4.4.2 Linear mixed effects model

Using customwritten Matlab scriptsthe 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
afterD H b &pplication. Thepa linear mixed effects modelas fitto all song durations
before/after applyin® H b &d before/after applying salingith time factor (before vs after
manipulation)drug treatment conditio(D H b \&s saline) and arinteraction between these

factorsbeing fixed effectsand bird IDbeing random effects

4.43 Tissue collection
Birds were deeply anesthetized with intramuscular injection of 20l Euthasol (Virbac),
and transcardially perfused with 1x phospHauéfered saline (PBS, Sigma, P5493) followed by

4% paraformaldehyde (PFA). Brains were removed-fpostl 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 TissueTek OCT Compound (VWR, 2568830) in disposable embedding mold8R,

151661 57) , and stored at 180 AC wuntil sectioning
of 50pum) were collected with a Leica CM 1850 cryostat and stored in 1x PBS solution at 4 °C

until further procedures. For in situ hybridization, RN&®se PBS was prepared using 1x PBS

(Invitrogen, AM9624) treated with DEPC (Sigma, D5758), and was used in these procedures.

4.44 Immunofluorescence

Freefloating sections were washed for 5 minutes for three times in 0.3% Trifd@DX
(Sigma, T8787) in 1x PBS (0.3% PBST), blocked with 10% Blocking One Histo (Nacalai tesque,
0634964) 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 Sninute washes in PBST. Sections were coverslipped with Fluoror®unt
(SouthernBiotech, 01601), 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 23, GRAB-ACh3.0 Figure 35, and HVC terminalsHigure 42 in the
sBG, the combination of antibodies was used as follows: mous&BRti(1:500, Invitrogen,
A11120) and goat anthouse Alexa Fluor 488 (1:500, Invitrogen A11001). For identification of
ChAT, DARPP32, and GFP Iigure 37 the following combination of antibodies was used:
mouse antiGFP (1:500, Invitrogen, A11120) and donkey antiuse Alexa Fluor 488 (1:500,
Invitrogen, A21202); rabbit anDARPP32 (1:1000, Abcam, 40801), donkey aabbit Alexa
Fluor 594 (1:500, Invitrogen, A21207) or donkey aatibit Alexa Fluor 647 (1:500, Invitrogen,

A32795); goat arttChAT (1:100, Millipore, AB144P), donkey argibat Alexa Fluor 647 (1:500,
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Invitrogen, A21447), or bovine angioat Alexa Fluor 594 (1:500, Jackson ImmunoResearch,

805585-180).

4.45 Fluorescencein 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 heafixed 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-figsetl in 4% PFA for 20 min, followed by two 3
minute washes in DEREBS, a 45minute incubation in 5% SDS (Sigma, 71736) in DEHPES ,
and three Sninute washes in 2x sodium chloride sodium citrate 0.1% Tween 20 (2x SSCT, SSC:
Invitrogen, AM9770; Tween: Sigma P9416). Then sections wermpubated in probe
hybridization buffer (made by Molecular Instruments) for 30 minutes in a 37 °C incubator, and
transferred to probe hybridization buffer containingRiprobes (VGLUT2 and TH, 1:200;
CHRNA4, 1:50) overnight at 37 AC. On Day 2,
by Mol ecular I nstruments) for 30 -mnutewaskes f or
in 2x SSCT at room temperature. Then sections wermpubated 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 thedst day, sections were washed in 2x SSCT for tworfute washes, incubated in

Neurotrace (1:500) for 2 hours, washed in 2x SSCT for twortuite washes, coverslipped with
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FluoromoumtG (SouthernBiotech, 01601), 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

5.1Introduction

In Chapter 4, | showed thsinging elevates levels bbth DA and AChin the sBG, and
that ACh helps to drive some of this DA relea&s a next stegd,sought to better understatite
role that ACh plays in sensorimotor learning. Héfggrrowterminologyfrom developmental
biology that distinguishes between permissive mrstkuctive signa (Gilbert, 2000; Holtzer,
1968) A permissive signanables normal developméntproceed but does not provide any
information about the developmental outcomnecontrast, in the presence of a permissive signal,
an nstructive signaprovides 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 sigredtson this plasticity to drive song into a specific pattern.

Clearly, both my work in Chapter 2 and previstisdiessupport the idea th&A
dynamics in the sBG track the quality of song performance to botrejuvenilesensorimotor
learningand adult pitch learning hese findings are consistent with a model in wihi¢hrelease
in the sBG functionas an instructive signal to guidensorimototearning. However, whether
AChrelease in the sBG servesaasinstructive or permissive signaimainsunclear More
specifically, | sought to distinguish between tmodels 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) &milar to DA, AChprovidesan instructive signab drive
sensorimotor learning. In either case, blocking cholinergic signaling should interfere with

sensorimotor learning. However, only if the second model is correct should siefited ACh
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transients track the quality of song performanicethis chapter, seek tadetermine whether

ACh release in the sBG functions permissively or instructively during sensorimotor learning

5.2 Results

5.21 Blocking the nAChRs in the sBG reducessensorimotorlearning
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 ledraing.
investigatehis possibility,| performed a microdialysis experiment similarthe muscimohnd
D1R blockingexperimensg described in chapter(Zigure 42)1 implantedmicrodialysisprobes
bilaterallyinto thesBG of previously tutor juvenile male zebra fincHestween 55 and 60 dph.
For better visualization of probe implantation, | injected AAVZIRG-GFPto HVC bilaterally
to label HVC terminals in the sBG. Aftefi46 days of normal learningjnfused 5mM D H b (@&n
antagonistfon ACh R U4 b) hto theiIB@. fiet using VAE and ANN to calculate
predicted agéor individual syllablespredicted age scomasplotted as a function of actual age
(Figure43A) . Agai n, I used two methods to quantify
progression of predicted age. Filst, measur ed daily changes in a sy
by measuring the difference in mean predicted age for the first fifty and last fifty syllable
renditions on the drug treatmentydand the preceding control day. This revealed that the daily
increase in predicted age on éd b tteatmendaywassignificantly smaller thaonthe control
day (Figure 43Bn = 11 syllables from¥ juveniles, to= 2.487, p = 0.0322, twtailed paired
test). Seconal i near mi xed effects model showed a sigr
treatment and time of day, indicating that learning was impaired acros8 @R blocking day
(Figure 43Ctso054=-2.9171, p = 0.0035, twtailed t test) Therdore, blockingnAChRsin the

sBGstrongly reduced dailincreases in syllable maturity that occur during sensorimotor learning
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rminals Neurotrace

Figure422 Schematic for microdialysis experi

A) Schematic of microdialysis method used t

during sensorimotor learninB) Repr esentative histology of DHDb
Blue: neurotrace. Green: HVC axon terminals in the sBG labeled by injection of AASFP9

into HVC. White dashed | ine: placement of micr
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Figure 43: Blocking nAChRs in the sBG reduceglaily 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 wel/l as
day (dark blue), both of which were held out of the training set. Dots are individual syllable
renditions and black line is rolling avera@).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 DHbBE, 113=24A87 p=00322 wvailed paimdt4 j uveni
test)C) Linear mixed effects model showing that D
learning across the day (a significant interaction betwreatmentg al i ne/ DHbBE) and t i

day, boosa=-2.9171, p = 0.0035, twtailed t test)B: Boxes and error bars denote mean + SEM.
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