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ABSTRACT

Imitation is an essential hallmark of intelligent systems. Children imitate the speech,
body language and expressions of adults, eventually graduating to creative expressions of
their own individual thoughts and ideas. In machine intelligence and A.IL., large language
models have recently demonstrated a striking ability to convincingly imitate written forms
of human language, from observation of massive corpora of text. A fundamental question is
how these varied intelligent systems achieve such robust imitation. In animals, imitation is
accomplished by complex neural circuits in the brain. To perform imitation, animals must
first represent the sensory consequences of the action to be imitated and store this represen-
tation as a memory. Next, they must recall this sensory memory, evaluating their imitation
attempts until a satisfactory match is achieved. In this thesis, I study the neural control of
vocal imitation in the songbird Taengiopia guttata, focusing on the first stage of imitation
when animals must form a temporally structured sensory memory, or template, of the action
to be imitated. In the first chapter, I present work attempting to localize the brain regions
involved in the formation of the sensory memory used in imitation. We provide evidence that
HVC, a pre-motor region that controls the timing of adult song, is involved in storing the
timing of the tutor memory. This works shows how focal cooling can be used to study the
formation of temporally structured memories even in the absence of overt behavior. In chap-
ter 2, we ask what neural dynamics support the observed effect of cooling on the imitation.
Using freely moving calcium imaging and head-fixed high-throughput electrophysiology, we
show that tutoring evokes sparse sequential activity in HVC, reminiscent of its activity dur-
ing adult production of the vocal imitation. This activity was present as early as the very
first day of tutoring, perhaps indicating that HVC connectivity is innately predisposed to
produce sparse sequential representations of song. In the final chapter, we explore changes
in the representation of the tutor song before and after tutoring. We observe the emergence
of tutor selective neural responses in HVC after tutoring, and quantify this selectivity at
the population level, in different cell-types. We further show that this tutor song selectivity
is stronger in HVC than any of its auditory inputs, suggesting that tutor song selectivity
results from the storage of a tutor memory in HVC itself. Together this work shows how
HVC neural dynamics can act as a clock for the storage and recall of an auditory memory
and gives insight into how memories containing temporal structure might be stored more
broadly.
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Chapter 1

Introduction

Motor behaviors must be adapted to the world in which an animal lives. Innate behaviors
have been adapted over millions of years of evolution, and are produced by neural circuits
assembled using genetic and developmental programs. In contrast, learned behaviors are
flexible and adapted to the distinctive experiences of individual animals during their lifetimes.
In social species, imitation is a powerful strategy that allows animals to learn not only from
their own experience, but the collective experiences of other individuals. Indeed, many of
our most sophisticated and complex behaviors such as speech, language, cultural practices,
music and athletic performance are learned by imitating others.

The songbird—in particular, the zebra finch (Taeniopygia guttata)—is a powerful model
system in which to develop a mechanistic understanding of how neural circuits learn and
produce a sophisticated imitated behavior. Male zebra finches sing a complex vocalization—a
stereotyped sequence of 3-7 song syllables comprising an approximately one second long
motif—used primarily to attract a mate [1, 2, 3, 4]. This song is learned, and emerges
through a series of stages: first, a young male bird hears the song of a tutor, usually the
father, and stores a memory of this song (called a template); the young bird then generates
highly variable babbling vocalizations, called subsong; finally, by comparing its own variable

practice vocalizations to the memorized tutor song, the young bird gradually refines its

15



vocalizations, frequently producing a close match to the tutor song (figure 1.1) |1, 3]. This
learning process is highly structured and has often been compared to speech acquisition in
humans [5, 6, 7, 8, 9].

When I began my PhD, it was clear that the songbird field was at a remarkably exciting
stage. While many missing details and areas of contention remain, there now exist broadly
plausible circuit level mechanistic hypotheses for most aspects of song learning. At the level
of song production, neural sequences models are an excellent candidate mechanism with
strong experimental and theoretical support. There is also a developing understanding of
circuits for variability generation and dopaminergic evaluation signals, long hypothesized to
implement reinforcement learning during juvenile vocal practice [10, 11, 12, 13, 14, 15, 16,
17, 18|. Finally, a descending pathway from the auditory cortex to the dopaminergic system
has been shown to convey error signals during singing, which provides an important step
towards identifying where and how song evaluation occurs [19]. While song-learning may
not be solved in toto for many years, there is a sense that many of the big picture questions
now have tentative answers and/or plausible theoretical explanations. This progress allows
for the exciting possibility of proposing more or less "complete" circuit hypotheses for how
the whole system might work. One key remaining problem however, is the song template;
how is the auditory memory of the tutor song stored and recalled during learning.

One of the most remarkable recent findings in the songbird field is that HVC, a vocal
motor center that acts as a clock to control song timing, is also critical for tutor memory
storage |20, 21, 22|. This work falls on the heels of a long literature describing birds-own-song
(BOS) and tutor selective auditory responses in HVC (23, 25, 26, 27, 28, 29, 30, 31, 32, 24]|.
But what is the connection between a motor timing circuit and the storage of an auditory
memory? In this thesis, I attempt to test the underlying hypothesis that, in addition to
its role in motor timing, HVC also functions as the ‘clock’ that stores the timing of the
auditory memory. In the following chapters I propose a detailed mechanistic circuit model

of how HVC mediates storage of the content of this memory during tutoring, recalls this
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content during vocal practice, and the ways in which error signals are computed to guide
reinforcement learning. This work is significant because it tests a circuit model that explains
the link between two important but distinct bodies of work in the songbird field: the motor
and auditory functions of HVC. Given the numerous analogies between avian and human
vocal learning circuitry, I believe this work will have broad implications for understanding
imitation learning, a key aspect of human cognition.

As described above, this thesis aims to develop an understanding of what happens during
the tutoring process by studying tutor memory formation as it occurs in juvenile birds.
This long standing and difficult problem, sometimes called the "holy grail" of the field [33],
has been pursued by generations of neuroscientists. Their immense work on the anatomy;,
physiology and behavior of songbirds has given us both incredible privilege and necessary
constraint, allowing us to focus our attention on only the most important avenues. Here I
briefly review key parts of this literature which provide necessary context for understanding
my own contribution. More specifically, I review the song system and its relevance for adult
song production and juvenile motor learning, basal ganglia cortical-thalamic pathways and
their hypothesized role in reinforcement learning, and the auditory system of the songbird
especially as it pertains to auditory representation of the tutor song, the birds own song, as

well as deviations from these stimuli.

1.0.1 Circuits for song production

In adult songbirds, singing is controlled by a set of brain regions spanning forebrain, mid-
brain, and thalamic areas specialized for vocal motor control (figure 1.3). Two of these brain
areas, HVC (used as a proper noun) and RA (robust nucleus of the arcopallium), are in a
region of the avian brain thought to be analogous to mammalian cortex, and are part of a de-
scending song motor pathway (SMP) [34, 35]. HVC contains approximately 60,000 neurons
per hemisphere that project to RA [36], which in turn contains roughly 8000 neurons [37]

that innervate an area of the brainstem controlling the 8 muscles on each side of the vocal
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organ (the syrinx) [38, 39]. Several studies have shown that individual RA-projecting HVC
neurons (HVCga) generate a single brief burst of spikes (5-10ms in duration) at exactly one
moment in the song motif. As a population, these bursts are distributed roughly uniformly
throughout the motif [40, 41, 42, 43, 44, 45]. In contrast, neurons in the downstream nucleus
RA individually generate 8-10 brief bursts of spikes (also of 10ms in duration) during the
motif, in a pattern that may be driven directly, at each moment in time, by synaptic input
from HVC [46, 47, 48]. Since RA neurons converge onto tracheosyringeal motor neurons
that drive the vocal musculature, it has been proposed that the ‘musical score’ (or vocal
content) of the birds song is established by the synapses from HVC to RA and/or RA to the
brainstem, while the temporal order and timing of the song is controlled by the sequence of
bursts in HVC [13, 49].

What generates the sequence of neural activity in HVC? Is the speed at which these
sequences propagate controlled by circuit dynamics within HVC, or is the timing of these
sequences controlled by circuit dynamics elsewhere, for example, driven by inputs from the
thalamic nucleus Uvaeformis (Uva), or the Nucleus Interface (NIf), that project to HVC
[50]? Previous work demonstrated that mild cooling of HVC during singing with a small
thermoelectric device slows song production by an average of 2.8% per degree [51|. Notably,
all timescales of song are slowed uniformly during cooling: subsyllabic structure, syllable du-
rations, silent gaps, and overall motif duration. One model consistent with this observation,
is that HVC sequences are generated by synaptically-connected chains of neurons—i.e. HVC
neurons active at time 1 synaptically activate the neurons at time 2, which activate the neu-
rons at time 3, and so on. Indeed it has often been hypothesized that these sequences arise
from such direct synaptic connections within HVC [52, 53, 54| and computational models
have shown that chains like this could emerge during development via heterosynaptic plastic-
ity rules, such as spike timing dependent plasticity (STDP) [55, 56, 57]. Another possibility
is that dynamics arise from activity that propagates around a cortical-midbrain-thalamic

loop (HVC-RA-midbrain-Uva-NIf-HVC). However, cooling of RA fails to slow the song [51].

18



Importantly, recent evidence also strongly argues against this case, as HVC and RA exhibit
sleep replay of sparse sequences that persist even after lesions of Uva and NIf, and are slowed
by HVC cooling [58]. In this proposal we take inspiration from the idea that HVC serves as
a motor clock to test the hypothesis that it additionally serves as a clock to store the timing

of the tutor memory.

1.0.2 Circuits for motor learning and song evaluation

Song motor acquisition is thought to proceed by basal-ganglia-mediated reinforcement learn-
ing. In the songbird, the part of the basal ganglia dedicated to song learning, Area X, receives
synaptic input from HVC, as well as another cortical area LMAN (the lateral magnocellular
nucleus of the anterior neostriatum). LMAN generates highly variable patterns of activity
during singing, and is thought to inject vocal variability into the motor pathway via its
projection to RA [59, 48, 60, 61, 62]. Alternatively, variability may arise in the inputs to
LMAN or as the product of recurrent interactions between LMAN and its inputs |63, 64].
Additionally, Area X receives information about song performance via dopaminergic (DA)
axons originating in the ventral tegmental area (VTA) [15, 19, 65, 66, 67, 68]. Some have
proposed [12] that medium spiny neurons (MSNs) in Area X integrate signals from HVC,
LMAN, and VTA to detect the times at which (conveyed by HVC), variations in the song
(conveyed by LMAN) lead to improved song performance (conveyed by VTA) [12]. This
model posits that convergence of these factors drives synaptic potentiation in HVC synapses
onto MSNs; such that HVC reactivates LMAN neurons that improve song performance, via
the Area X, to thalamus, to LMAN loop.

In order for song performance to improve in such a model, dopaminergic neurons in VTA
that project to Area X must transmit performance evaluation signals similar to reward pre-
diction errors observed in mammalian basal ganglia. Recent evidence suggests this is indeed
the case [15, 17|. Specifically, if artificial acoustic noise bursts are targeted to a particular

syllable on a random 50% of song renditions, then VTA neurons generate a brief pause on

19



trials with a noise burst (as if indicating a vocal error), and exhibit a burst of spikes on tri-
als on which the noise burst is absent (as if indicating a better than expected performance).
Performance evaluation signals have also been observed during natural singing: VTA spiking
increases on trials in which a syllable is very similar to its average rendition, but decreases
when syllables most differ acoustically from this average [16|. Furthermore, optogenetic ac-
tivation of VTA terminals in Area X is sufficient to drive learning when stimulation is made
contingent on the pitch of a syllable, for example causing the pitch to increase when VTA
is activated on syllable renditions with higher-than-average pitch [68]. Based on work con-
tained in this thesis, we hypothesize that these error signals first arise in the brain due to

predictive signaling from HVC to auditory cortical areas.

1.0.3 Vocal error signals in a descending pathway from auditory

cortex to the dopaminergic system

Where do song performance evaluation signals in VTA come from? Retrograde tracing from
VTA has revealed an auditory cortical region (ventral intermediate arcopallium, AIV), that
provides inhibitory drive to X-projecting dopaminergic neurons in VTA [69]. Furthermore,
ATV neurons exhibit robust spiking responses to artificial song errors, i.e. when songs are
perturbed with artificial acoustic noise bursts, but not when those same noise bursts are
played outside of singing [19, 69]. Note that, as expected from this arrangement, AIV and
VTA have opposite effects on vocal learning; a recent study found that optogenetic activation
of AIV terminals in VTA is sufficient to drive aversive song learning in a manner comparable
to pitch learning induced by noise bursts (i.e. birds learn to avoid song-contingent stimulation
of AIV terminals) [70]. Are the error signals observed in AIV computed locally or trasmitted
by upstream regions? Further retrograde tracing from AIV has revealed projections from
several cortical auditory areas, including, the L1 portion of field L, HVC shelf, the caudal
lateral mesopallium (CLM), and the caudal medial nidopallium (NCM) [19]. Error-related

signals similar to those in AIV have been observed during singing in both HVC shelf, CLM

20



and L1, two of which are reported to receive direct input from HVC |71, 72, 73]. Notably,
NCM and CLM also exhibit adaptation to familiar songs and high responses to novel songs;
repeated playback of a song causes highly specific and rapid reduction of neuronal responses
(called song specific adaptation, SSA) that can last for hours to days [74, 75, 76, 77|. Some
have speculated that this adaptation and novelty response may be the same mechanism by

which the error responses described above develop [78], but this idea remains untested.

1.0.4 Where and how is the tutor memory stored

A large body of prior literature pursued the hypothesis that higher-order auditory cortical
area, NCM, was the primary site of tutor memory storage (for a review see [79]). However,
lesion studies suggest NCM is required to express a behavioral preference for the tutor song
but is not required for song imitation [79, 80, 81, 82, 83]. This work is consistent with an
arrangement in which NCM is important for memory based recognition of conspecific songs
(including the tutor song), while other regions are involved in the tutor memory used for
motor imitation. If NCM is indeed not required for imitation then CLM is an especially
promising candidate for the storage of the tutor memory and computation of song error
signals. CLM exhibits both SSA and song error responses, and contains a subregion that
receives inputs from multiple song-motor areas [84, 21, 71, 74|. We hypothesize that the
tutor memory is stored in the effective synaptic input from HVC to CLM (and, perhaps
secondarily HVC shelf, another auditory area that receives HVC input).

HVC is well positioned to bridge auditory and motor domains as it receives input from
diverse auditory areas including NIf, CLM, HV g, and the primary auditory cortical regions
in songbirds, collectively known as field L. In turn, HVC projects to a subregion of CLM
with the evocative name avalanche (Av) [26, 29, 34, 84, 85|. Direct disruption of HVC
activity during tutoring using optogenetic stimulation or electrical micro-stimulation impairs
song imitation as does blockade of NMDA mediated plasticity in HVC [22]. NIf lesions as

well as genetic lesions of only HVC projecting NIf neurons prevent imitation and rhythmic
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stimulation of NIf terminals in HVC can act as an artificial “tutor song”; birds grow up to
produce a rhythmic adult song biased by the period of this stimulation [20]. Finally, genetic
ablations of Avalanche-projecting HVC neurons severely impair song imitation and prevent
song degradation associated with deafening in tutored birds [21]|. These avalanche projecting
neurons generate sparse sequential activity during singing similar to the sequences produced
by other HVC projection neurons sub-types [21]. Based on these observations, some have
proposed that HVC may transmit a motor-based representation of the tutor memory to
Avalanche, where it is compared with singing-related auditory feedback to generate error
signals important for song learning [22, 28, 86, 87, 83, 89, 90|. However, whether such tutor
memory information is in fact conveyed by these neurons during singing or tutoring remains

unknown.

1.0.5 Auditory evoked activity in HVC

Given HVC’s apparent functional role during tutoring and subsequent vocal practice, a
natural question is whether HVC displays auditory activity which may underlie these func-
tionalities. Indeed, in addition to HVC’s pre-motor role, a large literature has documented
robust auditory responsiveness in HVC in adult and juvenile birds [23, 25, 30, 31, 91, 92,
93, 94, 95]. Several observations stand out as being of particular relevance to the work
contained in this thesis. In sleeping or urethane anesthetized adult zebra finches, auditory
responses in HVC show strong selectivity for the bird’s own song (BOS) over other songs [96,
97, 98, 25]. In other species of songbirds, basal ganglia projecting HVC neurons generate
sparse bursts of activity at specific moments of the playback of BOS during wakefulness, and
most importantly, the timing of HVC bursts to BOS playback precisely mirrors the timing
of those same neurons’ bursts during singing [27, 31, 99]. Such mirroring provides strong
evidence for precise coordination of auditory and motor signals and perhaps reflects retrieval
of song memories that guide song learning and maintenance. Auditory-vocal mirroring is

not observed in awake adult zebra finches, but there is at least one report of similar mir-
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roring between singing and sleep playback of the birds own song in a small number of basal
ganglia projecting HVC neurons [72]. Almost all HVC neurons are silent during auditory
playback in awake adult zebra finches, but fire robustly to auditory stimuli during sleep or
when inhibition is suppressed pharmacologically [100, 89]. This somewhat puzzling obser-
vation may be related to a few things: the simplicity of the song they learn, the fact that
they are not open-ended or seasonal learners, or alternatively some yet unknown reason [79].
In awake juvenile zebra finches however, HVC does exhibit auditory responses. During this
early stage multi-unit responses are selective to the bird’s tutor song [25, 91| and inhibitory
neurons are selectively active during learned portions of the tutor song [89]. Tutor selectivity
peaks during active song learning and declines in the later stages of development, perhaps
due to the maturation of inhibitory circuitry during the process of motor learning.

The experiments described above show that HVC is necessary for tutor memory forma-
tion, and exhibits auditory responses during tutoring, but how do these auditory responses
support tutor memory formation? Several lines of evidence show that plasticity in HVC
occurs during tutoring and is important for song imitation. In particular, song imitation is
disrupted by blockade of NMDA-type glutamate receptors [22] as well as pharmacological
lesions of dopaminergic terminals in HVC [101]|. In addition, two-photon imaging in HVC
reveals that synaptic spines undergo a rapid stabilization following a single day of tutor-
ing [88], a property which is absent if NMDA receptors are blocked during tutoring [22].
These changes can also be seen in electron microscopy data comparing HVC ultrastructure
in tutored and untutored birds. Indeed, a single day of tutoring leads to a decrease in the
number of excitatory synapses, but enlargement of those synapses that remain, consistent
with synaptic strengthening and pruning [102]. Notably, in young birds, tutoring leads to a
dramatic increase of spontaneous activity during sleep in downstream RA [103] which may
reflect the replay of tutor-evoked activity, in a manner similar to the sleep-replay of song

motor activity observed in adults [103, 104].
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1.0.6 Summary and outlook

As evident from my brief overview of the songbird literature, an immense and detailed ex-
perimental literature has guided my thesis. Although the songbird does not offer the same
genetic toolkit as rodents and/or some invertebrate species, it does provide the distinct ad-
vantage of spatially distinct and sparsely connected, specialized brain structures for song
imitation. I cannot overstate how long neuroscientists have been thinking about tutor tem-
plate formation in the songbird. The specific mechanistic hypothesis we propose and test
in this thesis are deeply informed by lines of thinking that date back to the 1960’s if not
earlier [105, 2, 106]. In the excitement of making progress in scientific understanding it
can be easy to forget to acknowledge work from so long ago, often speculative and lacking
the tools experimentally or theoretically to precisely pose or test their lines of thinking in
our contemporary manner. However these speculations, theoretical musings and premature
declarations are an important part of science and support all aspects of the work contained
in this thesis. I too hope to have the occasion in the future to speculate (perhaps wildly) in

the right direction.
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Figure 1.1: Overview of song learning

(a) Overview of the song learning process. Top: during the auditory learning stage juvenile male
pupils form a memory of the tutor song of an adult male tutor. A spectrogram of an an adult tutor
song is shown on the right, with syllables segments shown with colored boxes and the motif shown
in grey boxes. Middle: juvenile male birds undergo motor learning in which they produce immature
songs which become more structured throughout the learning process. A spectrogram of a juvenile
song in an intermediate stage of song learning is shown on the right. Bottom: Juvenile males reach
maturity and produce a "crystallized" song which changes very little throughout adulthood. This
song is often quite a good match as can be seen by comparing the spectrogram of the imitation
shown on the bottom right, to the tutor song at the top right
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Figure 1.3: Schematic of nuclei and brain regions making up the song system

(a) Overview of brain regions most important for chapters contained in this thesis. Red regions
denote the song motor pathway, important for the production of adult song. Blue shows the auditory
regions which are interconnected with song nuclei, broad blue transparent region indicate that NIf
and Av are embedded in a larger auditory cortical network which and indicates the rough location
of thalamic auditory inputs to the cortex. Green regions indicate brain regions implicated in motor
exploration and learning also known as the anterior-forebrain-pathway (AFP). This region receives
in put from dopaminergic neurons in a region thought to correspond to VTA in mammals, shown
in yellow. This VTA-like regions integrates auditory error information from Aiv and other auditory
cortical areas including those in close vicinity of Av
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Chapter 2

Perturbing HVC dynamics during
auditory memory formation using

cooling

2.1 Abstract

Songbirds acquire their songs through an imitation process reminiscent of speech learning
in humans; juvenile songbirds form a memory an adult male tutor’s song and gradually
refine their own vocalizations to produce a mature song closely matched to the tutor song.
During production of the adult imitation, neurons in the pre-motor nucleus HVC produce a
sequence of ultra-sparse activity spanning adult song [42]. Subsequent research demonstrated
that dynamics within HVC control the timing of this song; focal cooling of HVC, but not
downstream motor regions, slows the production of song uniformly [51]. While this research
significantly advanced our understanding of song motor production, the key processes of
tutor auditory memory formation and recall that support imitation, are poorly understood.
Recent work however, suggests that these processes may be controlled in part by HVC.
Disruption during tutoring of HVC itself, its auditory inputs or its auditory outputs impairs
birds’ ability to imitate [22, 21, 20]. Inspired by these observations, we hypothesized that
HVC acts as a clock that stores the timing of the tutor memory. Here we test a critical
prediction of this theory: that cooling of HVC during tutoring leads to a sped-up tutor song
memory, much like slowing the motor of a tape recorder during recording, and then playing
it back at normal speed. To test this, we designed a modular thermoelectric cooling device,
and found that transient cooling during tutoring caused birds to produce faster imitations
consistent with this model. This work gives insight into the mechanism by which tutor song

27



memories are formed and recalled, and shows how memory content can be systematically
manipulated during memory formation.

2.2 Introduction

In order for animals to make use of their experiences, it is crucial that they not only form
memories of individual perceptual events, but also of the structured relations/relationships
between events. At one extreme, children in English speaking countries learn to use and
produce 60-80,000 words and the complex syntactic rules governing their use. Additionally,
most humans spontaneously form memories of long stretches of musical material, easily
remembering tempo, ordering and fine acoustic detail [107, 108]. Even simple associative
learning requires animals to remember that some stimuli belong together, while others do
not. In practice though, the relations even non-human animals must learn are quite complex:
bats link memories of food experiences to spatial maps to enable navigation back to distant
food sources [109], primates remember dominance hierarchies to ensure safe and appropriate
social conduct in groups [110], and, songbirds recall not only the precise content of the song
to be imitated, but also the speed and ordering of those sounds [2].

In genetically tractable organisms like mice, some progress has been made in under-
standing where "engrams" for individual memories may reside. For example, the tagging
and reactivation of cells active in the hippocampus during the formation of a fear memory
causes animals to freeze, as if remembering this experience [111, 112]. Likewise, artificial
memories have been produced by pairing neural reactivations of cells coding for particular
locations during sleep, with stimulation of the medial forebrain bundle (MFB), inducing a
synthetic preference for that location upon waking [113]. Despite this success, the structured
relationships between memory contents (among or within distinct experiences) has proven
far more difficult to manipulate. However, vocal imitation in songbirds provides a promis-
ing model system for studying this process. Juvenile songbirds form a memory of a tutor

song including the ordering of song syllables and the often complex, time-varying pattern
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of spectral content which make up each individual vocal element. These memories can be
formed rapidly — birds can produce accurate imitations after a mere 75 seconds of cumulative
song exposure [114]. Critically, imitating these songs requires that birds remember not just
the spectral content of the song, but also the highly structured relationships between the
contents, such as the ordering of sounds, relative durations, and the temporal relationships
between sounds (a.k.a the song speed or tempo). The memory containing this collection of
attributes is often referred to as "the tutor song template".

In the search for the neural locus of template, a pre-motor cortical area known as HVC,
has emerged as a promising candidate. Tutoring induces rapid reorganization of HVC con-
nectivity. This includes excitatory synaptic pruning, stabilization and strengthening, and
an increase in the density of inhibitory synaptic contacts [88, 102]|. Accurate imitation re-
quires NMDA and dopaminergic signaling in HVC during tutoring [22, 101], and neuronal
responses exhibit selectivity for the tutor song following tutoring [25, 115, 91]. Strikingly,
rhythmic optogenetic stimulation of auditory inputs to HVC can act as a synthetic "tutor";
juvenile birds grow up to produce rhythmic songs, biased by the period of this stimulation
[116]. Despite this large amount of evidence for HVC’s involvement in the formation of a
tutor memory, we know little about how this memory is formed and used to guide learning.

There is strong evidence however, favoring a specific mechanistic account of HVC’s func-
tion during song motor production. During singing, HVC projection neurons fire in sparse
sequences reminiscent of synfire chains, leading some to hypothesize that these sequences
act as a motor clock [42]. Consistent with this, focal cooling of HVC during song produc-
tion uniformly slows all aspects of the song, suggesting local neural dynamics underlie this
function [51]. Inspired by this framework, we hypothesized that HVC may play a dual role
in auditory and motor processes, acting as a clock for tutor memory formation and recall
analogous to its role in motor production. We reasoned that, if HVC dynamics also govern
the formation and recall of the tutor memory, cooling HVC during tutoring should lead to

a sped up memory, and thus a sped-up imitation of the tutor song. This conclusion is eas-
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ily seen by analogy to a tape recorder: while slowing the motor of a tape recorder during
playback slows the produced sound, slowing the motor of the tape recorder only during the
recording phase will lead to a recording that sounds sped up. In this chapter we test this

hypothesis using a novel thermoelectric cooling device.

2.3 Methods

2.3.1 Animal care and use

We used male zebra finches (Taeniopygia guttata) from the MIT zebra finch breeding facility
(Cambridge, MA). Animal care and experiments were carried out in accordance with the
NIH guidelines and reviewed and approved by the Massachusetts Institute of Technology
Committee on Animal Care. For all tutoring experiments we prevented exposure to a tutor
song prior to experiments; birds were separated from their father on or before 15 days post-
hatch and raised by their mother and a foster female. For experiments, birds were singly

housed in custom made sound isolation chambers.

2.3.2 Surgical procedures

Juvenile male zebra finches (35-65 dph) were anesthetized with 2% isoflurane gas before being
placed in a custom stereotaxic apparatus. After applying a topical anesthetic (0.1% bupi-
vacaine) and performing a midline incision in the skin over the skull, we made craniotomies
in the skull at a predetermined distance from the bifurcation of a major blood vessel (the
‘lambda sinus’). Bilateral craniotomies were made over HVC and a thermoelectric device
was lowered until the two silver pads made contact with the dura above HVC. Craniotomies
were sealed with silicone elsatomere (kwik-kast) and the device was secured using dental
acrylic. The incision site in the skin was closed with a tissue adhesive (VetBond). Analgesic

(Buprenorphine or Meloxicam) was administered 30 minutes prior to surgery and for three
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additional days after the end of surgery.

2.3.3 Cooling device

To focally cool HVC during tutoring we designed a thermoelectric device based on prior
designs [51, 117, 62]. Our new device featured a modular design which allowed its removal
after the end of the tutoring process. A permanent 3-D printed baseplate was cemented to
the skull (figure 2.5.4) and connected via two small set screws to a removable 3-D printed
component housing the cooling element (figure 2.5.4). Song learning can take several weeks
after the end of tutoring, so a removable cooling element allows higher throughput of exper-
iments and, critically, allows birds to spend most of the learning process untethered. Two
2x1mm silver pads (0.005in in thickness) were soldered to a miniature Peltier device (Custom
Thermoelectric, 00701-9A30-12RU4) and plated with gold to prevent silver toxicity. A K-
type thermocouple (Omega, 5SRTC-TT-K-40-36), used for PID feedback, was affixed to the
device with the tip contacting the surface of one of the two silver pads and the tip and pad
were covered with thermally conductive paste. For effective and stable cooling, heat-waste
generated by the cooling device was dissipated using a custom, water-cooled, copper heat-
sink previously described [117]. Current was delivered to the device using a series of thin,
braided copper wires (Cooner Wire, Inc. CZ-1187), a programmable current source (TDK-
Lambda ZUP36-6), and custom software. Following tutoring, the thermo-electric module
was removed and the area was covered with an insulating layer of silicone elastomer and
dental acrylic. We calibrated our device after surgical implantation by simultaneously mea-
suring the temperature at the surface of the silver pad and the temperature 0.5mm below the
pad surface with two thermocouples. Using custom software, we performed PID feedback to
maintain the pad surface temperature at a specified command set-point. We then character-
ized the steady-state temperature 0.5mm below the pad surface relative to the pad surface
for a variety of temperatures (figure 2.9). We also verified that cooling with our device leads

to changes in song speed during adult song previously reported [51], and that removal of the
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cooling element leads to only very modest changes in temperature at the dura above HVC

of approximately 1 degree Celsius (figure 2.11).

2.3.4 Cooling during tutoring

During tutoring sessions, HVC was cooled bilaterally using two pads as described above. A
previous study found that the temperature of HVC is typically around 41°C during the day,
and 37°C at night [118]. Therefore, HVC temperatures were maintained by PID feedback
at 37°C during lights off and 41°C throughout the day. During tutoring, the temperature of
HVC was controlled by changing the set point of the PID feedback on the pad surface. To
allow the brain to reach steady state temperature, 5 minutes were allowed after changing
the temperature set-point prior to introduction of the tutor. HVC was then held at the
experimentally imposed temperature until the end of the tutoring period (1hr total). For
each individual bird, HVC was held at the same temperature each day throughout tutoring;
however, individual birds were arbitrarily assigned to a specific temperature change ranging
between -7 and +2.5 degrees relative to baseline. Birds were individually housed after the
end of the tutoring period and their vocalizations were monitored until they reached 90-120

days-post-hatch (dph), at which point song imitations were evaluated.

2.3.5 Cooling analysis

The fractional change in motifs, syllables and gaps were calculated as has been previously
described [51]. Syllable and motif onsets and offset times were determined using a threshold
crossing of sound amplitude. Gaps were then measured as the offset to onset time between
pairs of syllables using the same method. We refer to the fractional change of a syllable,
motif or gap in the imitation, relative to its respective duration in the tutor song as the pupil

dilation. This quantity was calculated as:

Dpupil - Dtutor

Dtutm‘

Dilation =
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where D,,;;; is the median duration of a syllable, gap or motif, and Dy, is the median
duration of the corresponding syllable, gap or motif in the tutor song. The linear effect of
temperature on imitation speed at the syllable, gap, and motif level was assessed by pooling
all imitations across birds and performing a linear regression between HVC temperature

change during tutoring, and song element dilation.

2.3.6 Tutoring protocol

We isolated birds from their father at or before 15 days post hatch (dph) based on prior
studies that achieved effective imitation in experimental animals isolated between 10 and 30
dph [1, 88, 119]. These isolated birds remained co-housed with their siblings and mother
until 35 dph, at which point they were singly housed for the duration of the experiment
[102]. Zebra finches can produce accurate imitations after as little as 75s of tutor exposure
[114], but protracted daily tutor exposure impairs imitations [120]. We therefore followed an
intermediate tutoring protocol in which pupils received 60 minutes of tutor exposure each
day [102]. Birds were housed in a sound attenuating chamber and their songs were recorded
daily using either Sound Analysis Pro software (SAP)[121], or custom recording software.
Every day for 2-14 days, the tutor was placed in the sound recording chamber with the pupil
for 1 hour. All tutor song was recorded during the tutoring sessions to allow for possible

variations in the speed of the tutor song for different pupils.

2.4 Results

2.4.1 Using temperature to manipulate neural dynamics

Here we set out to use temperature to manipulate the timescale of neural dynamics during
memory formation, an approach that has now been widely adopted during active behaviors,

to modulate neural dynamics in a number of different organisms and brain areas [51, 62,
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118, 117, 126, 50, 127, 58, 128, 122, 123, 124, 125]. The effect of temperature on neural
activity follows from the fact that most biological reactions have a Q9 between 2 and 3,
meaning a temperature decrease of 10°C tends to slow the reaction rates by two to three
fold! [130]. As expected from this line of reasoning, the speed of many brain processes are
highly temperature dependent [131, 135, 136, 137, 138, 139, 140, 141, 142, 132, 133, 134,
126, 127|, and cooling of brain circuits involved in the timing of behavior can have the effect
of slowing behavior itself [143, 144, 145, 51, 62, 117, 50, 126, 128, 122, 123, 125]°. Here
we used cooling to ask another important question: how do neural circuits form memories
of the timing between events? We reasoned that cooling should affect the timing of neural
processes, not only during the production of learned behaviors, but also as memories of
temporally structured experiences are formed, allowing us to directly interrogate the learning

process with temperature?.

2.4.2 Perturbing HVC dynamics during auditory memory forma-
tion

To test the effect of HVC cooling on song imitation we bilaterally manipulated HVC tem-
perature in isolate juvenile birds as they were naturally tutored by an adult male. Birds
were implanted with a thermo-electric cooling device and HVC temperature was controlled
using real-time PID feedback (figure 2.1). After birds were implanted with the cooling de-
vice, HVC was held at its typical temperature of 41°C during the day, and 37°C at night,
as previously reported [118]. Birds were tutored for 1 hour each day for a total of between
2 and 14 days. During this time, the temperature of HVC was held at an experimenter

defined temperature which varied across subjects but was constant within each subject. In

!There are notable exceptions in which a biological process is actively temperature compensated, for
example the biochemical oscillators underlying circadian timekeeping [129].

2For a great overview and discussion studies using focal cooling in the brain see [146].

3Note that cooling could in principal universally impair learning. At least in hippocampus dependent
tasks this is not true: learning is unimpaired by mild cooling of the whole brain [147, 148], but is impaired
by selective cooling of the medial septum [127]
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experimental birds, the temperature of HVC was changed 5 minutes before the onset of tu-
toring to allow the temperature of the brain to reach a steady state. A group of control birds
were implanted with the same device but were tutored as HVC was maintained at 41°C. At
the end of tutoring period, the module housing the cooling element was removed, and the
area was covered with thermally insulating material. Birds were then placed in acoustically

isolated chambers, and their songs were recorded until they were at least 90dph.

2.4.3 Cooling HVC during tutoring compresses imitation of song

motifs

First we wondered whether cooling produced any systematic effects on the speed of the imi-
tated song motif. While only a few birds imitated the entire tutor song motif (likely due to a
combination of their abnormally late age at tutoring onset, combined with the presence of the
implanted device), most produced imitations of motif-fragments, which we define as unique
groups of two or more imitated vocal elements produced in the correct order. For each bird
with a motif-fragment (n=23 motifs fragments in 23 birds), the fractional change in the speed
of each distinct motif-fragment was quantified and analyzed as a function of the correspond-
ing temperature of HVC during tutoring (Figure 2.5.4 a). The slope of the relationship was
measured by performing a linear regression between temperature during tutoring, and the
fractional change in duration between each imitated motif-fragment and corresponding frag-
ment in the tutor song (here referred to as dilation of the imitation). Overall, we observed a
relationship of 1.9%°C~! (a=1.90 4 0.41, p<<10~°), with cooler temperatures yielding faster
imitations and warmer temperatures yielding slower imitations on average. The sign of this
effect was opposite to that observed when cooling HVC during vocalizations. Overall, the
magnitude was slightly less than the effect of cooling HVC during song production in adults
(-2.834 0.22%°C~! on average) [51], but greater than the effect of cooling HVC during song
production in juveniles (-1.36+ 0.16%°C~" on average)|[62]. There were no obvious effects

of temperature on the acoustic structure of the imitated motif-fragments (figure 2.3 b), and
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the fragments of the tutor motif that were imitated did not appear to be systematic across

subjects.

2.4.4 Cooling HVC during tutoring compresses imitation of song

syllables

Next, we asked if there was a systematic effect of temperature on the speed of imitation at the
level of song syllables. For all imitated syllables (n=79 syllables in 35 birds), the fractional
change between imitated syllable duration and tutor syllable duration was quantified and
again analyzed as a function of the corresponding temperature of HVC during tutoring
(Figure 2.5.4 b). The slope of the relationship was calculated by a linear regression of
fractional change in duration for a given syllable and tutor song syllable. Overall we observed
a relationship of 2.0%°C™! (a=2.05 4+ 0.32, p<107?), nearly identical to the previously

described relationship between motif-fragment and HVC temperature during tutoring.

2.4.5 Effects of temperature on syllable-types

Although cooling affects the speed of both motif-fragments and syllables overall, it remains
possible that these effects are produced by changes only in some syllable types, while others
are either unaffected or even show an inverted relationship. To test this possibility, we an-
alyzed the relationship between temperature and syllable dilation for each syllable type in
the tutor song. Because all pupils in our study were tutored with the same tutor, we were
able to compare different imitations of the same syllable across many different temperature
conditions. For three of the syllables in the tutor song, we observed a significant relationship
between temperature and imitation dilation (figure 2.7). In one syllable type we observed a
similar trend, which was not significant (figure 2.7 ¢). The similarity in measured relation-
ships between temperature and dilation across syllable types suggests a uniform mechanism

for storing timing relationships, regardless of a syllable’s spectral content. It is still possible
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that other syllable types not present in our tutor song could exhibit more complex effects
from cooling, as has been observed when cooling during song production in other species

[123].

2.4.6 Cooling during tutoring has no effect on imitation of silent

gaps in the tutor song

We next asked if imitation of the silent gaps between song syllables was also sped up by
cooling of HVC during tutoring. Gap imitations were defined as the silent period between
all pairs of correctly ordered, imitated syllables. We again calculated the fractional change
for each imitated gap (n=33 silent gaps in 23 birds) relative to the corresponding gaps in
the tutor song and analyzed as a function of HVC temperature during tutoring (Figure 2.5.4
c). In the case of imitated silent gaps, the slope of the regression was similar to the slope
for motif-fragments and syllables but was not significant (a=2.00 + 1.52, p=0.20). This
may be due to the significantly higher variance of gap dilation for all conditions, or reflect
a fundamental mechanistic difference in the way that silent gaps are represented and/or

remembered.

2.5 Discussion

2.5.1 HVC'’s function in tutor memory formation

Our results in this chapter suggest that HVC functions as a clock for the formation and
recall of the tutor memory analogous to its role during song production. We hypothesize
that during tutoring, tutor evoked activity in HVC undergoes plasticity, producing neural
dynamics that form the basis of adult motor sequences. Cooling may bias which synapses are
strengthened during tutoring by slowing the rate of neural transmission specifically during

this learning phase. The way in which cooling during tutoring compresses the imitation may
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also suggest that learning in HVC underlies the formation of a tutor template, perhaps via a
projection from HVC to the auditory area Avalanche. Alternatively, cooling could bias the
timing of tutor memory readout in HVC without affecting some other more central tutor
memory. Based on the results in this chapter, and previous studies implicating HVC in
tutor memory storage [149, 22, 21, 103, 20|, we predict that HVC activity during tutoring is
organized into sparse sequences that are strengthened by Hebbian plasticity. We revisit and

test these ideas in subsequent chapters.

2.5.2 Possible biophysical mechanisms explaining the effect of cool-
ing on song imitation.

Here we found that cooling during tutor exposure leads to sped up imitations, with an over-
all relationship between temperature and song imitation of approximately 2% per degree.
Notably, cooling exerts its effect despite birds producing no apparent behavior. This ma-
nipulation nonetheless has long lasting effects on the structure of vocal imitations weeks
and months later. What physical mechanism might underlie the effect of cooling on song
imitation? In principal, any biophysical process involved in neural transmission (from vesi-
cle release at the synaptic cleft, to conductances underlying action potential initiation and
propagation) may be slowed by cooling and could contribute to the observed effect. Notably,
the effect of cooling on the rate of axonal propagation [138| is very close in magnitude to
the behavioral effects observed for singing previously [51] and for imitation in this chap-
ter. During adult vocal production, the effect of cooling was suggested to result from an
accumulation of delays due to a hypothesized domino-like nature of network dynamics in
HVC [51]. Are HVC dynamics during tutoring likewise organized into "domino-like chains
of activity"? While there is at least one report of pre-existing "latent" HVC sequences in

older juvenile birds [119], these latent sequences are not likely present in the majority of

38



juveniles at the time of natural tutoring?. Rather, we hypothesize that cooling changes
which synapses are potentiated during tutor evoked plasticity. For example, consider two
weakly connected neurons activated sequentially (at short latency) by auditory input during
tutoring. The synapses connecting this pair could undergo spike-timing-dependent-plasticity
(STDP). Here, the degree to which a synapse is strengthened depends strongly upon the pre-
cise timing of pre-synaptic release and post-synaptic activation, such that small changes in
this timing can have strong effects on both the sign and magnitude of induced plasticity [150,
151]. We suggest that cooling systematically delays the arrival of post-synaptic potentials
between pairs of HVC neurons, without affecting the timing of feed-forward input from the
auditory system (which is determined solely by the temporal structure of the tutor stimulus).
Because cooling slows neural transmission, pre-synaptic potentials that would have arrived
too early, now arrive in a more favorable part of the STDP kernel and are strengthened.
After cooling, when the brain is returned to its normal temperature, the speed of transmis-
sion returns to normal, resulting in faster transmission at these strengthened synapses than
would otherwise be expected. If plasticity in HVC during tutoring [88, 102, 22| partially,
or completely, underlies the structure of adult motor sequences, then we would expect to
observe a systematic relationship between imitation speed and temperature as reported in
this chapter (for a visual explanation of this hypothesis, see figure 2.14). Intuitively this can
be understood as follows: when HVC is cooled, the synaptic chain formed runs faster than

one formed at normal temperatures.

2.5.3 Differential effects on song elements

In this chapter we observed a significant effect of temperature on durations of syllables and
motif-fragments, but not on gaps. One possibility is that cooling exerts a similar effect on
song gaps, but this effect is masked due to poor imitation of these silent gaps. This is sup-

ported by the fact that the variance of the gap durations is much higher than for syllables

4We will show that neural sequence are present during tutoring in chapter 3 (figure 3.1 and 3.7), but are
likely elicited input to HVC, not internal pre-configured dynamics.
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or motifs, yet the slope of the (statistically insignificant) relationship between temperature
and gap dilation is very similar to the slope for these other song elements. Recent exper-
imental evidence supports the idea that imitation of silent gap durations is less accurate
than the imitation of syllable durations; two recent studies found that the duration of gaps
in a tutor song only weakly influences the duration of gaps in the final imitation [152, 153].
Other strong influences on the duration of gaps, for example heritable influences on respi-
ratory physiology (no birds in the present study were tutored by their father), or random
processes, could explain why imitated gap durations were far more variable in our data set

than syllables and motifs, yet still tended to vary with temperature.

2.5.4 Outlook and future work

Localizing the tutor memory in the songbird has long been a "holy grail" for the field [32,
79, 33]. However, this has been a fraught and difficult process. Many studies implicate
auditory and song motor areas in this process through the use of lesions, pharmacological
inactivation, as well as optogenetic and electrical stimulation [82, 22, 21, 20, 19]. Although
the thrust of this literature is that auditory areas and song motor regions are both likely
involved in the storage of the tutor memory, these manipulations can have complex effects
on auditory processing and may have non-specific or off-target effects [154]. Here we adopted
the approach of mild brain cooling to systemically perturb the memory as it is formed, and
provide evidence that HVC stores the timing of the tutor memory during listening that
are used to guide learning. Not only does this make a strong contribution to localizing
the songbird tutor memory but it also provides, to our knowledge, the only example of a
manipulation that allows the structure of a memory to be altered without disrupting its
contents. Outside of the songbird field, a fundamental goal of neuroscience is to understand
how memories get to have their contents i.e. what about neural representations and storage
allows the recall of the remembered objects, their distinctive properties, and relation between

them. Together with our cooling results, a picture of how song templates might form in HVC
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is beginning to emerge. Future work will give us insights into how this template is stored at

cellular and network levels and provide insight into memory formation in other systems.
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Figure 2.1: Schematic of the thermo-electric cooling device

(a) A schematic showing the thermo-electric cooling device used in cooling experiments. Note
the modular permanent and removable baseplates held in place by small set screws, water cooled
copper heat-sink (silicone tubing on inlet and outlet not shown) and K-type thermocouple used for
feedback control of temperature. Design schematics shown at the end of the chapter

(b) Inset showing a picture of the fully assembled device from the bottom. Note press fit nuts in
the permanent baseplate. This allows the removable portion to be freely attached or removed using
the set screws.

(¢) A schematic showing device after removable baseplate detachment. Area is covered with a thin
layer of silicone elstomer (kwikcast) and a thick layer of dental acrylic to thermally insulate area

(d) Timeline of experiments for this chapter. Approximate times of events are shown at the bottom
relative to the day of hatching (days-post-hatch, dph)
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(a)
Figure 2.3: Example tutor song and song imitation of a bird cooled during tutoring

(a) Cartoon showing tutoring process (left) and spectrogram of three motifs of the tutor song (right).
Song is composed of four different syllables shown in colored boxes above song spectrogram

(b) Cartoon of the juvenile male producing an imitation (left) and an example specrogram showing
the imitation produced by a bird that had HVC bilaterally cooled by 5°C during tutoring. Note
that the imitation contains copies of all 4 syllables ordered as in the tutor motif.

(¢) A cartoon showing the cooling strategy used in this chapter. Cooling is achieved via the Peltier
effect and is focally applied to HVC. Relative locations of important song motor and song auditory
brain regions are also shown

(d) Syllable duration distributions for all tutor song syllables and for all imitated song syllables
in one example bird. Solid line shows pupil duration distributions and dotted lines show tutor
distributions. Colors indicated syllable types as in a and b. Note that pupil distributions for each
syllable type are shifted to the left relative to the tutor distributions

(e) Imitation dilation for all imitated syllables in this example. Imitation dilation indicates fractional
change in the durations of imitated syllables relative to tutor syllable durations. Note that syllables
were 10 to 20% faster, as indicated by negative dilation values.
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(a) Fractional dilation of imitated motif-fragments as a function of the deviation of HVC tem-
perature during tutoring from typical HVC temperature (P<107° (linear regression), o =
1.90,R?=0.50,F=21.2 and 21 df; n=23 motif fragments in 23 birds). The thick line and dotted
lines represent the fit and 95% confidence interval respectively.

(b) Fractional dilation of imitated syllables as a function of the deviation of HVC temperature
during tutoring from typical HVC temperature (P<10~? (linear regression), a = 2.05,R?>=0.36,
F=42.4 and 76 df; n=79 motif fragments 35 birds). The thick line and dotted lines represent the fit
and 95% confidence interval respectively.

(c) Fractional dilation of imitated silent gaps between syllables as a function of the deviation of
HVC temperature during tutoring from typical HVC temperature (P=0.20 (linear regression), oo =
2.01,R2=0.05,F=1.74 and 21 df; n—=31 motif fragments in 23 birds). The thick line and dotted lines
represent the fit and 95% confidence interval respectively.
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Figure 2.7: Syllable dilation by syllable type
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(a) Fractional dilation of imitated syllables as a function of the deviation of HVC temperature
during tutoring from typical HVC temperature for syllable a (P<1073 (linear regression), o =
1.78,R?2=0.43,F—=10.6 and 14 df; n—16 birds).The thick line and dotted lines represent the fit and
95% confidence interval respectively.

(b) Fractional dilation of imitated syllables as a function of the deviation of HVC temperature
during tutoring from typical HVC temperature for syllable b (P<10~3 (linear regression), a =
2.43,R?=0.50,F=11.7 and 12 df; n=14 birds).The thick line and dotted lines represent the fit and
95% confidence interval respectively.

(c) Fractional dilation of imitated syllables as a function of the deviation of HVC temperature
during tutoring from typical HVC temperature for syllable ¢ (P=0.14 (linear regression), a =
1.34,R?=0.13,F=2.48 and 16 df; n=18 birds).The thick line and dotted lines represent the fit and
95% confidence interval respectively.

(d) Fractional dilation of imitated syllables as a function of the deviation of HVC temperature
during tutoring from typical HVC temperature for syllable d (P<107° (linear regression), o =
2.41,R?=0.47,F=24 and 27 df; n=29 birds).The thick line and dotted lines represent the fit and
95% confidence interval respectively.
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Figure 2.9: Calibration of the cooling device

(a) The temperature of the cooling pad surface and brain temperature 500 microns below the pad
during cooling during two short bouts of cooling.

(b) Steady state temperatures of the pad surface, and brain 500 microns below the pad for a variety
of pad command temperatures.
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Figure 2.11: Validation of device cooling and removal in an adult bird
(a) Example spectrograms showing the effect of cooling in an adult bird during song production

(b) Example song spectrograms produced before device implantation (pre-surgery), during device
implantation (post-surgery), and after removal of cooling element (post-removal).

(c) Temperature of dura surface after device removal (bottom) relative to normal HVC temperature,
and sound pressure waveform of song (top). The temperature of the dura above HVC is expected to
be slightly less than internal body temperature. Note that as shown in figure 2.9, a 1°C difference
in temperature would lead to change in HVC temperature that is only a fraction of this amount.

(d) Histogram showing the distribution of HVC dura temperature post device removal, relative to
normal HVC temperature.
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Figure 2.14: Proposed mechanism for observed effect of temperature on temporal structure
of imitation

(a) Top: cartoon of hypothesized normal learning mechanism between excitatory HVC neurons
during tutoring. A pre-synaptic neuron (driven by strong feedforward auditory input at time t=0)
and three post-synaptic partners (driven by strong feedforward auditory inputs at time t=2)).
Three synaptic events between these neurons occur at time t=1, t=2 and t=3. Units of time are
arbitrary here but assumed to be on the order of milliseconds (Intra-HVC transmission delays were
previously estimated to range between 0 and 12ms [54])). Above the schematized neural circuit is
a plot showing hypothetical spike-time-dependent-plasticity at each of these synapses. At a normal
temperature the input to the middle neuron is strengthened during learning because synaptic input
occurs at nearly the same time as post-synaptic spiking. Bottom: a cartoon showing the effective
connectivity in this circuit after learning. Note that after learning, the presynaptic neuron activates
its post-synaptic partner at time t=2, mirroring the timing during learning. We hypothesize this
happens between multiple pairs generating the neural chain shown below.

(b) Cartoon showing the same learning on the circuit shown in a, but now during mild cooling.
In this case, the timing of synaptic events between synaptically connected HVC neurons is delayed
due to presumed slowing of neuronal activation, action potential propagation, synaptic release etc.
Note that the relative timing of auditory inputs do not change. This leads to strengthening of a
different synaptic connection that normally arrives too fast. After learning, the presynaptic neuron
activates its post-synaptic partner at time t=1, faster than the timing during learning. Note this
leads to the formation of a neural chain that propagates faster.

(c) Same as in b, now in the case of mild heating. Note that in this case biophysical processes are
expected to speed up. After learning, the presynaptic neuron activates its post-synaptic partner at
time t=3, slower than the timing during learning. Note this leads to the formation of a neural chain
that propagates slower.
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Chapter 3

Neural dynamics in a pre-motor region

during auditory memory formation

3.1 Abstract

In songbirds, a pre-motor cortical region known as HVC, has been shown to play a dual
role in song motor production and song audition: neurons in HVC display distinctive sparse
sequences during motor production of stereotyped song [42, 56] and HVC neurons display
auditory responses in sleeping or anesthetized adults as well as awake juvenile zebra finches
[72, 23, 25, 89]. Tutor playback evokes activity in juvenile HVC that is gradually suppressed
in an imitation dependent matter [89], resulting in a near complete lack of auditory evoked
activity in the awake adult bird. This suggests a functional relationship between HVC
activity during tutoring and the eventual imitation. Despite the extensive literature on
HVC’s auditory function, a few key questions remain outstanding: how does HVC respond
during tutoring as a population, when do tutor responses arise and how stable are they across
time. Here we set out to answer these questions using Neuropixels probes and functional
calcium imaging. We first show that HVC neural dynamics during tutor song presentation
are organized into sparse sequences that cover the entire song, reminiscent of the neural
sequences during adult song production. Such sparse sequential activation is not present
in most of HVC’s auditory inputs. Using chronic imaging, we find that these sequences
are present as early as the very first day of tutoring, but strengthen over time. These
data are consistent with a model in which Hebbian plasticity builds dynamical sequences
during tutoring that can then sub-serve the long hypothesized tutor song template to guide
imitation.
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3.2 Introduction

In order for imitation to occur, animals must store a stable sensory memory of the action to
be imitated, and use that memory to guide their subsequent actions until they reach a sat-
isfactory level of performance. Songbirds, including the zebra finch (Taeniopygia guttata),
naturally imitate the song of an adult male "tutor" when juvenile male "pupils" are exposed
to this tutor song during an early sensitive period [2]. During this tutoring process, pupils
form a memory of the tutor song that is then used to guide motor learning; an entirely mem-
ory guided process which requires no additional additional external feedback from the tutor.
A key question is where and how this tutor memory is stored during tutoring, and how this
memory is recalled during vocal practice. During adult production of the vocal imitation,
excitatory neurons in a pre-motor area known as HVC produce highly stereotyped, tempo-
rally sparse, sequences of activity that tile the entire song [42, 41, 40]. Furthermore, neural
dynamics in HVC, but not downstream motor areas, control the timing of song production
[53, 51]. In awake adult birds, HVC neurons are largely inactive or suppressed during listen-
ing |72, 89]. In juveniles however, during the period when birds are tutored, HVC neurons
respond to many stimuli, and responses are biased to the tutor song [91, 25]. These responses
are gradually suppressed over the course of song learning in a manner proportional to the
progression of the imitation [115]. Based on these observations it has been suggested that
HVC may be involved in storing and recalling the auditory tutor memory that guides motor
imitation [87]. Indeed perturbation of HVC [88| or its auditory inputs [20] during tutoring,
severely degrade subsequent imitation, as do lesions of neurons in HVC that project back to
the auditory system [21].

Although HVC is likely involved in the formation and recall of the tutor memory, few
studies have explored the response properties of HVC neurons during the very first days of
tutor memory formation. An additional mystery is how activity in HVC during tutoring

may relate, if at all, to HVC’s function as a motor clock during adult song production. Thus
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we set out to record from large populations of HVC neurons as well as the auditory inputs to
HVC during the tutoring process. We first used head-fixed Neuropixel recordings to measure
how these regions respond at the population level during exposure to the tutor song. We
then examined the relationship between tutor evoked responses in HVC and HVC inputs
and explored how this activity may relate to motor sequences produced by HVC during
production of the adult imitation. Finally, we used freely-moving calcium imaging to study
the responses of HVC during natural tutoring from the very first day of tutor exposure to

the final day of tutoring.

3.3 Methods

3.3.1 Animal care and use

We used male zebra finches (Taeniopygia guttata) from the MIT zebra finch breeding facility
(Cambridge, MA). Animal care and experiments were carried out in accordance with the
NIH guidelines and reviewed and approved by the Massachusetts Institute of Technology
Committee on Animal Care. For all tutoring experiments we prevented exposure to a tutor
song prior to experiments; birds were separated from their father on or before 15 days post-
hatch and raised by their mother and a foster female. For experiments birds were singly

housed in custom made sound isolation chambers.

3.3.2 Surgical procedures

Juvenile zebra finches (35-55 dph) were anaesthetized with 2% isoflurane gas before being
placed in a custom stereotaxic apparatus. After applying a topical anaesthetic (0.1% bupi-
vacaine) and performing a midline incision in the skin over the skull, we made craniotomies
in the skull at a predetermined distance from the bifurcation of a major blood vessel (the

lambda sinus). For calcium imaging experiments we used a glass pipette attached to a
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pressure injection system (Drummond Nanoject IT), to make unilateral injections of a virus
containing GCaMP6f (AAV9.CAG.GCaMP6f. WPRE.SV40 [155]) and implanted a gradient
refractive index lens (GRIN, Imm diameter/4mm length, Inscopix) above the injection site.
A small durotomy was made at the injection site, and the lens was gently pressed against
the brain tissue and secured to the skull using dental acrylic. For head-fixed extra-cellular
recordings, unilateral or bilateral craniotomies were made in the same manner as described
above and sealed with silicone elsatomere (kwik-kast). Craniotomies were also made over
areas used for antidromic verification of recording site identity (Area X was used for identi-
fication of HVC recording sites and HVC was used for identification of NIf recording sites).
A small durotomy was performed and a custom bipolar stainless steel stimulating electrode
[156] was implanted at stereotaxically defined coordinates and secured to the skull using
dental acrylic. Finally a small (3.9 x 4.55 x 1.3 mm) stainless steel head-plate with two
threaded holes (3.5.3), was affixed to the skull using dental acrylic. In both imaging and
electrophysiology experiments, the incision site in the skin was closed with a tissue adhesive
(VetBond). Analgesic (Buprenorphine or Meloxicam) was administered 30 minutes prior to

surgery and for three additional days after the end of surgery (Meloxicam).

3.3.3 Extracellular recordings

Electrophysiological recordings were carried out in head-fixed birds using Neuropixels 1.0
probes (Phase 3A) [157] or 2.0 probes [158] and acquired using SpikeGLX software (https:
/ /billkarsh.github.io/SpikeGLX /). Spikes were sorted offline using Kilosort 2 (www.github.
com/MouseLand /Kilosort2) after pre-processing and filtering with CatGT (https://billkarsh.
github.io/SpikeGLX/). Clusters were manually curated with phy2 [159] to remove multiu-
nit clusters, noise clusters and duplicates. Waveform characteristics were obtained using
Cwaves (https://billkarsh.github.io/SpikeGLX/). Birds were head-fixed for the duration of
recordings using a metal post (3.5.3) and swaddled in a foam restraint to prevent excessive

movement. Antidromic stimulation was performed using a programmable pulse generator
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(Master-8, MicroProbes for Life Sciences) and a stimulus isolator (Iso-flex, MicroProbes for
Life Sciences). Stimulus pulses had durations of 100 microseconds and used currents between
100 and 200 microamperes. Target regions were identified as those with electrodes exhibit-
ing antidromic “hash”. A unit was defined as within HVC or NIf, if the electrode with the
largest amplitude spike waveform fell within the antidromically identified region. Units were
defined as in L1/CLM if they were at least 50 microns (to exclude units in the somewhat
ambiguous boundary between these areas) above the upper antidromically defined boundary
of NIf. We defined HVCyif as spanning the region beginning 200 microns below the bottom
of HVC and ending 50 micron below the bottom of HVC as defined antidromically. This
dorsal-ventral extent was conservatively chosen based on a previous study which measured
the spread of local stimulation in HVCge¢ in slice [73]. In reality these regions are anatom-
ically contiguous, however the 50 micron buffer zone was meant to exclude units near the

somewhat ambiguous border.

3.3.4 Analysis of eletrophysiological data

Putative excitatory and inhibitory unit classifications were obtained using k-means clustering
of the average firing rate, spike waveform asymmetry and spike width. Spike width was de-
fined as the duration (in milliseconds) between the peak and trough in the average waveform.
The peak was defined as the point at which the extracellular waveform reached its maximum
and trough was defined as the point at which the average waveform reached its minimum.
Spike asymmetry was calculated as the relative height of maximal amplitudes of the regions
of the average waveform on either side of the trough [160]. Neurons were classified as signif-
icantly modulated by the tutor song using the non-parametric Zeta test[161], P<0.05, with
Bonferroni correction for multiple comparisons. Average firing rates were computed using
1ms bins smoothed with a 20ms moving average. Peaks in the average motif-aligned firing
rate were detected using the MATLAB findpeaks function with a minimum peak distance

of 10ms and a minimum peak prominence of 5. Population sparseness was computed as the
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fraction of neurons that were not significantly modulated by the tutor stimulus [162].

3.3.5 In-vivo calcium imaging

As described above, the calcium indicator GCaMP6f was expressed in HVC by intracranial
injection of the viral vector AAV9.CAG.GCaMP6f WPRE.SV40 (Addgene) [155]. Although
we did not verify tropism, similar viral vectors exhibit expression restricted to excitatory
projection neurons in HVC [163, 164, 165]. Even when inhibitory neurons in HVC do express
calcium indicators, changes in spike rate rarely produce detectable fluorescence changes
[30]. Thus in practice, neurons included in our datasets are likely excitatory projection
neurons. After surgery we allowed at least a week before recording, to allow for sufficient
viral expression. At that time, a baseplate (Inscopix) was attached to the implant and birds
were imaged using either an Inscopix nVista miniature fluorescent microscope, or a lighter
custom microscope [166]. Spatial and temporal footprints corresponding to putative single
neurons were extracted from calcium imaging data using the EXTRACT algorithm [167].
Results were manually curated to exclude noise and low SNR footprints. Spatial footprints

were tracked across days using the cellReg algorithm [168].

3.3.6 Analysis of calcium imaging data

To determine the significance of firing rate peaks during tutoring we used a shuffling pro-
cedure similar to one previously described [169]. For each neuron, we first calculated the
average tutor aligned fluorescence. We then generated surrogate average fluorescence traces
by uniformly circularly permuting the calcium fluorescence on a trial by trial basis. To
ensure the number of surrogate shuffled rasters used was appropriate for determining sig-
nificance at a Bonferroni corrected level of 0.05 we used 2 x (n/0.05) surrogates, where n
is the total number of neurons. The p-value for a given neuron was obtained using the
frequency with which surrogate datasets generated maxima larger than the original average

fluorescence. Peaks in average activity with P < 0.05 (Bonferroni corrected) were consid-
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ered significant. Using significantly tutor modulated neurons tracked across all seven days
of tutoring, we measured the stability of neural responses using two measures: population
vector correlation and tuning curve correlation [170]. For population vector correlation, we
first computed the population vector for each day of tutoring as the average motif-aligned
activity of all extracted footprints. We then calculated the Pearson’s correlation between the
population vectors on each day of tutoring. We obtained the PV correlation as a function
of days of tutoring by averaging the correlation values for PVs differing between one and
five days. Tuning curve correlation was measured for each neuron by computing the Pearson
correlation between the average firing rate of that neuron and its average firing rate on all
other days of tutoring. We again obtained a neural tuning-curve correlation by averaging
this measure for pairs of days separated by different numbers of days. Overall tuning curve

correlation was the obtained by averaging this measure across all neurons.

3.3.7 Tutoring protocol

We isolated birds from their father at or before 15 days post hatch (dph), based on prior
studies that achieved effective imitation in experimental animals isolated between 10 and 30
dph [1, 88, 119]. These isolated birds remained co-housed with their siblings and mother until
at least 35 dph, at which point they were singly housed for the duration of the experiment
[102]. Zebra finches can produce accurate imitations after as little as 75s of tutor exposure
[114], but protracted daily tutor exposure impairs imitations [120]. We therefore followed an
intermediate tutoring protocol in which pupils received 60 minutes of tutor exposure each
day [102]. Birds were housed in a sound attenuating chamber and their songs were recorded
daily using either Sound Analysis Pro software (SAP)[121], or custom recording software.
For electrophysiological experiments birds were tutored by a live tutor for 1 hour per day
for 5 consecutive days. Neural recordings were made on the seventh day after the onset of
tutoring, to allow a night of sleep following the final tutoring session, and acclimatization

to the head-fixation apparatus. For imaging experiments, recordings were made as juveniles
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were naturally tutored for 1 hour each day. Recording began with the very first exposure of

the juvenile to the tutor.

3.3.8 Auditory stimuli

During electrophysiological recordings, the tutor song was presented in bouts of five motifs.
A total of 150-200 motifs were presented in 30-40 overall bouts. Bouts of tutor song were
interspersed with other songs (data not shown, see chapter 4), and each song type was
randomly presented. Presentations were flanked by silent periods of random durations,
drawn from a uniform distribution between 3 and 13 seconds. Song recordings were played-
back over a speaker (8010A, Genelec or PDMRS5, Pyle) placed ~25cm from the birds head.
Playback was acquired via a microphone placed next to the head of the bird, and the sound
amplitude of playback was calibrated to match a live tutor singing directed song at the same

location as the speaker (SPL of ~75 dB at 25cm).

3.4 Results

3.4.1 Tutor evoked HVC activity is organized into sparse neural

sequences

If learned HVC dynamics control the subsequent timing of song imitation (see chapter 2),
then what patterns of neural activity support this function? To investigate auditory pop-
ulation activity in HVC neurons, we carried out high-throughput recordings (1655 neurons
in 10 birds), in juvenile birds during presentation of their tutor song. Even at the level of
single trials, repeated sequential patterns of activation were visible across the full population
of HVC units (figure 3.1b). We further identified a subset of neurons that were significantly
modulated by the tutor song using the non-parametric zeta test [161]. We found that in-

dividual tutor responsive units identified in this way often fired reliably at a single time in
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the tutor song (figure 3.1¢). As a population these neurons formed a reliable sequence that
spanned the entire tutor motif (figure 3.1d), similar to the sequential firing of HVC neurons

observed during adult song production [42, 41, 40].

3.4.2 Putative excitatory and inhibitory HVC neurons both partic-

ipate in neural sequences

While the firing rate profiles during tutor playback of many HVC neurons were temporally
sparse, some neurons fired at high rates throughout the tutor motif as may be expected
for inhibitory interneurons. We thus classified units into putative excitatory and inhibitory
sub-types based on average firing rate and the shape each individual spike waveform (figure
3.3b). Applying k-means clustering to spike width, spike asymmetry and average firing rate,
yielded two clear cell types which are likely to correspond to inhibitory and excitatory cell
types. While 33% of recorded putative inhibitory units were significantly modulated by
playback of the tutor song, 13% of putative excitatory units were significantly modulated
by playback (figure 3.3c). We next asked if the response profiles of putative excitatory and
inhibitory cell types tiled the tutor motif uniformly as they do during adult motor production
[40]. For each unit, we identified peaks in the average motif-aligned firing rate and found
that as a population these peaks were distributed approximately uniformly throughout the
tutor motif, including silent gaps (figure 3.3,a). Putative excitatory units tended to have
a single peak in their average motif-aligned firing rate, while putative inhibitory neurons
tended to have several (figure 3.3 d). This is again reminiscent of the firing rate profiles of

HVC excitatory and inhibitory units during adult song production [42, 40, 41].
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3.4.3 Tutor evoked responses in HVC are sparser than its auditory
inputs.

While it is notable that HVC population activity during tutoring is organized into sparse,
stereotyped sequences as during adult song production, one possibility is that this population
activity is inherited from the auditory areas that provide input to HVC (unlike the case of
motor sequences which emerge within HVC proper [171, 172]). To test this possibility we
also recorded from several auditory responsive areas that provide input to HVC: the nucleus
interface (NIf), the L1 portion of field L, the caudolateral mesopallium (CLM) and HVCgpe
[26, 173, 174, 73, 175]. We first measured the population sparseness of these regions during
tutoring and found that HVC tended to be much sparser than NIf, or CLM and L1 (figure
3.5 b). In these areas, roughly 50% of the neurons were significantly active to the tutor
song while in HVC, 10-20% of neurons were active during tutor playback. The populations
sparseness in HVC and was higher than has been observed an in any other auditory region in
the songbird [162]. In addition to the overall population sparsity we also wondered if neurons
in areas providing input to HVC were temporally sparse, that is, they tended to have many
peaks in their average firing rate as is common in thalamo-recipient auditory areas [176,
162|. Putative excitatory units in HVC tended to have a single peak in their average firing
rates, while putative excitatory units in L1/CLM and NIf tended to have more than one
peak (figure 3.5). Putative inhibitory units however, were similar in all regions and tended
to have several peaks in their average firing rate distributed throughout the tutor motif.
Together this indicates that responses in HVC are sparser both in terms of the population
recruited during tutoring and in terms of the temporal profile of motif-aligned firing rates,
relative to areas that provide input to these regions. Interestingly, responses in HVC e,
from which HVC is thought to have evolved [177], where highly similar to HVC in terms of
population sparseness and frequency of firing rate peaks in excitatory neurons. This may

suggest that these related regions are specialized for sparse representation of song. It is also
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possible that this arises due to the fact that HVC provides far more input to HVCgy,ei¢, than

HVCqper provides to HVC [73].

3.4.4 Chronic calcium imaging of HVC population activity during

natural tutoring

We wondered whether HVC activity during unrestrained tutoring was also organized into
sparse sequences. We therefore used virally expressed GCaMP6f and head mounted minia-
ture microscopes to record neural activity in freely moving juveniles during natural tutoring.
The spatial footprints and temporal activity of putative neurons were identified with the
EXTRACT algorithm [167] and the results were curated to remove low SNR and noise units
with unphysiological firing patterns. As in our extracellular recordings, we observed individ-
ual HVC neurons that fired reliably at a single time in the tutor motif (figure 3.7c). As a
population this activity was again organized into a sparse sequences that spanned the entire
tutor motif, (figure 3.7d). HVC neurons recorded in this manner were likely excitatory pro-
jection neurons based on both their pattern of firing activity [30] as well as the observation
in prior studies that expression of a related GCaMP6f virus in HVC tends to be restricted
to excitatory neurons [163, 164, 165]. Indeed prior work has shown that even when HVC
interneurons do express calcium indicators, transient calcium events are essentially never
seen in these cells, perhaps due to their calcium buffering properties [30]. Thus the activity
of HVC excitatory neurons is organized into sparse sequences during natural tutoring as well

as head-fixed tutor playback.

3.4.5 Tutor evoked responses are stable in time but grow in relia-
bility
Another advantage of calcium imaging is that it allows neurons to be easily tracked across

multiple days of tutoring allowing us to ask how tutor evoked sequence in HVC emerge and
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change over the course of tutoring. Are responses present from the first day of tutoring
or do they develop slowly over time? Additionally, are response profiles of neurons stable
from day to day or do they exhibit so-called representational drift, changing their tuning
to the tutor song over days and weeks? To address these questions we recorded calcium
responses in extracted HVC neuron footprints as we tutored every day for a week, beginning
with a juveniles very first day of exposure to the tutor song. Although many neurons in the
field of view were lost between subsequent days, in two birds we were able to reliably track
populations of HVC neurons over the entire week of tutoring (figure 3.7 b). Restricting our
analysis to the first day of tutoring, we indeed found that neural sequences were present
from the very first day of tutoring suggesting that sparse neural sequences are generated
by hardwired connectivity in HVC (figure 3.9). By tracking neurons across multiple days
we found that some neurons were extremely stable across the entire week (figure 3.11 b),
however in many neurons responses became stronger and/or more reliable over the course of

the week resulting in a stabilization of the overall sequence (figure 3.13).

3.5 Discussion

3.5.1 The role of sparseness in tutor learning

Our findings reveal that HVC excitatory neurons represent the tutor song using an extremely
sparse code that likely emerges in HVC itself. Because most HVC excitatory neurons had a
single peak in their tutor evoked firing rate, each moment in the tutor song was represented
by a unique neural state which was near orthogonal to the representation at all other times
in the tutor song. This is notable because even moments in the tutor song with correlated
spectral content, or silent gaps, were mapped to unique states in HVC. This mapping process
is comparable to the use of hash function in computer science for efficient memory storage
and retrieval. Interestingly, our observation that 13% of excitatory neurons in HVC respond

to the tutor song is reminiscent of the sparse expansion coding in cerebellar-like circuits [178,
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179] such as the olfactory Kenyon cells in insects where individual odors elicit responses from
a random 10% of neurons [180, 181, 182, 183|. These sparse representations of odors by KC’s
are optimal for a class of learning problems [184] and emerge naturally when training machine
learning systems with matched neural architectures [185]. Indeed manipulations which alter
the spareness of KC cell representations either by altering excitability or the density of
synaptic input degrade flies ability to discriminate and form memories [186, 187|. Given that
HVC is necessary for the formation and recall of the tutor memory, the sparse sequential
responses we observed during tutoring may allow for efficient and rapid storage of the tutor
memory, while ensuring that the memory of each moment in the song is stored separately.
While it is unclear what mechanisms generate this sparse representation it could arise in
principal through a combination of strong inhibition, weakly correlated coincident inputs
and/or an expansion in the number of cells representing the song (for example NIf to HVC).
Future work should address the mechanisms generating spareness and test whether sparseness

of the HVC representation dictates learnability, as is the case of the insect olfactory system.

3.5.2 A possible relationship between tutor sequence and adult mo-

tor sequences

The pattern of activity we observed in HVC during tutoring was strikingly similar to HVC
motor sequences observed in adults, and as such it is tempting to draw a connection between
the activity of HVC during these two very different processes of juvenile tutoring and adult
song imitation. Tutor evoked sequences became more stable over the course of tutoring, a
property that could be explained by Hebbian strengthening between neurons in the tutor
sequence. Consistent with this idea, tutoring leads to rapid changes in excitatory and in-
hibitory synaptic connections in HVC [102] and blocking NMDA signaling in HVC during
tutoring severely impairs song imitation [149]. We hypothesize that tutor evoked sequences
form the basis for the motor sequences that emerge during song learning, forming a long

hypothesized tutor template memory [188, 105, 189, 87|. This would provide a mechanism
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for birds to not only store a sequential memory of tutor song timing, but also to recall it
during early vocalizations to guide learning. These tutor memory sequences could then act
as a scaffold-like substrate for the growth of motor population dynamics in HVC [56, 55].
This would ensure a one-to-one mapping between the number and length of song elements
in the tutor song and in the emerging imitation. A key test of this model would be to record
the same sets of HVC neurons during both tutoring and adult song imitation to test whether
tutor sequences are reactivated both during early practice and during production of the final
imitation. Circumstantial evidence is consistent with this idea; auditory vocal mirroring be-
tween song production and playback of birds’ own adult song (which ought to be very similar
to the tutor song in most cases) has been observed in HVC neurons in Swamp Sparrows |27,
31], Bengalese finches [31, 99] and small number of Zebra Finch neurons during sleep [72].
Future work should focus on tracking tutor sequences from motor learning to adult imitation

to directly test this idea.

3.5.3 The instantaneous nature of tutor evoked sequences

The tutor evoked sequences we observed in HVC were present as early as the very first
exposure to the tutor song, suggesting that sparse sequential auditory representations in
HVC can arise via pre-existing hard-wired connectivity. It may seem surprising that tutor
evoked sparse sequences are not learned gradually (although we did observe gradual increase
in the reliability of neural responses), but are present from the very first exposures to the
tutor song (see also figure 3.9). It is possible however, that the instantaneous nature of these
sequences may be the key property that underlies birds’ ability to perform near-one-shot
learning of the tutor song. Juvenile song birds are faced with the problem of rapidly forming
a memory of the timing and content of any ! song they may hear during their sensitive period.

To solve this problem songbirds may have evolved an auditory system which decorrelates and

'In the case of finches, any refers to any imitable or species-appropriate song. A similar principal may
be applicable in the case of crows, parrots, starlings and other more promiscuous vocal imitators where
imitable and species-specific are of course not synonymous and the sensitive period is extended throughout
adulthood)
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sparsifies auditory representations of songs as you move up the auditory hierarchy, resulting
in extremely sparse representations in HVC and ensuring a unique, sequential representation
of any song with which a bird is tutored (figure 3.15). These sparse sequences could be
intrinsically specified by pre-existing input into HVC and then rapidly mapped into the
internal dynamics of HVC itself. This rapid mapping of sequences from an input driven mode,
to a fully internally driven mode would allow HVC to autonomously reproduce the precise
temporal pattern induced by the tutor song, offline and/or during vocal practice. Sparse
tutor sequences could then be repurposed during motor production and mapped to denser
and denser motor representations as motor commands move down the motor hierarchy [190],
finally resulting in the highly temporally correlated commands sent to the syringeal muscles
controlling vocalization (figure 3.15). We hypothesize that this is the function of innately
produced sparse tutor sequences in HVC and that the presence of these representations is
required for learning, reflecting an inductive bias over song-learnability. Further studies of the
songbird system may give important insights into one-shot learning generally, an important
aspect of human intelligence that has proved very difficult to capture in artificial learning

systems [191, 192, 193].
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(a) Cartoon showing tutoring process and a schematic showing anatomy and targeting of electro-
physiology. Silicon probes (Neuropixels) were inserted into HVC and boundaries of HVC were
determined by antidromic stimulation of HVC axons in Area X.

(b) Spiking activity of 256 simultaneously recorded HVC neurons as a bird listened to playback of
a bout of tutor song containing five repetitions of the tutor motif (top). Note that even on a single
trial, repeated sequential activations of neurons are visible in the spiking data. Neurons are sorted
based on the latency of their peak average firing rate, aligned to the tutor motif across all trials

(c) Four example, putative single units, recorded during tutor playback in HVC. Top: spectrogram
of the tutor song. Middle: spike raster plot aligned to the onset of the tutor motif. Bottom: motif
aligned average firing rate.

(d) Tutor motif aligned raster plot of all 81 significantly tutor modulated HVC neurons from an
example bird. Each color shows a different neuron and position is sorted based on the latency of
the maximum of each neurons average firing rate.
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(a) Top: location of peaks in the PSTH of excitatory neurons (red, n=159 neurons in 10 birds) and
inhibitory neurons (blue, n=160 neurons in 10 birds), aligned to the tutor motif. Bottom: histograms
showing the density of peaks throughout the tutor motif. Dotted line shows the expectation under
a uniform distribution

(b) Plot showing spike waveform characteristics for all single units in HVC (n=1655 in 10 birds).
Neurons are colored based on a K-means clustering with k=2. Blue units were assigned to a putative
inhibitory class and red units were assigned to a putative excitatory class

(c) Pie plots showing the fraction of units significantly modulated by the tutor song by class. Left:
14% of putative excitatory units were significantly modulated by the tutor song (zeta test, p<0.0001,
n=1196). Right: 33% of putative inhibitory units were significantly modulated by the tutor song
(zeta test, p<<0.0001, n=492).

(d) Distribution of number of peaks in excitatory (red, n=159 neurons in 10 birds) and inhibitory
(blue, n=160 neurons in 10 birds) neurons. Most excitatory neurons had a single peak in their firing
rate histogram, while most inhibitory neurons had several.
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(a) Schematic showing recording strategy. Electrodes spanned several known auditory inputs to
HVC.

(b) Population sparseness of responses in five regions. HVC (n=1688 neurons in 10 birds), HVCgpeit
(n=260 neurons in 10 birds), L1,CLM (n=173 neurons in 2 birds) and NIf (n=60 neurons in 2
birds). NIf units were identified by antidromic stimulation of NIf axons in HVC. L1 and CLM units
were combined as the border between these regions was easily identified. HVC and HVCgypeir, were
much sparser than L1/CLM and NIf.

(c) Distribution of number of peaks in excitatory neurons recorded in either HVC/HVCgpelr or
L1/CLM/NIf (auditory areas, n=79 neurons in 2 birds, HVC n=159 in 10 birds). HVC and HVCgpei
tended to have a single peak during the tutor motif, while neurons in L1/CLM/NIf tended to have
multiple peaks during a single motif

(d) Same as in ¢ but for putative inhibitory neurons (auditory areas, n=40 neurons in 2 birds, hvc
n—160 in 10 birds). There was no difference in the distribution of peaks between different regions.
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(a) Cartoon showing tutoring process and a schematic showing anatomy and targeting of viral
GCaMP6 and the GRIN lens.

(b) Extracted calcium fluorescence activity of 25 simultaneously recorded HVC neurons as a bird
listened to the song of a live performance of a tutor bird (top). Neurons are sorted based on the
latency of their peak average calcium intensity, aligned to the tutor motif across all trials

(c¢) Four examples single units recorded during natural tutoring in HVC. Top: spectrogram of the
tutor song. Middle: normalized calcium raster plot aligned to the onset of the tutor motif. Activity
is warped to align activity to a single tutor motif. Bottom: motif aligned average calcium activity.

(d) Tutor motif aligned raster plot of 61 HVC neurons from an example bird. Each color shows a
different neuron and position is sorted based on the latency of the maximum of a neurons average
activity.
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(a) Four examples neurons recorded in HVC during the very first hour of natural tutoring. Top:
spectrogram of the tutor song. Middle: normalized calcium raster plot aligned to the onset of the
tutor motif. Activity is warped to align activity to a single tutor motif. Bottom: motif aligned
average calcium activity.

(b) Tutor motif aligned raster plot of 35 HVC neurons from an example bird. Each color shows a
different neuron and position is sorted based on the latency of the maximum of a neurons average
activity.
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Figure 3.11: Stability of neural responses over a week of tutoring
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(a) Tracking of footprints across multiple days of tutoring. Footprints were estimated using EX-
TRACT [167] and tracked across days using CellReg [168]. Each session shown corresponds to a
single day of tutoring and the first session is the very first exposure of the juvenile to its tutor song.
Estimated spatial footprints corresponding to single neurons are shown in white and footprints
tracked across all 7 days are shown in green.

(b) Three example simultaneously recorded units tracked over a week of tutoring. Top: spectrogram
of the tutor song. Middle: normalized calcium raster plot aligned to the onset of the tutor motif.
Day boundaries are shown by dotted lines and indicated by color to the right. Activity is warped
to align activity to a single tutor motif. Bottom: motif aligned average z-scored calcium activity.
Colored lines show average motif aligned activity for individual days and black line shows average
motif aligned activity for the entire week.
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(a) Tuning curve correlation for all tutor modulated neurons tracked over a week of tutoring in two
birds (bird 1 neurons indicated by a solid line n=24, bird 2 neurons shown with dotted lines n=14).
Each line is an individual neurons. Data points shows the average correlation between a neurons
motif and on a given day and its tuning curve some number of days prior(between 1 and 6).

(b) Average tuning curve correlation for the two birds shown in a. Dotted lines show mean -/

SEM

(c) Average population vector correlation between all days of tutoring over a week for two birds.
Dotted lines show mean -/+ SEM

78



HVC
(sparse, orthogonal representations)

Auditory hierarchy
Ayouelsaly JOJ0N

Sensory and motor periphery
(dense, overlapping representations)

Figure 3.15: Conceptual sketch of HVC’s function in auditory and motor hierarchies

A conceptual sketch of HVC’s roles in both the auditory and motor hierarchies. In this framework
the auditory system sparsens and decorrelates the representation for different sounds until it reaches
HVC where each song produces a sparse sequence of activity (i.e. each time has its own unique
and sparse neural state). For the motor system HVC plays the opposite role. HVC dynamics
provide dynamics that uniquely map to each time in the developing imitation. These states can be
arbitrarily mapped to a dense pattern of motor commands needed to control the motor periphery.
Thus HVC representation links the language of sensory and motor systems, allowing for efficient
memory formation and readout
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Chapter 4

Tutor dependent changes in auditory

responses in song motor regions

4.1 Abstract

Auditory experience in songbirds leads to long lasting neurophysiological changes throughout
the auditory system [194, 195]. Experience with a particular "tutor" song, leads to dramatic
changes in behavior, culminating in a vocal imitation of this song. Which changes, in which
auditory brain regions underlie this capacity for vocal imitation? While tutor experience
leads to changes in neural responses to the tutor song in many regions [76, 196, 197, 198,
199, 194, 195], genetic and pharmacological lesions indicate that song motor areas (including
HVC and NIf) and motor associated auditory regions (Avalanche) are particularly important
for the auditory memory underlying vocal imitation [22, 21, 20, 80, 81]'. We therefore asked
how the representation of the tutor song by HVC neurons is affected by tutor experience.
Following up on our previous finding that tutoring evokes sparse sequences in HVC, we found
that unfamiliar songs also evoke unique sparse sequences, both before and after tutoring. In
HVC however, responses became more selective for the tutor song following tutoring, perhaps
reflecting an auditory memory trace of this song. Since HVC receives diverse auditory inputs
[173, 174, 26, 84|, we next asked if these change in selectivity arise in auditory regions that
provide synaptic input to HVC. By recording in NIf, .1, CLM and HVCg,¢, we found that
HVC was more selective for the tutor song than these other regions. This suggests that tutor
selectivity may emerge from local circuit reorganization within HVC itself. Interestingly, this
difference in selectivity was smallest when comparing HVC and HVCgy,ey, a regions out of

! The extensively studied area NCM does seem to be important for a tutor song memory used in recognition
[83] suggesting that there are different tutor memories for different behaviors. For a fascinating discussion
of the generalized vs functionally individuated memory systems and more see [200].
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which, HVC has been proposed to have evolved [177].

4.2 Introduction

Auditory experience has profound effects on future behavior. In humans, early exposure to
language is essential for adult perceptual abilities and language fluency [201, 202, 203], and
auditory cortical areas display specializations for the representation of human vocalizations
and native-language speech [204, 205, 206|. In rodents, the contents and statistics of auditory
experience dictate the spatial pattern of auditory cortical receptive fields [207, 208, 209], and
adult experience can dramatically reorganize this tuning [210, 211, 212|. It is clear from these
cases, that auditory experience changes behavior, and alters the statistics of neural tuning,
but how does auditory plasticity underlie the formation of an individual auditory memory,
for example the instantaneously formed, and long-lasting memory of a catchy musical tune
[108]?

In juvenile male songbirds, experience with a particular tutor song leads to the rapid
formation of an auditory memory used for vocal imitation [2, 106, 105]. This auditory
memory is likely stored by plasticity in auditory responsive regions, but which changes in
which brain regions make up this memory? The auditory system of the songbird is similar
to the layered cortical structures found in mammals [213, 214, 162], characterized by dense
connectivity within and between primary and secondary regions [173, 215|. Tutoring leads
to changes in neural tuning to auditory stimuli in many of these areas |76, 196, 197, 198,
199, 194, 195, 91, 25, 23|, and inactivations or lesions of these different regions can lead
to deficits in song learning [19, 82]. Recent work suggests that some auditory regions that
show tutor dependent plasticity, are not required for song learning (L1 and NCM) [80, 81,
22|, while song motor circuits are instead essential for accurate song copying (HVC, NIf and
Av) |22, 21, 20]. Here we test the hypothesis that all zebra finch songs (and thus potential

tutor songs) are represented in these song regions in young birds of tutoring age. We further
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hypothesize that tutoring biases the representation of the tutor song in some or all of these

regions, forming a long lasting memory that underlies song learning.

4.3 Methods

4.3.1 Animal care and use

We used male zebra finches (Taeniopygia guttata) from the MIT zebra finch breeding facility
(Cambridge, MA). Animal care and experiments were carried out in accordance with the
NIH guidelines and reviewed and approved by the Massachusetts Institute of Technology
Committee on Animal Care. For all tutoring experiments we prevented exposure to a tutor
song prior to experiments; birds were separated from their father on or before 15 days post-
hatch and raised by their mother and a foster female. For experiments birds were singly

housed in custom made sound isolation chambers.

4.3.2 Surgical procedures

Juvenile zebra finches (35-55 dph) were anaesthetized with 2% isoflurane gas before being
placed in a custom stereotaxic apparatus. After applying a topical anaesthetic (0.1% bupi-
vacaine) and performing a midline incision in the skin over the skull, we made craniotomies
in the skull at a predetermined distance from the bifurcation of a major blood vessel (the
lambda sinus). For head-fixed extra-cellular recordings, unilateral or bilateral craniotomies
were made in the same manner as described above and sealed with silicone elsatomere (kwik-
kast). Craniotomies were also made over areas used for antidromic verification of recording
site identity (Area X was used for identification of HVC recording sites and HVC was used
for identification of NIf recording sites). A small durotomy was performed and a custom
bipolar stainless steel stimulating electrode [156] was implanted at stereotaxically defined

coordinates and secured to the skull using dental acrylic. Finally a small (3.9 x 4.55 x 1.3
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mm) stainless steel head-plate with two threaded holes (3.5.3) was affixed to the skull using
dental acrylic. In both imaging and electrophysiology experiments, the incision site in the
skin was closed with a tissue adhesive (VetBond). Analgesic (Buprenorphine or Meloxicam)
was administered 30 minutes prior to surgery and for three additional days after the end of

surgery (Meloxicam).

4.3.3 Extracellular recordings

Electrophysiological recordings were carried out in head-fixed birds using Neuropixels 1.0
probes (Phase 3A) [157] or 2.0 probes [158] and acquired using SpikeGLX software (https:
/ /billkarsh.github.io/SpikeGLX /). Spikes were sorted offline using Kilosort 2 (www.github.
com/MouseLand /Kilosort2) after pre-processing and filtering with CatGT (https://billkarsh.
github.io/SpikeGLX/). Clusters were manually curated with phy2 [159] to remove multiu-
nit clusters, noise clusters and duplicates. Waveform characteristics were obtained using
Cwaves (https://billkarsh.github.io/SpikeGLX/). Birds were head-fixed for the duration of
recordings using a metal post (3.5.3) and swaddled in a foam restraint to prevent excessive
movement. Antidromic stimulation was performed using a programmable pulse generator
(Master-8, MicroProbes for Life Sciences) and a stimulus isolator (Iso-flex, MicroProbes for
Life Sciences), with currents between 100 and 200 microamperes. Target regions were identi-
fied as those with electrodes exhibiting antidromic “hash”. A unit was defined as within HVC
or NIf if the electrode with the largest amplitude spike waveform fell within the antidromi-
cally identified region. Units were defined as in L.1/CLM if they were at least 50 microns (to
exclude units in the somewhat ambiguous boundary between these areas) above the upper
antidromically defined boundary of NIf. We defined HVCgy,.r as spanning the region begin-
ning 200 microns below the bottom of HVC and ending 50 micron below the bottom of HVC
as defined antidromically. This dorsal-ventral extent was conservatively chosen based on a
previous study which measured the spread of local stimulation in HVCgper in slice [73]. In

reality these regions are anatomically contiguous, however the 50 micron buffer zone was
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meant to exclude units near the somewhat ambiguous border.

4.3.4 Analysis of eletrophysiological data

Putative excitatory and inhibitory unit classifications were obtained using k-means clus-
tering of the average firing rate, spike waveform asymmetry and spike width. Waveform
characteristics were calculated using the average waveform on the electrode with the largest
amplitude. Spike width was defined as the duration (in milliseconds) between the peak and
trough in the average waveform. The peak was defined as the point at which the extracellular
waveform reached its maximum and trough was defined as the point at which the average
waveform reached its minimum. Spike asymmetry was calculated as the relative heights of
the maximal amplitudes on either side of the trough [160]. Neurons were classified as sig-
nificantly modulated by the tutor song using the non-parametric Zeta test[161] at a level of
P<0.05, with Bonferroni correction for multiple comparisons.

To measure the temporal sparseness of auditory evoked responses we adopted a previously
used measure [216, 217|. Average firing rates were computed using 1ms bins smoothed with
a 20ms moving average, and normalized to produces a probability density, p; for each of N

bins such that le\il p; = 1. The sparseness index of a given neuron was then computed as:

SV pilog p;

SI.=1
TN

This measure is equal to one if the activity is restricted to a single bin and zero if it is equally
distributed across all bins.

The inter-motif correlation coefficient (IMCC) was used to measure the reliability of
neural firing patterns across all trials, as previously described [217, 59, 18, 218]. Motif
aligned, mean subtracted, firing rates were computed for each trial (r;), using 1ms bins

smoothed with a 20ms moving average. The IMCC for a given neuron was then computed
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as the mean pairwise correlation coefficient (C'C') across all pairs of trial (n):

IMCC = <zn: ccij>

J>1

where
cCy =

2
ryr

AN

Neural selectivity was quantified using two measures. A discriminability index (D’) [26]

and a song selectivity index (SI) [95]. The D’ measure was calculated for each neuron as:

o 20 — ()
02+ o}
where (r,) is the mean firing rate during stimulus x (in this case a or b) and o2 is the

corresponding variance. Selectivity was calculated for each neuron as:

o ) = ()

(ra) + (re)
where (r,) is the average activity for a given neuron during stimulus z. This measure ranges
between 1, for a neuron perfectly selective for song a and -1, for a neuron perfectly selective

for song b.

4.3.5 Tutoring protocol

We isolated birds from their father at or before 15 days post hatch (dph) based on prior
studies that achieved effective imitation in experimental animals isolated between 10 and 30
dph [1, 88, 119]. These isolated birds remained co-housed with their siblings and mother until
at least 35 dph, at which point they were singly housed for the duration of the experiment
[102]. Zebra finches can produce accurate imitations after as little as 75s of tutor exposure

[114], but protracted daily tutor exposure impairs imitations [120]. We therefore followed an

87



intermediate tutoring protocol in which pupils received 60 minutes of tutor exposure each day
[102]. Birds were housed in a sound attenuating chamber and their songs were recorded daily
using either Sound Analysis Pro software (SAP)[121] or custom recording software. Birds
were tutored by a live tutor for 1 hour per day for 5 consecutive days. Neural recordings
were made on the seventh day after tutoring to allow a night of sleep following tutoring and

acclimatization to the head-fixation apparatus.

4.3.6 Auditory stimuli

Auditory stimuli used for playback were constructed using motifs recorded from birds in
our colony, and included the tutor bird used in these experiments. Songs were presented as
bouts of five motifs preceded by intro notes. For HVC and HVCgy,e¢ recordings, 40 bouts of
each song were presented for a total of 200 motifs per song. For auditory cortical recordings
(NIf and L1/CLM), 30 bouts of the tutor song were presented, 20 bouts of control song 1
were presented, 10 bouts of control song 2 were presented and 5 bouts of control song 3 were
presented for a total of 150,100,50 and 25 motifs respectively. Bouts from each song type were
randomly presented and presentations were flanked by silent periods with random durations
drawn from a uniform distribution between 3 and 13 seconds. During neural recordings,
tutor song recordings were played-back over a speaker (8010A, Genelec) placed ~25cm from
the birds head. Playback was acquired via a microphone placed next to the head of the bird,
and the sound amplitude of playback was calibrated to match a live tutor singing directed

song at the same location as the speaker (SPL of ~75 dB at 25cm).
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4.4 Results

4.4.1 Song evokes sparse sequences in HVC in naive and tutored

birds

We first wondered whether unfamiliar songs also evoke sparse sequential responses in HVC
similar to those we observed during tutoring (figure 3.1 and 3.7). Since HVC sequences for
the tutor song were present as early as the very first day of tutoring (figures 3.11 and 3.13),
we reasoned that any zebra finch song should elicit a sparse and unique neural sequence.
To test this hypothesis, we used Neuropixels probes to record HVC neurons in head-fixed
birds, during presentation of multiple songs. Tutored birds were presented four song stimuli.
These stimuli included three songs chosen at random from our colony, as well as their tutor’s
song. Naive birds were presented with the same four stimuli as tutored birds, but had no
prior experience with any song. We observed that HVC neurons were organized into sparse
sequences during presentation of each song, in both naive and tutored birds (figure 4.1).
Many song responsive neurons were significantly modulated by a single song type (44.4%
in naive birds, 47.1% in tutored birds), while a relatively small fraction were significantly
modulated by all four songs (12.8% in naive birds, 12.4% in tutored birds). We observed
that the ordering of neural responses was unique for each presented song. This was apparent
when visualizing the evoked activity for each song, sorting neurons either by the latency of
their peak response during the same song, or by the latency of their peak response in other
songs. Sequential organization was only observed when responses to a given song were sorted

according to activity in that song condition, not other song types (figure 4.1).

89



4.4.2 Tutoring does not change the fraction of neurons selective to

the tutor song

We next wondered if tutor exposure led to an increase in the fraction of neurons modulated
by the tutor song. We found that this was not the case. The proportion of cells significantly
modulated by the tutor song, as determined by the Zeta test [161], did not differ between
naive and tutored birds (mean fraction modulated by tutor song: naive birds = 15.9%, n =
2; tutored birds = 17.2%, n = 8; two sample t-test, t(8)=-.1716, p=0.87). In addition, the
mean fraction of neurons modulated by each of the four songs was similar across birds, for
both naive (n=2 birds; two way ANOVA F(3,1) = 0.79, p = 0.58) and tutored birds (n=8
birds; two way ANOVA F(3,7) = 1.58, p = 0.22). Together this suggests that HVC neurons
are recruited in equal proportions by playback of any zebra finch song, and that tutoring

does not significantly alter the fraction of neurons responsive to the tutor song.

4.4.3 Changes in reliability and sparseness of neural responses after

tutoring

Although tutoring does not alter the fraction of tutor responsive HVC neurons, it may lead
to an increase in the trial to trial reliability of neural responses, or the temporal sparseness
of tutor evoked firing rates. To quantify these properties, we computed two measures of
the firing response profiles; the inter-motif-correlation-coefficient (IMCC) [217, 59, 18, 218,
which measures the average pairwise correlations for a neuron across all trials, and an en-
tropy based measure of temporal spareness [216, 217|. We did not find evidence for changes
in these measures that were specific to the tutor song. Comparing the cumulative distri-
butions of IMCC between tutored and untutored birds, we found that the IMCC increased
following tutoring for both the tutor song and one of the control songs song (tutor song;
p<0.01, song 1; p<0.05, one tailed two way Kolmogorov—Smirnov test). Temporal sparse-

ness increased non-specifically for all songs following tutoring, suggesting this may be the
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product of physiological changes unrelated to the particular tutor song (tutor song; p<0.05,

song 1-3; p<0.0001, one tailed two way Kolmogorov—Smirnov test).

4.4.4 Average firing rates are shifted towards the tutor song follow-
ing tutoring

As described in the previous sections, tutoring does not lead to a greater fraction of tutor
modulated neurons, nor an increase in reliability or temporal sparseness of the response to
the tutor song over unfamiliar songs. What if anything, does change in HVC as a result
of experience with the tutor song? By comparing the mean firing rate in HVC neurons
for the tutor song and control songs, we found that in tutored birds, HVC neurons exhibit
higher firing rates to the tutor song relative to other song (mean difference in firing rates
between tutored and untutored birds 1.14hz, n=8 birds; two way ANOVA F(3,401) = 33.03,
p < 0.0001). This effect was present in both excitatory and inhibitory neurons, as previously
reported [91] and was absent in naive birds (figure 4.5 a). This suggests that preferential firing
to the tutor song is acquired via auditory experience, and is not due to an incidental /random

firing rate preference for the particular song used for tutoring.

4.4.5 Tutoring increases the tutor selectivity of the HVC popula-
tion

We next sought to directly quantify the neural tuning preference of populations of HVC
neurons, both before and after tutoring. For each neuron, we computed the selectivity for
the tutor song relative to each control song. We employed two commonly used measures of
firing rate selectivity: a neural discriminability index (D’) and a song selectivity index (SI).
We calculated D’ and SI for the tutor song relative to each unfamiliar song, for all HVC
neurons. In tutored birds, the distributions of both D’ and SI scores were shifted toward

greater selectivity to the tutor song, relative to distributions in naive birds (figure 4.7). This
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shift was present at the level of the entire population (figure 4.7 a, D’: p<0.01, in each case.
SI: p<0.0001 in each case, one tailed two way Kolmogorov—Smirnov test) and inhibitory
cells (figure 4.7 ¢, D’: p<0.01 in each case. SI: p<<0.0001 in each case, one tailed two way
Kolmogorov—Smirnov test) as well as at the level of excitatory neurons, although here the
shift was not statistically significant (figure 4.7 b). In light of this shift in selectivity following
tutoring, we wondered what the qualitative firing patterns of the neurons most selective for
the tutor song looked like. Figure 4.9 shows three units in the 95th percentile of tutor song
selectivity (here calculated as the average selectivity across all control songs), for naive birds
(figure 4.9 a) and tutored birds (figure 4.9 b). In untutored birds, even the cells most selective
for the tutor song, tended to fire unreliably, and at similar rates for each song. In tutored
birds on the other hand, the most selective cells tended to fire at much higher rates during
presentation of the tutor song, relative to control songs. These selective neurons tended to

fire briefly during the tutor song and at high rates.

4.4.6 Selectivity to the tutor song in neurons with temporally mod-

ulated firing rates

In the previous chapter, we highlighted the sparse sequential activation observed during
tutoring. We wondered if the sub-population of neurons with these temporally modulated,
tutor-evoked firing rates, themselves exhibited selectivity to the tutor song. Alternatively,
tutor selectivity at the population level could arise via a temporally non-specific increase in
the overall firing rate during the tutor song for all neurons. To test this we measured the
cumulative distributions of the D’ and SI metrics in the subset of HVC neurons with firing
rates significantly temporally modulated by the tutor song. We found that neurons that were
significantly modulated by the tutor song exhibited even more dramatic increases in their
selectivity after tutoring than the overall HVC population (figure 4.11). When restricting
our analysis to only neurons significantly modulated by the tutor song, we found that, as

a population these neurons were significantly more selective after tutoring (figure 4.11 a,
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D’: p<0.01, in each case. SI: p<0.01 in each case, one tailed two way Kolmogorov—Smirnov
test), as well all as the subset inhibitory neurons (figure 4.11 ¢, D’: p<0.05, in each case. SI:
p<0.05 in each case, one tailed two way Kolmogorov—Smirnov test). In this case, the subset
of excitatory neurons was significantly more selective for the tutor song in two of the three
control songs (figure 4.11 b, D’: Tutor vs song 2 p<0.01, Tutor vs song 3 p<0.05; SI: Tutor
vs song 2 p<0.05, Tutor vs song 3 p<0.05, one tailed two way Kolmogorov—Smirnov test).
This suggests that the increase in tutor selectivity, is primarily due to changes in neurons
with temporally modulated firing rates and is not due to a coarse overall increase in the

firing rates of neurons during tutor song presentation.

4.4.7 Selectivity to the tutor song first emerges in HVC

Changes in HVC tutor response selectivity may be due to synaptic plasticity within the
local HVC network. Alternatively, this selectivity may be inherited from one or more of
the auditory areas providing input to HVC. To distinguish between these two possibilities,
we made recordings from several structures known to provide auditory input to HVC: NIf|
L1, CLM, and HVC-shelf. We measured the selectivity of neural responses in each of these
regions, relative to selectivity in HVC. This was done in tutored birds, with matched amounts
of tutor song exposure. The selectivity of responses, as measured with both D’ and SI,
were higher in HVC relative to both NIf, L1/CLM and to a lesser extent, HVCge (figure
4.13). This supports the idea that tutor selective representations, perhaps underlying a
tutor memory, emerge specifically in HVC. This could occur as a result of the plasticity and
synaptic reorganization previously observed in HVC following tutoring [149, 22, 102]. This
result stands in contrast to BOS-selectivity in adult birds, which is present not only in HVC,

but two of its inputs, NIf and the Avalanche subregion of CLM [98, 219, 29, 84].
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4.5 Discussion

4.5.1 Sequences for any song

In chapter 3, we observed that tutor evoked sequences could be present from the very first day
of tutoring, and could be stable over an entire week. Here we showed that sparse sequential
responses in HVC are evoked by playback of all songs tested. This was true in both naive
and in tutored birds, perhaps suggesting that any zebra finch songs would also produce
similar sparse sequences. This observation is consistent with the tutor template formation
mechanism, discussed in chapter 3. We hypothesize that each possible tutor song can produce
a unique sparse sequence of activity in HVC. We further hypothesize that during tutoring,
this sequence is rapidly mapped, from an input driven regime, to one driven by internal HVC
dynamics. In this way, initially input driven auditory sequences become a dynamic neural
clock, reflecting an auditory memory of song timing. A possible consequence of this model
might be the presence of sequential neural replay. If a tutor evoked sequence is stored in
the internal dynamics of HVC, we might expect to see replay of this sequence offline, during
quiet wakefulness or sleep. Even if these dynamics are initially too weak to support coherent
replay of the entire sequence, evidence of this plasticity may be observed in the form of
neural correlations between neurons co-active, during tutoring. This prediction should be

tested in future work.

4.5.2 What does the emergence of tutor selectivity tell us about

the mechanisms of template formation?

Despite a clear role for HVC in the formation of the auditory tutor memory [149, 22, 21, 101,
20, 89], tutor song selectivity during the earliest days of tutoring has been studied relatively
infrequently. Tutor selective neural responses have been reported in multi-unit recordings

[25], and in a very small number of single units, recorded in HVC [91, 220, 221|. Here we
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built upon this prior work, using contemporary methods of high-density electrophysiology,
to record large populations of HVC neurons. We replicated the previous observation of
tutor selective responses in HVC |25, 91|, and were able to quantify the prevalence of such
selectivity before and after tutoring in HVC as well as its auditory inputs. What does the
presence of tutor selective responses mean? We hypothesize that tutor selective responses
are a signature of learned dynamics in HVC that underlie the song-template, and guide
subsequent imitation learning. Selectivity could reflect Hebbian plasticity, between tutor
responsive neurons. This is the same property we hypothesized could account for the effect
of cooling on imitation in chapter 2, and for the increase in stability of the tutor response
over a week of tutoring (chapter 3). Here however, we showed that this change was specific
to the tutor song. This was a critical prediction taken for granted in these earlier chapters.
Future work could test if selectivity truly reflects a memory of the temporal structure of the
tutor song by using playback of artificially stretched or compressed songs. We hypothesize
that the specificity of the timing selectivity in HVC sets a bound on the maximum possible

temporal accuracy of the imitation.

4.5.3 Inhibition as a gate for the sensitive period

We found that HVC interneurons developed a particularly clear preference for the tutor song
over other songs. This fits well with previous findings that tutor song evoked inhibition grows
proportional to song imitation [115]. Here however, we observed an increase in inhibitory
activity even before birds had a chance to produce a vocal imitation. Previous work suggested
that increases in inhibition in HVC, could act as a gate, protecting learned changes in
song and finally closing the sensitive period [115]. This hypothesis agrees with theories of
critical period plasticity developed in the domain of ocular dominance [222]. Upon monocular
deprivation, inhibition in binocular visual areas drops dramatically, before slowly increasing
to compensate for increased excitability in excitatory neurons with a contra-lateral preference

[223]. Once inhibition reaches normal levels, the window for plasticity is effectively closed,
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and the pattern of inhibition in the network maintains the visual tuning of neurons. This
prevents compensatory plasticity from restoring binocular tuning once the deprived eye is
uncovered [222|. We hypothesize that a parallel situation arises in during tutoring in HVC.
At the onset of tutoring, inhibition is effectively low, and excitatory neurons are initially
unselective to auditory stimuli. During tutoring, there is a large increase in inhibitory
synapaptic contacts throughout the network [102], and a stabilization of excitatory synapses
[88]. In addition there is an increase in tutor evoked firing rates in inhibitory neurons, as
observed in this chapter and in previous work [89]. Once inhibition in the network matures
in this manner, it serves to fix the network connectivity in place, preventing subsequent
auditory plasticity. In other systems, similar "protective" inhibition can be manipulated by
dissolving peri-neuronal nets (PNNs) surrounding PV interneurons. This manipulation has
strong effects on plasticity. It can reopen critical period plasticity [224], and causes adult fear
memories to be erased rather than extinguished by behavioral habituation [225]. PNNs are
also present on PV interneurons in HVC and other song nuclei [226], but attempts to dissolve
PNNs in adults produces almost no effect on song [227|. Future avenues for studying critical
period closure and the role of PNNs should focus on studying these processes in juveniles

during tutor memory formation.

4.5.4 Where and how does tutor selectivity emerge

We observed that tutor song selectivity was present in HVC to a greater extent than in
auditory regions providing input to HVC (figure 4.13). This is in contrast to BOS selectivity
in adults which is present in both NIf [29], as well as the Avalanche sub-region of CLM [84].
We observed the largest difference in tutor selectivity between HVC and NIf, the area which
provides the largest source of auditory input to HVC [174, 20, 26]. Selectivity differences
were more modest for CLM /L1 and HVCgpe¢, which are far smaller sources of input to HVC
[173, 228, 84, 26]. Our observations are also consistent with the requirement for synaptic

plasticity during tutoring [22, 101] and the observed changes in synaptic connectivity in HVC
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following tutoring [149, 22, 102]. Selectivity could emerge in HVC due to strengthening of
excitatory synapses, pruning of inactive synapses, and through the presence of tutor selective
inhibition throughout the network (as in previous models computational models of HVC [55,
56]). This interplay could additionally lead to the winner-take-all mechanisms proposed
to underlie HVC sequential dynamics [229]. Because tutor selectivity is easily observed in
head-fixed juveniles, it may be possible to directly study the synaptic mechanisms governing
the real-time induction tutor selectivity. For example, by two-photon imaging of dendritic
spines during tutoring, using calcium or glutamate reporters like GCaMP or iGluSnFR
[230, 231, 232, 233|. This is a rich area for future study given the proliferation of tools
for spine imaging and the emerging picture of tutor plasticity in HVC involving a rich
interplay of dopaminergic signaling [101], synaptic pruning [149], and multiple neural sub-
types. Together this could allow for experimental tests of several competing theoretical
models of HVC sequence dynamics, by exploring where and how plasticity occurs during

tutoring [229, 54, 57, 55, 56, 234, 235, 236, 237]
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Figure 4.1: Sparse sequences are present for all songs both before and after tutoring

(a) A schematic showing the location of recording electrodes in HVC and its relation to song auditory
and motor regions

(b) All four song stimuli used in this chapter. The first song was used as a tutor song for the tutored
birds but was unfamiliar song for naive birds and is thus referred to as Song 0.

(c) top: venn diagram showing the proportion of neurons modulated by each song in naive birds
(n=2 birds). Colors are the same as in B. Overlapping regions indicates proportions of neurons
that were modulated by multiple song types. bottom: motif-aligned average firing rates of all song
modulated neurons in an example naive bird. Each column shows the the activity during a different
song and each row shows the same neurons sorted by the peak latency during a different song. For
example the first column shows the activity during song 0 and the first row shows neurons sorted
by the peak latency in this song.

(d) Same as in C but for tutored birds (n=8 birds). top venn diagram showing proportion of neurons
modulated by each song and the overlap between these groups. Bottom: same as in C but for an
example tutored bird.
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Figure 4.3: Reliability and temporal sparsity of HVC auditory responses

(a) Cumulative distribution of inter-motif correlation coefficients for HVC neurons in naive birds
(thin lines) and tutored birds (thick lines) during playback of four different songs. Coloring is the
same as in figure 4.1. Black plots show tutor song. Red, yellow and blue plots show data for control
songs 1-3

(b) Cumulative distribution of temporal sparsity of the motif aligned average firing rates for HVC
neurons in naive and tutored birds as in panel a.
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Figure 4.5: A comparison of the average firing rate of HVC neurons during playback of
different songs

(a) Mean firing rates during playback of the tutor song or a control song in naive birds. Putative
excitatory neurons are shown in grey and putative inhibitory neurons are shown in color. From left
to right, plots show comparisons of the tutor song and control song 1-3.

(b) Same as in panel a but for all neurons recorded in tutored birds.
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Figure 4.7: Tutoring induces and increase in the selectivity of neural responses to the tutor

song in

HVC

(a) Top row: Cumulative d-prime distribution for HVC neurons recorded in naive birds (thin lines)
or tutored birds (thick lines) that were significantly modulated by any song. Different color indicate
which control song the tutor activity is being compared to. Shifts to the right indicate an increase
in the selectivity of neurons for the tutor song relative to control songs. Individual panels show all
neurons (left), just excitatory neurons (middle), just inhibitory neurons (right).

(b) Bottom row: same as above but for cumulative distribution of each neuron’s selectivity index
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Figure 4.9: example selective units

(a) Three example units in the top 5% of neurons most selective to the tutor song (S0) in a naive
bird. For each neurons the left most panel shows responses to the tutor song and each other panel
shows responses to control songs. Within each panel a spectrogram of the song is shown (top), a
raster of motif aligned neural spiking is shown (middle) and the average motif aligned activity is
shown (bottom)

(b) The same as in panel a but from an example tutored bird
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Figure 4.11: selectivity in neurons significantly modulated by the tutor song

(a) Top row: Cumulative d-prime distribution for HVC neurons recorded in naive birds (thin lines)
or tutored birds (thick lines) that were significantly modulated by the tutor song. Different color
indicate which control song the tutor activity is being compared to. Shifts to the right indicate an
increase in the selectivity of neurons for the tutor song relative to control songs. Individual panels
show all neurons (left), just excitatory neurons (middle), just inhibitory neurons (right).

(b) Bottom row: same as above but for cumulative distribution of each neuron’s selectivity index
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Figure 4.13: stability

(a) Top row: Cumulative d-prime distribution for HVC neurons recorded in tutored birds that were
significantly modulated by the tutor song. Different color indicate which control song the tutor
activity is being compared to. Shifts to the right indicate an increase in the selectivity of neurons
for the tutor song relative to control songs. Individual panels show neurons in HVC (thick lines)
compared with NIf (thin lines) neurons (left), L1/CLM (thin lines) neurons (middle), or HVCgper
(thin lines) neurons (right).

(b) Bottom row: same as above but for cumulative distribution of each neuron’s selectivity index
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Chapter 5

A mechanistic hypothesis for HVC’s role
in the formation and recall of the tutor

memory

We proposed in chapter 2, that the effect of cooling on imitation speed is evidence that HVC
acts as a clock for tutor memory storage and recall. What does this entail? In the following
section I outlining a complete hypothesis for tutor memory storage at the circuit level. The
general idea is that HVC neurons form a temporal basis which acts as an index, calling up
the content of the tutor memory at the correct speed and in the correct sequential order.
We hypothesize that this recall occurs when HVC sequences that form during tutoring, are
replayed during vocal practice. This replay reactivates a tutor memory in auditory cortex
via HVC’s projection to Avalanche [21], enabling song evaluation, and providing an error
signal to reinforcement learning circuitry in the basal ganglia [12, 15]. Our model builds on
previous proposals which developed the idea that HVC motor sequences might transmit a

representation of the tutor memory to auditory cortex for evaluation [87, 88, 90, 86].
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5.0.1 A temporal basis for the tutor song memory

We hypothesize that HVC acts as a temporal basis for the formation of the tutor memory.
Mathematically, a basis refers to a set of functions that can be used in linear combination
to approximate or represent a more complex function [238], in this case one defined in time.
Particularly useful temporal basis functions are those that are orthogonal (or ortho-normal).
For example, a complete set of Kronecker delta functions, defined at every time, can exactly
reproduce any discrete function of time by linear combination. Our hypothesis that HVC
acts as a temporal basis is in effect, a hypothesis that HVC neurons represent the tutor song

using a near orthogonal basis set.

5.0.2 Stage I: Tutoring evokes sparse sequential activity in HVC

If HVC neurons do form a temporal basis for the tutor song memory, the simplest basis would
be one in which each HVC neuron becomes active at one unique time during tutoring, similar
to HVC activity during singing. Our observations in chapter 3 are consistent with this idea;
excitatory neurons are active throughout the tutor motif, forming a sparse sequence (5.1 a).
However, for a sequential basis set to be useful, for example in recalling the tutor memory,
these sequences would need to be stored in a manner that would enable them to be recalled
later during practice. Our observation in chapter 2 that cooling of HVC during tutoring

leads to a sped up memory strongly suggest that this is the case.

5.0.3 Stage II: Hebbian plasticity during tutoring forms sequence
ensembles in HVC

How could the sparse neural sequences observed during tutoring be stored and later recalled?

We hypothesize that repeated exposure to the tutor song leads to Hebbian plasticity between

neighboring neurons in the tutor evoked sequence, resulting in storage of the entire sequence

in the weights of HVC (5.1 b). Multiple lines of evidence support this possibility. As
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previously described, NMDA [149, 22| and dopamine [101] mediated plasticity in HVC during
tutoring is required for initiation. In addition, both excitatory and inhibitory synapses in
HVC exhibit rapid changes in density and stability following a single day of tutoring [149,
102]. Our observation in chapter 4 that tutor song selectivity increases in HVC after tutoring
is also consistent with this idea. Finally the observation of sleep replay in the song system,
and its potential relation to song learning, provides indirect evidence for Hebbian plasticity
during tutoring [104, 239, 240, 241, 242|. HVC sleep replay is driven by NIf, its primary
auditory input [243, 244|, and replay frequency increases following the onset of tutoring
[103]. This strongly suggests an association between tutoring and replay, however future
work should directly test the prediction that tutor sequences themselves are replayed during

sleep.

5.0.4 Stage III: Anti-Hebbian plasticity stores a negative image of

the tutor song.

Once a temporal basis is stored in the weights of HVC, it can then be recalled during vocal
practice. But how could this temporal basis serve to recall a memory of the spectral con-
tent of the tutor song? While there is little evidence favoring any particular mechanism,
we propose that this could occur by the formation of a negative image of the tutor song
on the output of the HVC tutor sequence. As in other systems, negative image formation
in Avalanche could be mediated by anti-Hebbian plasticity (5.1 ¢). More specifically, we
hypothesize that the HVC temporal basis sends axons to auditory cortex that target local
inhibitory interneurons. During tutoring, we hypothesize that synaptic output from these
inhibitory cells onto excitatory neurons, is strengthened in an anti-Hebbian manner, cancel-
ing or suppressing tutor evoked activity in Avalanche (5.1 ¢). At the end of this stage of
learning, tutor sequences in HVC drive inhibitory neurons to produce a temporally specific
negative image of the tutor song in Avalanche. Mechanisms like this have been proposed

to underlie self-image cancellation in the electrosensory system of the electric fish [245], de-
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tection of novelty in the mushroom body of the fly [246], predictive coding in the retina
[247], and cancellation of self-generated sounds in cortex [248, 249, 250|, the dorsal cochlear
nucleus [251] and many other systems [252, 253, 254]. In songbirds, the observation of song
specific adaptation (SSA) in various auditory regions has been suggested to result from a
similar mechanism [74, 75, 76, 77|, and was previously hypothesized to underlie tutor mem-
ory formation [78]. We propose that the observed song "adaptation", could result from active

generation of a negative image.

5.0.5 Stage I'V: The tutor memory is recalled during vocal practice.

Once the tutor memory is stored in the synaptic weights of HVC neurons how is it used
during singing? We hypothesize that HVC tutor sequences are reactivated during vocal
practice (perhaps by NIf [255]) and drive motor activity in downstream RA and LMAN to
produce juvenile song (5.1 d). At the same time, these sequences recall a negative image of
the tutor song in Avalanche that is synchronized with vocalization. Although, evidence for
such a negative image is lacking in songbirds, motor circuits produce widespread suppression
in auditory cortical areas during vocalizations in both marmosets and humans [256, 257|,

consistent with our model.

5.0.6 Stage V: Comparison of song with the tutor memory produces

an error signal

At this time, the juvenile bird produces immature vocalizations which are a poor match to
the tutor song. Thus the pattern of auditory evoked activity in Avalanche differs from that
of the tutor song, and is therefor not matched/suppressed by the negative image (5.1 d).
However, as the juvenile bird produces more and more vocalizations, some songs are a closer
match to the tutor song than others. Because of the negative image, the overall amount of

neural activation in Avalanche reflects the degree to which the produced vocalization matches
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the tutor song. This constitutes an error signal which is minimized when an imitation is
produced. Crucially, this moment-by-moment error signal is precisely that which is required
by reinforcement learning models of song motor learning [12], and could account for the error

signals observed in the auditory system [71, 19| and in VTA [15, 16].

5.0.7 Predictions and future work

This hypothesis makes myriad predictions that could be tested in future work. Key predic-

tions include:
1. Sequences are reactivated in the same order during tutoring and vocal learning.

2. Auditory responses in Avalanche to the tutor song become suppressed by repeated

tutor exposure, reflecting learning of the predictive cancellation.

3. After responses are in Avalanche are suppressed, neurons exhibit error-like responses

to perturbations of the tutor song.

4. Both processes in 2 and 3 are dependent on HVC activity.
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Figure 5.1: A cartoon showing a mechanistic model for HVC’s role in tutor memory formation
and recall. For details see text above.
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Chapter 6

Discussion

In this thesis I have attempted to formulate and test a mechanistic model of HVC’s role
in the formation and recall of the tutor memory. In the following chapter I will connect
the work contained in this thesis to various other aspects of the literature which did not fit

neatly into the chapters above.

6.0.1 What is the biophysical basis of the relationship between im-

itation and HVC temperature?

What causes changes in learning due to temperature? In the case of motor production, it has
been suggested that changes in the rate of axonal propagation are the primary cause of song
slowing during cooling [146]. This is based on the observation that axon conduction velocity
in unmeylinated cortical neurons slows during cooling by 2.5% C! [138]. The magnitude
of this relationship is very close to behavioral effect of cooling during singing in adults [51]
and to the effect of cooling on song imitation observed in chapter 2 (figure 2.5.4) . An
obvious question is how this squares with the fact that most other neural processes, such
as synaptic release [131, 137, 132| or spontaneous firing rate are also slowed by cooling,
often to a greater degree [142]. One possibility is relative to these other processes, axon

propagation makes up a much larger proportion of the overall transmission time. Consistent
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with this, a recent study showed that HVC has particularly slow conduction through axons
collaterals. Authors estimated that conduction latency typically adds between 1 and 7.5
milliseconds of delay between a somatic spike and synaptic transmission [54]. Variation in
the contributions of different biophysical processes to this overall time! could explain the
variability of behavioral effects elicited by cooling across different regions and/or different
organisms [126, 51, 133, 144]. For example, in some brain areas, the overall time of neural
transmission might be taken up by a biophysical process with a Q9 near 4. When cooling
this hypothetical region, we might expect to observe a steeper relationship between behavior
and temperature, relative to a region where transmission time is dominated by a process

with a Q19 near 1.

6.0.2 Why are the auditory representations in HVC so sparse?

We found that a modest population of HVC excitatory neurons (13%) is active during the
tutor song, and that each of these neurons tends to fire at a single time in the tutor song.
This sparseness and approximately even tiling of time are reminiscent of the HVC activity
during adult production. However, during adult song a very large proportion of excitatory
neurons in HVC are recruited; it is estimated that approximately half of all RA projectors
are active during singing [13], and upwards of 80% of X projecting excitatory neurons [43].
Even if our recordings were somehow biased towards RA projecting neurons, the auditory
evoked sequences recruit a far smaller fraction of HVC neurons than motor sequences. Why
might this be? Sparse representations have myriad advantages and have been a topic of
great interest in neuroscience. A notable comparison is the olfactory system of insects in
which about 10% of kenyon cells respond during presentation of a given odor [180, 181, 182,
183|. As discussed in chapter 3, there is a large literature of theoretical and experimental

work pursuing the hypothesis that sparse representations, such those in the olfactory system,

!For example there is huge variation between brain regions in the propagation velocity of action potentials
depending on axon diameter and myelination [258]. This property can in some cases be very tightly controlled,
as in the case of inter-aural timing circuits used for sound localization of the barn owl [259, 260]
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cerebellum or dentate gyrus, are useful for learning [178, 186, 187, 184, 185]. We suggest
that a similar principle may be at play in HVC, transforming the denser auditory inputs we
observed in NIf, L1 and CLM into spatio-temporally sparse representations. As birds are
faced with the problem of learning one of an infinite set of possible songs, we suggest this
arrangement means that for any given song (of similar duration) a random 13% of HVC
neurons will be sparsely and sequentially active. What advantages does this confer? First
it ensures that each time in the song is unambiguously represented with near orthogonal
neural states and is therefor highly "untangled" (i.e. no times have similar states that
evolve in similar ways) [261, 262] . Low tangling was previously proposed as a requirement
for a system’s activity to be deterministically generated by internal dynamics, not external
commands. Here we suggest that the low tangling of HVC activity is evidence, not that
these sequences are in fact generated by internal dynamics, but that such dynamics can be
learned in principle. By this logic, a song’s ability to produce reliable sparse sequences in
HVC may be a requirement for learnability and act as a "prior" or inductive bias over song
learnability. Such biases are essential for learning algorithms that generalize properly [263,
264]. An easy way of seeing this is by considering song "catchiness". Catchy presumably
refers a property of a song that make it easy for the brain to form a memories of. This
memory formation occurs to the point of promiscuous encoding; people tend to form strong
memories of these experiences automatically (often against their will). We propose that
a similar mechanism explains why songbirds find some songs (for example from their own
species) highly imitable. Indeed human musical memory and songbird vocal imitation are
both examples of near "one-shot" learning. We hypothesize that the combination of highly
sparse and untangled representations simplify learning problems immensely, to the point
that one-shot learning becomes not only possible but highly probable. This comes at the
expense of generality i.e. the auditory systems of humans and birds only allow one-shot
learning over a small class of stimuli, not any possible stimuli. The neural properties that

govern catchiness in humans and birds is an example of an inductive bias, and illustrates the
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trade-off all learning systems must make [265].

6.0.3 Could the small number of auditory projecting HVC neurons

support tutor memory recall?

Though sparseness may confer the benefits discussed above, wouldn’t one expect that storing
a high-fidelity long-term memory, vital for mating success, would require the recruitment of
a large percentage or the brain region underlying this capacity? Perhaps in support of this
notion, birds with larger brains tend to be better at general cognitive tasks and can also
learn more complex vocal imitations [266]. Another possibility is that only a particular class
of HVC excitatory neurons respond to the tutor song, but that a high fraction of these
neurons are recruited. Indeed several previous studies in other species found that only basal
ganglia projecting HVC excitatory neurons are auditory responsive in awake adult birds 27,
9, 99]. This class of HVC neurons comprise a far smaller fraction of the overall population
(roughly 10,000 neurons per hemisphere) than motor projecting HVC projection neurons
(roughly 40,000 per hemisphere) [267]. If only basal ganglia projecting HVC neurons are
active during tutoring then it may be that a large fraction of these neurons is recruited by a
given tutor song. If all tutor responsive neurons are basal ganglia projecting (and we assume
a uniform probability of recording each cell-type) then this would mean more than half of the
relevant neurons are recruited by a given song during tutoring. Interestingly although only
a fraction of RA projecting neurons fire during adult song production, most basal ganglia
projecting neurons fire during singing. If this class of neurons is involved recalling the tutor
memory during singing, then reactivation of a large subset these neurons is consistent with

this role.
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6.0.4 Auditory responses to song in HVC

One of the most robust findings in the songbird literature is the observation of neurons
selective for the birds own song (BOS), in song motor regions [24, 240, 268, 95, 269, 98, 219,
84]. Interestingly, although this property is observed in awake adult birds of other species |27,
31], in zebra finches, this phenomenon is only observed in sleeping or anesthetized birds 240,
268, 270, 72|. This suppression is specific to song motor regions, since responses in auditory
cortical areas that provide inputs to HVC are not suppressed during wakefulness [240]. BOS
selectivity in HVC emerges over development, and a preference can already be observed in
sleeping juvenile birds [23|. Responses to BOS in sleeping zebra finches are observed in all
cell types in HVC [271], although awake responses in other species are restricted to excitatory
neurons that project to the basal ganglia [27, 31]. A subset of inhibitory interneurons also
seem to display waking responses to BOS playback and perhaps act to mediate the suppressed
responses during wakefullness, through inhibition of the HVC network [100]. BOS responsive
activity is not isolated to HVC but propagates to its down stream targets producing BOS
responses in song motor regions in the cortex [104] and basal ganglia [95] and even motor
periphery [272]. BOS selectivity also exists in most areas projecting to HVC, including in
the nuclues interface (NIf) [26, 29|, Avalanche [84] and the thalamic area Uvaformis (Uva)
[269]. BOS responses in HVC are abolished when both NIf and Avalanche are inactivated
[29, 26]. As we observed during tutor song presentation, NIf neurons tend to fire at multiple
points during BOS playback, while HVC projections neurons fire much more sparsely, often

with a single burst of activity [271, 29].

6.0.5 Zero latency auditory vocal mirroring

A striking feature of BOS selectivity is that the auditory evoked activity has zero latency
relative to the motor activity [104, 27, 31, 99, 72]. More specifically, this means that if a

hypothetical HVC neuron fires a bust of spikes at time ¢ during singing, that same neuron also
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fires a burst at time ¢ during song playback. Initially this finding is somewhat puzzling, since
pre-motor activity leads sound output by approximately 30ms [40], and auditory activity
in HVC lags the sound source, again by approximately 30ms due to synaptic delays [29].
How can HVC pre-motor activity and auditory evoked activity exhibit a zero-lag correlation
despite an overall 60ms delay between a pre-motor command and its auditory consequence?
Some have suggested that the presence of this zero-latency delay is evidence that the motor
system constructs a predictive basis to account for the delay between motor commands and
their consequences [104]. Interestingly, our model of memory formation in HVC predicts a
zero-latency delay as straight-forward consequence of learning. When sequences are formed
during tutoring, the pattern of HVC activity is entirely determined by auditory input, i.e.
all activity in HVC lags the sound signal by approximately 30ms. However in our model,
tutor sequences are replayed during juvenile song, recalling a memory the tutor song content
and generating an error signal. At this point in learning, neurons produce no stereotyped
motor output but do produce a stereotyped memory recall. This recalled memory completely
determines what motor output a neuron ends up producing at the end of learning. Thus, what
looks like a predictive mechanism actually emerges as a consequence of memory sequences
being recalled during vocal learning in a manner aligned to vocal output. One possible issue
with this proposition, is that the first 30ms of the song motif would be missing from such a
representation. However, the repeating nature of zebra finch song means that neurons which
fire at the end of the tutor motif could potentially fill in this gap, forming a closed cyclical
representation of the song. This may explain why repetition is such strong feature of bird
song in general and is a favored strategy for learning even in human musicians.

A secondary issue that may be raised with this explanation comes from the technicality
that previous findings of zero-latency mirroring used BOS, not the tutor song. If imitation
is successful, of course BOS and tutor songs are highly similar and thus neural responses
to these stimuli are somewhat confounded [273]. But what about a zero-lag auditory mo-

tor correlation in poor imitators? Birds with damaged syringeal nerves still exhibit BOS
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selectivity despite highly degraded imitations [274]. How can we explain the zero-latency
auditory vocal mirroring observed in birds with poor or degraded imitations? An alternative
explanation could be that during practice, auditory inputs to HVC neurons are potentiated
onto pre-motor neurons. Although auditory inputs are mostly gated off in awake singing
birds [72|, birds sing thousands of renditions per day. Despite such gating, it is possible
that the extremely high correlation between HVC excitatory neurons and their sensory con-
sequences, could strengthen auditory inputs onto HVC neurons. This could also account
for the observed BOS responses in sleeping or anesthetized adults but would not depend on

imitation success.

6.0.6 Hemispheric dominance

It is well established that auditory processing of speech in humans exhibits a left hemisphere
dominance [275, 276]. Interestingly, while we have not studied this phenomenon here, a
similar left hemisphere dominance appears to be present in auditory processing in songbirds.
Lesions of left hemisphere auditory thalamus, degrade adult canaries ability to discriminate
between songs much more than lesions of the right hemisphere [277]. Additional findings
related to lateralization of tutor song processing however are interesting if not somewhat
confusing. The secondary auditory area NCM is left-lateralized in processing the tutor song,
but not novel songs [278], and the degree of left-lateralization in NCM is correlated with
imitation accuracy [278, 279]. HVC responses to playback of the tutor song (as well as
spontaneous activity) are left-lateralized in awake juveniles [278], but are right-lateralized in
sleeping adults [279]. On the motor side of things, transections of the right tracheosyringeal
nerve (which controls contractions of the vocal musculature), tends to degrade song more
than transections of the left side [280]. Unilateral cooling of left or right HVC tends to slow
somewhat different portions of the song [51], and brief unilateral stimulation of either left or
right hemisphere in song motor regions disrupts different portions of the song [281]. Despite

this somewhat confusing set of result, the songbird model system is especially well suited
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for studying lateralization due to its well understood neurophysiology. Future work should
compare tutor responses across hemispheres to test whether adult motor lateralization can

be related to this early auditory exposure.

6.0.7 HVC avalanche connectivity as a for tutor song recall

In this thesis we proposed that the mechanism by which HVC tutor sequences recall the
content of the tutor memory is by its projection to the auditory area Avalanche [84]. We
hypothesize that during tutoring plasticity at HVC synapses in Avalanche undergo plasticity
onto local inhibitory neurons to produce a negative image of the tutor song, canceling tutor
evoked activity in excitatory neurons in this region. This negative image is then recalled
by HVC sequences during singing and produces an evaluation signal which is sent to VTA;
Avalanche excitatory activity is minimized when the pupil produces a close match to the tutor
song. This hypothesis leads to several strong yet untested predictions. First, HVC neurons
active during tutoring must be reactivated in the same manner during song production.
Second HVC tutor sequences must contain a significant proportion of neurons that project
to the auditory system (Avalanche, HVCshelf and/or other regions). Finally, those auditory
projecting neurons should synapse onto local interneurons (although there are other versions
of the model in which this assumption could be relaxed [90]).

There are a number of lines of evidence that indirectly support these points. Optogenetic
stimulation paired with patch clamp recordings suggests that Avalanche projecting HVC
neurons (HVC,,) receive direct mono-synaptic input from NIf neurons [282] suggesting these
neurons could be recruited during tutoring. HVCy, neurons are also known to fire sparsely
during adult song production, similar to other excitatory projection neurons [21]|. A concern
though, is whether HVC, neurons constitute a large enough population to serve a functional
role. A previous study suggested that these neurons make up less than 1% of HVC neurons
(less than 100 cells in an adult!) suggesting to some that this cell type constitutes more or

less a "rounding error" in terms prevalence. This claim though appears to come from directly
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counting the number of cell bodies labeled by retrograde tracer injected in to Avalanche which
is indeed close to 100 [21]. Such a method of estimating cell counts assumes that 100% of
neurons will be labeled by retrograde tracing and provides and artificially low estimate
since retrograde tracers in fact only label a small fraction of neurons that project. Another
experiment in the same study compared the number of cell bodies labeled by injections into
the basal ganglia to the number labeled by injections in the Avalanche. They found that
injections in Avalanche labeled 30-50% as many neurons as injections into the Area X in the
same birds. Since these basal ganglia projecting neurons constitute about 10,000 neurons
[267], this gives an estimate of between 3,000 and 5,000 avalanche projectors. Finally, a recent
study estimated that HVC,, cells make up about 2% of excitatory neurons in adult HVC
based on single-cell transcriptomics data [283]. All estimates were obtained in adult birds,
which likely also underestimates the fraction of HVCy, neurons present in juveniles, since
HVCgra projectors grow dramatically in number during song learning. Although estimating
absolute numbers of neurons of different cell-types is difficult and relies on many assumptions,
taken together it seems likely that Avalanche projecting neurons likely comprise more than
1% of HVC neurons and this number may reach as high as 5% 2.

Finally we have the question of whether HVCy, neurons could transmit a negative image
of the tutor song during vocal practice via inhibitory internurons in Avalanche. Avalanche
neurons are indeed active during vocal practice as revealed by Arc, Zenk, Ergl and c-Fos
activity dependent gene expression [284, 285|, however the cell types of these active neuron
are unknown. Interestingly, although genetic lesions of HVCy,, neurons impair imitation in
juvenile birds, the same manipulation in adult birds does not impair birds ability to modify a
syllables pitch in conditional auditory feedback experiments (CAF) (perhaps indicating this
process does not require template comparison) [21]. When conditional auditory feedback is

turned off, adult control birds rapidly undo these learned pitch changes while birds with le-

2Experience in our lab suggests highly variable labeling of HVC neurons after injections into Avalanche.
It is unclear whether this variability is a result of inter-animal variablity in cell number or perhaps in spatial
location of Avalanche itself

119



sions of HVCy, neurons, do not. Similarly, deafened adult birds songs rapidly degrade which
has been interpreted as a consequence of the fact that they constantly perceive themselves
as making errors when they sing, however lesioning HVCy,neurons prevents degradation.
Together these results indicate that HVC,, neurons may be involved in the error compu-
tation. In mice, auditory cortical projections from M2 selectively engage local inhibitory
interneurons in auditory cortex [250] and a recent presentation at the Society for Neuro-
science Conference [286] demonstrated that auditory areas are suppressed during singing by
motor circuits. However, whether the HVC produces inhibition (and perhaps a negative
image of the tutor song) in Avalanche during vocal practice remains to be established by

future work.
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