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ANATOMICAL ABBREVIATIONS

A — arcopallium

AFP — anterior forebrain pathway

arca X — area X of the striatum

Cb — cerebellum

CLM - caudolateral mesopallium

CMM - caudomedial mesopallium

DLM - medial nucleus of dorsolateral thalamus
DM - dorsal medial nucleus of the midbrain
FLM - medial longitudinal fasciculus

GP — globus pallidus

H — hyperpallium

Hp — hippocampus

HVC — nucleus HVC (a letter-based name)
IC — inferior colliculus

ICo - intercollicular nucleus

IV — fourth ventricle

L1, L2a, L3 — field L subdivisions

LaM - lamina mesopallialis

LMAN — medial subdivision of the magnocellular nucleus of the anterior nidopallium
M — mesopallium

MLd ~ dorsal part of the lateral mesencephalic nucleus
MGN — medial geniculate nucleus

N —nidopallium

NA —nucleus angularis

NCM - caudomedial nidopallium

NIf - nucleus interfacialis of the nidopallium
NL — nucleus laminaris

NM — nucleus magnocellularis

Ov — nucleus ovoidalis of the thalamus

P — pons

PFP — posterior forebrain pathway

RA —robust nucleus of the arcopallium

sh — nidopallial shelf region adjacent to HVC
SON — superior olivary nucleus

St — striatum

CSt — caudal striatum

TeO — optic tectum

Th — thalamus

tOM — occipitomesencephalic tract

V- ventricle

Vel — lateral vestibular nucleus

VII n. — nucleus of the seventh cranial (facial) nerve
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ABSTRACT

The telencephalic caudo-medial nidopallium (NCM) participates in auditory
processing of vocalizations in songbirds. Knowledge on the anatomical and
functional organization of NCM is still in its infancy. Given that GABA is one of the
most prevalent neurotransmitter systems in the vertebrate brain and plays critical
roles in sensory processing, the present work addresses the anatomo-functional
organization of the GABAergic system in the songbird brain, with a specific focus in
auditory areas. We have investigated this system in three sets of studies.

First we used GABA immunocytochemistry to reveal GABAergic cells and
processes in zebra finch brain, and emphasized auditory areas and song control
nucle1. We found that several nuclei of the ascending auditory pathway showed a
moderate to high density of GABAergic neurons including the cochlear nuclei,
nucleus laminaris, superior olivary nucleus, mesencephalic nucleus lateralis pars
dorsalis, and nucleus ovoidalis. Telencephalic auditory areas, including field L
subfields L1, L2a and L3, caudomedial nidopallium (NCM) and mesopallium
(CMM), contained GABAergic cells at particularly high densities, approximately
50% of neuronal cells. This high prevalence of GABAergic neurons in auditory areas
suggested a major role for inhibition in network dynamics, and a possible GABAergic
influence on auditory response properties of NCM neurons. Considerable GABA
labeling was also scen in the shelf area of caudodorsal nidopallium, and the cup area
in the arcopallium, as well area X, the lateral magnocellular nucleus of the anterior
nidopallium, the robust nucleus of the arcopallium and nidopallial nucleus HVC.

GABAergic cells were typically small, most likely local inhibitory interneurons,
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although large GABA-positive cells that were sparscly distributed were also
identified. GABA-positive neurites and puncta were identified in most nuclei of the
ascending auditory pathway and in song control nuclei. These anatomical data are in
accordance with a prominent role of GABAergic mechanisms in regulating the neural
circuits involved in song perceptual processing, motor production, and vocal learning
in songbirds.

Second, we cloned a zebra finch homologue of the gene encoding the 65 kD
1soform of glutamic-acid decarboxylase (GAD-65), a specific GABAergic marker,
and conducted an expression analysis by in-situ hybridization to identify and to map
the brain distribution of GABAergic cells. The results using this methodology
confirmed the previous results that auditqry telencephalic areas Field L2, NCM and
CMM contain a high number of GABAergic cells. Next, using double fluorescence
in-situ hybridization and double-immunocytochemical labeling, we demonstrated that
large numbers of GABAergic cells in NCM and CMM show inducible expression of
the transcription regulator zenk in response to song auditory stimulation and are thus,
song-responsive. Next, whole-cell patch clamp recordings from NCM neurons in a
slice preparation were used to explore the relative contributions of inhibitory and
excitatory inputs to spontaneous activity. Application of bicuculline methiodide
(BMI), a competitive antagonist for GABA-A receptors, abolished inhibitory post-
synaptic currents (IPSCs) and spontaneous IPSCs, a phenomenon that was
accompanied by dramatic increases in activity. These findings suggested that tonic
inhibition via GABA-A transmission plays a significant role in modulating

excitability of NCM neurons.
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Third, multi-electrode extracellular recordings were combined with local
injections of BMI in the NCM of awake, restrained adult zebra finches during song
playback to study the role of inhibition in the patterning of auditory responses.
Simultaneous recordings were made from multiple NCM sites bilaterally, both before
and after pressure injection of BMI into the right hemisphere at a dose just below
threshold for local seizure-like activity. Before injection, song stimuli elicited
responses in both hemispheres consisting of phasic bursts to most syllables and
sustained firing between syllables that continued after the end of the stimulus. After
BMI application, the right hemisphere showed changes in firing pattern: 1) the phasic
responses increased dramatically, especially to the first song syllable, and 2) the
sustained firing between syllables was largely abolished; however, the overall
response magnitude was not changed. BMI application did not affect frequency
tuning of NCM units but appeared to decrease significantly the fidelity of information
coding. These findings suggested that GABA-A transmission contributes not only to
excitability but also to the temporal dynamics of auditory responses in NCM.

In an attempt to further characterize the neurochemical identity of GABAergic
neurons in NCM, immunocytochemistry was conducted to identify calbindin-positive
neurons. Our results provided evidence for a sexual dimorphism in the population of
calbindin-positive neurons in NCM. We showed that cells immunolabeled for
calbindin are primarily localized to caudal NCM and are almost twice as numerous in
males as in females. This dimorphism was neither a reflection of higher neuronal cell
density nor higher number of GABAergic neurons in this area. Calbindin-positive

neurons did not exhibit song-induced zenk expression and their numbers were not

- X1V -



regulated by auditory experience in males or females. Caudal NCM also expressed
high levels of the estrogen-generating enzyme aromatase and could represent a site of
estrogen production. Thus, NCM contains neurochemically-defined subdomains, with
possible distinct functional properties, and a sexually dimorphic neuronal population.
These observations suggest that auditory processing of birdsong may differ across
genders, and that local sex steroids may play a role in the processing of auditory

information.
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“I am of the opinion that the brain exercises

the greatest power in the man”

- Hippocrates
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CHAPTER 1

INTRODUCTION



One of the great challenges in the field of sensory physiology is how the brain
encodes environmental information. A great deal of effort has been placed at trying to
understand the neural substrates and mechanisms that underlie the representation of
external information in the vertebrate brain. A key player in this process appears to be
the main inhibitory neurotransmitter in the vertebrate central nervous system (CNS),
the gamma-aminobutyric acid (GABA). In the present thesis I have investigated the
general organization and function of GABAergic system in the zebra finch auditory
telencephalon, with a particular focus in the caudomedial nidopallium (NCM), using
a combination of molecular, cellular and electrophysiological approaches.

In the following paragraphs it is my hope to provide the reader with
background that is relevant to put in perspective the rationale of the experiments
conducted herein, as well as critical rescarch findings that facilitate the interpretation
and discussion of the data collected in this thesis. First I will present a brief overview
of the relevance of songbirds as an experimental model for vocal learning and
auditory processing. Next I will present a summary of how activity-dependent tools,
especially the expression of the immediate early gene zenk, have helped songbird
neurobiological quests aimed at understanding the functional organization of NCM.
Finally I will discuss critical properties of the GABAergic system, with a particular
focus on data obtained by other research groups in mammalian models, where most
scientific inquiries directed at the GABAergic circuit have been studied. I will close
this introductory chapter by stating this thesis’ goals and its general organizational

structure.



Song Learning

The genesis of contemporary birdsong neurobiology, especially the study of
vocal learning behavior, begun in the 1950°s with the earliest descriptions of formal
experimentation conducted by William Thorpe, from Cambridge University. These
early studies demonstrated that acoustic isolation of juvenile chaffinches from same-
species (conspecific) male vocalizations led to anomalous song development (Thorpe,
1958). Interestingly, playback of pre-recorded adult chaffinch songs to the young
isolates rescued their normal song development (Thorpe, 1958). In addition to
highlighting the importance of suitable tutor song for normal birdsong development,
these early experiments also confirmed that song learning occurred within a “critical
period” that preceded sexual maturity. Hence, early experiments provided the first
evidence that young songbirds learn the structure of their own vocalizations from
adult conspecifics and must do so before exiting a critical period of their
development. This original finding differs from evidence subscquently collected in
other songbirds, such as canaries, whose song continues to be modified throughout
life, usually on a seasonal basis (for reviews see Doupe, 1993; Mooney, 1999;
Brainard and Doupe, 2000; Mello et al., 2004; Nordeen and Nordeen, 2004). As the
field of songbird neurobiology evolved over the years it was agreed that species such
as chaffinches, that learn a single song that is maintained throughout the animal’s life,
would be referred to as “age-limited learners”, while species such as the canary, who
modify their vocalizations on a seasonal basis, would be referred to as “open-ended
learners”. Following Thorpe’s pioncering efforts on how age-limited song learners

require both tutor songs and a critical period in order to engage in song learning



behaviors, songbirds have been extensively and successfully used as a model for
vocal learning. Vocal learning is defined as the ability to learn vocalizations through
imitation, as opposed to intuition, using auditory information.

For my own work in this field I have used zebra finches (Taeniopygia
guttata), another age-limited learner, whose vocal learning also occurs only during a
critical period early in life. This songbird is the most extensively studied species in
the songbird neurobiology field, perhaps because its songs are relatively simple and
highly structured. In addition, this songbird species tends to breed well in captivity.

In zebra finches, the period in which song learning behavior occurs lasts for
approximately 90 days. This behavior has been conveniently divided into three stages
that exhibit some degree of overlap (Fig. 1A). During the (1)sensory phase, which in
zebra finches begins approximately 2 to 3 weeks post-hatching, youné animals are
cxposed to direct vocalizations of their tutors, often their fathers. Zebra finches, like
chaffinches, require these initial exposures to tutor song in order to generate
memories of that song used as a template in the subsequent construction of their own
song.

The second stage of song learning behavior is referred to as the (2)
sensorimotor phase. Early in this second stage, juvenile birds start to spontaneously
vocalize. Initially their songs are highly unstructured in both syntax and phonology. It
is thought that during this phase, developing animals use auditory feedback to tune
their own outputs; juvenile birds appear to compare their own vocalizations with
traces of the tutor’s song that had been memorized during the sensory phase. As the

sensorimotor phase progresses, young birds’ vocalizations notably improve in



structure and, by the end of this phase, are significantly less variable, more structured
and with most elements clearly incorporated from the tutor’s song. In zebra finches,
the sensorimotor phase begins around the first month of age, and extends
approximately to three months post-hatch. Once a firm pattern of song repetition has
been achieved, vocalizations will not change throughout the life of the zebra finch at
which point it is said to be crystallized. During the (3) crystallization phase the song
becomes highly stereotyped, that is, basically invariant across renditions. It has been
proposed, therefore, that crystallization constitutes the final phase of the vocal

learning behavior.

The Song Control System

Fermmando Nottebohm, in the mid-1970’s, shed considerable light upon the
neural circuitry that enables vocal learning in songbirds. It became clear that vocal
learning behavior is under the tight control of a set of interconnected telencephalic
nuclei commonly referred to as the song control nuclei, or the song control system
(Fig.1B). The presence of telencephalic song control nuclei is directly related to the
ability to learn and sing songs, but not to vocalize.

In most songbird species, especially in temperate regions, only males sing.
This behavioral distinction is associated with the presence of song control nuclei only
in males, but not females. In females, the song system is highly atrophied, if existent,
providing one of the earliest and clearest examples of brain sexual dimorphism in
vertebrates (Nottebohm and Arnold, 1976, 1979). Interestingly, treatment of female

birds with male sex hormones in some species triggers the development of song



control nuclei as well as the ability to sing (Nottebohm and Armold, 1976;
Nottebohm, 1980; Schlinger, 1997).

The song control system is divided into two main pathways: 1) the posterior
forebrain pathway (PFP), which is reportedly involved in vocal production and 2) the
anterior forebrain pathway (AFP) which plays a rolé in sensory learning (reviewed in
Zeigler and Marler, 2004). The PFP encompasses descending projections from the
telencephalic nucleus HVC to the robust nucleus of the arcopallium (RA), and from
there to the tracheosyringeal section of the hypoglossal nucleus, where motoncurons
finally innervate muscles of the syrinx, the vocal organ in songbirds (Nottebohm et
al., 1982; Wild, 2004). In experiments where stations of the PFP were lesioned,
animals were rendered incompetent to vocalize, presumably because these circuits are
part of a descending pre-motor pathway (Nottebohm et al., 1976) (Fig. 1B).

The AFP is originated from projections of HVC onto area X of the striatum
(Nottebohm et al., 1976; Bottjer et al., 1989). Cells in area X project to the dorsal
mediolateral nucleus of the thalamus (DLM) and these area X recipient cells, in turn,
project to the telencephalic lateral magnocellular nucleus (LMAN) (Bottjer et al.,
1989). LMAN neurons target two brain nuclei. One set of cells projects to area X,
forming an anatomical arrangement that has been proposed by some to form a closed
loop dedicated to processing information related to song learning (Vates and
Nottebohm, 1995; reviewed in Zcigler and Marler, 2004). The second target region of
LMAN neurons is the nucleus RA, which is part of the descending pre-motor output
of the PFP (Bottjer et al., 1989; reviewed in Nordeen and Nordeen, 1997; Zeigler and

Marler, 2004) (Fig. 1B). Lesions targeting the AFP in juvenile birds impair song



acquisition and/or development as animals cannot improve their vocalizations
towards the normal stereotypical adult songs during the critical period, and end-up
crystallizing those aberrantly. Conversely, lesions in the AFP of adult birds, that were
allowed to develop and crystallize normal songs, fail to generate any measurable
impairment in song production or maintenance (Bottjer et al., 1984; Sohrabji et al.,

1990; Scharff and Nottebohm, 1991; Nordeen and Nordeen, 1993).

Song Learning and Maintenance Requires Auditory Feedback: A Brief Look at

the Ascending Auditory System in Songbirds

It has been shown that intact hearing is critical for the normal development of
vocal learning behavior. For example, birds raised in acoustic isolation or deafened at
a young age fail to develop normal song structure (Konishi, 1965b; reviewed in
Nordeen and Nordeen, 1997; Zeigler and Marler, 2004). Normal auditory experience
continues to be required throughout life for the maintenance of the adult state,
crystallized song in zebra finches. Experiments in animals that underwent cochlear
lesions or experienced computer-guided auditory feedback interference provided clear
evidence that the structure of the adult song degrades after extended periods of time
when auditory feedback mechanisms that are used to validate song structure become
compromised (Nordeen and Nordeen, 1992; Woolley and Rubel, 1997; Leonardo and
Konishi, 1999). Given that normal auditory processing is required for both vocal
learning and the maintenance of adult songs, it is understandable that a great deal of
cffort has been directed at characterizing the anatomo-functional organization of

auditory processing stations in the songbird brain.



The basic anatomical organization of the songbird ascending auditory system
appears to be highly conserved when compared to other avian specics and other
vertebrates (Vates et al., 1996; Mello et al., 1998; Reiner et al., 2004). The avian
auditory pathway consists of brainstem and thalamic stations that process and
transmit auditory information to the auditory telencephalon (Fig. 2A). Briefly,
auditory information reaches the CNS through the auditory branch of the 8" cranial
nerve (vestibulo-cochlear nerve). Auditory input reaches the cochlear nuclei (nuclei
magnocellularis [NM] and angularis [NA]). Cell bodies in the NM project bilaterally
to nucleus laminaris (NL), whereas those in the NA send bilateral ascending
projections to the superior olivary nucleus (SON) and the dorsal lateral
mesencephalic nucleus (MLd). MLd has been postulated to be the avian homologue
of the mammalian inferior colliculus (Conlee and Parks, 1986) (Fig. 2A). NL
projections also target the SON and MLd. The main source of SON projections
consists of descending GABAergic projections directed at the cochlear nuclei and NL
(Lachica et al., 1994). The output of MLd targets the thalamic nucleus ovoidalis (Ov),
which is the anatomical, and possibly functional, equivalent of the mammalian medial
geniculate nucleus, in avian species (Fig. 2B). Ov axons target the auditory
telencephalon. A fraction of the sub-telencephalic projections detailed above have not
been characterized in songbirds, especially in stations that precede MLd, but have
been extensively studied in non-oscine species such as the barn-owl, pigeons and
chicks (Karten, 1967, 1968; Parks and Rubel, 1975; Rubel and Parks, 1975; Parks and

Rubel, 1978; Brauth et al., 1987; Takahashi and Konishi, 1988; Lachica et al., 1994;



Levin et al., 1997). The physiological roles of regions in the ascending auditory
pathway are discussed in Chapter 2.

The caudomedial aspect of the auditory telencephalon has a prominent lobe
that contains the thalamo-recipient zone field L, as well as the principal field L
targets, the NCM and the caudomedial and caudolateral mesopallium (CMM and
CLM, respectively) (Vates et al., 1996) (Fig. 2B). Even though the precise role of
each individual nucleus in this pathway in sensory processing has not yet been clearly
defined, it has been proposed that each arca contributes uniquely to song auditory
processing and perception (for reviews see Gentner, 2004; Mello et al., 2004). In
addition, a few areas in this auditory lobe have been proposed to participate in
processes of song memorization required for vocal learning (for review see Mello et
al., 2004). These interpretations are based on a series of electrophysiological and gene
expression studies that were conducted in a number of songbird species.

It has been shown that field L of zebra finches and starlings exhibit song- and
pure-tone evoked auditory responses (Muller and Leppelsack, 1985; Gehr et al.,
1999) and are organized in a tonotopic fashion for several songbird species (Muller
and Leppelsack, 1985; Capsius and Leppelsack, 1999; Gehr et al., 1999). Field L is
divided into three subfields (field L1, L2 and L3; field L2 being further subdivided>
into field L2a and L2b based on anatomical criteria). Field L2, which is the major
target of auditory thalamo-telencephalic projections, exhibits auditory responses that
are less selective for complex auditory stimuli than its target regions including NCM
and field L1 and L3, suggesting that field L2 is hicrarchically located at a lower

position as compared to its targets (Muller and Leppelsack, 1985; Sen et al., 2001).



NCM, which is the primary area of interest of this thesis, also displays robust
song- and tone-evoked responses (Chew et al., 1995; Chew et al., 1996).
Electrophysiological responses recorded at this level, however, revealed that NCM
exhibits a significantly higher degree of response selectivity, as compared to lower
regions such as field L. For example, Chew and colleagues have reported that NCM
units preferentially respond to conspecific songs, rather than other-species
(heterospecific) ones, white noise or pure-tones (Chew ct al., 1995; Chew et al.,
1996).

A great deal of information regarding the anatomical and functional
organization of NCM has also been obtained with gene expression studies. On the
forefront of these gene expression studies is the activity-dependent gene zenk, which
appears to be sensitive to neuronal depolarization and, therefore, has been used as a
mapping tool for neuronal activation in songbird neurobiological studies. In the
following paragraphs I will detail aspects of zenk structure and function.
Subsequently, I will discuss key experiments where zenk expression enhanced our
knowledge of the anatomy and physiology of the songbird brain, with a focus in the

auditory area NCM.

The Immediate Early Gene zenk
The immediate early gene (IEG) zenk (also known as NGFI—A, egr-1, krox-24
and zif268) encodes a transcriptional regulator that belongs to the zinc-finger class.

Finger-like protuberances in its structure are stabilized by ionic zinc and interact with
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a specific DNA motif found in the promoter of a wide variety of genes expressed
within the nervous system, thereby potentially regulating their expression.

zenk 1s an activity-regulated gene (Murphy et al., 1991; Worley et al., 1991;
Herdegen and Leah, 1998; Knapska and Kaczmarek, 2004). Furthermore, its
expression depends on the activation of the N-methyl-D-aspartate (NMDA) receptors
(Cole et al., 1989; Wisden et al., 1990), which have been involved in various aspects
of synaptic reinforcement and facilitation in a number of experimental systems
(reviewed in Cotman et al., 1988; Daw et al., 1993; Hollmann and Heinemann, 1994).
Expression of zenk appears to be coupled to the activation of the ERK/mitogen-
activated protein kinase (MAP) kinase pathway, as well as other kinase cascades such
as the protein kinase A (PKA) and calcium/calmodulin kinase II pathways, and
putatively coordinates the expression of other genes that possess the zenk binding
domain in their promoters or enhancer regions (Herdegen and Leah, 1998; Dzicma et
al., 2003; Pinaud, 2005) (Fig. 3).

Significant attention has been paid to zenk over the years; this heightened
scientific interest has coincided in part, with the elucidation of the identity of many
genes regulated by this transcription factor. Some of these putative zenk target genes
have been implicated in normal neuronal and synaptic functioning, as well as
plasticity. It has, for example, been demonstrated that the ZENK protein is involved
in the transcriptional regulation of synapsin I and synapsin II genes, as well as the
gene that encodes for synaptobrevin II (Thiel et al., 1994; Petersohn et al., 1995;
Petersohn and Thiel, 1996) in in-vitro assays. These proteins have been demonstrated

to play a direct role in neurotransmitter release. Other candidate proteins putatively
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regulated by ZENK include neurotransmitter-gated ion channels, the monoamine
oxidase B gene, the alpha-7 subunit of the nicotinic acetylcholine receptor,
neurofilament and the adenosine 5'-triphosphate binding cassette, sub-family A,
transporter 2 (ABCA?2), to name a few (Pospelov et al., 1994; Carrasco-Serrano et al.,
2000; Wong et al., 2002; Davis et al., 2003; Mello et al., 2004). Thus, ZENK is well
positioned to affect the expression of genes that are involved not only in
neurotransmitter release and membrane transport, but also other fundamental
ncuronal functions such as excitability. Moreover, zenk is well positioned to integrate
activity-dependent changes in the cell surface with the genomic responses thought to
underlie the physical correlates of experience-dependent circuitry modifications

(Pinaud, 2004, 2005).

Activity-Dependent zenk Expression Reveals Functional Properties of the
Songbird Auditory Telencephalon

Despite significant effort directed at identifying the specific roles of ZENK in
normal neuronal physiology, its activity-dependent expression has been used for over
10 years as a mapping tool for neuronal activation (reviewed in Kaczmarek and
Robertson, 2002). One of the main advantages of this methodology is that it can
assess neural activity in freely-behaving, awake and unanesthetized animals. In
addition, the use of IEGs, including zenk, as a mapping tool can reveal large-scale,
full brain activity maps with single-cell resolution (reviewed in Chaudhuri, 1997;

Kaczmarck and Robertson, 2002).
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The first experiment that investigated zenk expression in the songbird brain
revealed that playbacks of conspecific songs elicited a robust induction of this IEG in
auditory areas, with highest expression detected in NCM (Mello ct al., 1992).
Subsequent, more detailed studies revealed that song playbacks triggered a significant
induction of the IEG zenk in several auditory stations including field L (subfields L1
and L3), CMM, the cup region of song nucleus RA and the shelf region underlying
HVC (reviewed in Mello, 2002b; Mello et al., 2004). zenk expression that resulted
from song playback presentation was observed in males that did not sing, as well as
female songbirds that typically do not sing. These data are useful to suggest that zenk
induction is associated with auditory experience, rather than singing behavior (Mello
etal, 1992; Jarvis et al., 1998; Mello and Ribeiro, 1998; Mello, 2002a, b) (Fig. 4A).
In addition, song-driven zenk expression has been demonstrated in telencephalic
auditory stations of a number of songbirds, as well as non-oscine species that do not
sing (Mello et al., 1992; Mello and Ribeiro, 1998; Ribeiro et al., 1998; Jarvis and
Mello, 2000; Jarvis et al., 2000; Gentner et al., 2001). Finally, zenk expression
induced by song presentation was shown to be greatly suppressed in animals that
were maintained in acoustic isolation overnight, as well as for animals that were
deafened by cochlear lesioning (Mello et al., 1992; Mello and Ribeiro, 1998;
reviewed in Mello, 2002a, b) (Fig. 4B).

Important functional properties of the songbird NCM have been ascertained
by studying patterns of zerk expression in conjuction with various experimental
auditory stimulation and behavioral paradigms. For example, many studies from the

Mello group have shown that zexk induction is highest for conspecific, as opposed to
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heterospecific or artificial stimuli (Mello et al., 1992; Mello and Clayton, 1994; Mello
etal., 1995; reviewed in Mello, 2002b). This observation is in agreement with
electrophysiological reports that demonstrated that NCM units exhibit preference for
conspecific auditory stimuli, as compared to non-species specific stimuli (Chew et al.,
1996).

Induction of zenk has also been useful to demonstrate the tonotopic
organization of the canary NCM (Ribeiro et al., 1998). In this species, stimulation
with low frequency conspecific syllables activated clusters of cells that were located
in the dorsal NCM, while high frequency syllables activated a population of neurons
that was represented in the ventral aspect of this nucleus (Fig. 5). The activation
patterns of NCM that result from stimulation with particular frequencies of the canary
song differed significantly from that revealed in animals that were stimulated with
computer-generated frequencies, that displayed the same amplitude envelope of the
normal song syllables, or same frequency guitar notes (Ribeiro et al., 1998) (Fig. 6).
These findings suggest that the tonotopic activation of NCM cells relies not only on
frequency information, but also on fine acoustic features contained in the conspecific
syllable stimulus, that are not present in artificial stimuli.

Activation patterns and properties of song-control nuclei have also been
revealed by zenk expression. For example, this methodology has been used to reveal
singing-induced activity across the anterior forebrain pathway (Jarvis and Nottebohm,
1997). In addition, context-dependent zenk expression has been shown in area X,
whereby undirected singing (male to male) triggers a robust zenk induction in this

song control nucleus, whereas directed singing (male to female) does not evoke a
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detectable gene expression (Jarvis et al., 1998) (Fig. 7). Together, these data attest to
the usefulness of zenk activity maps to reveal the distribution of patterns of activity
that result from sensory or motor experience across large neuronal ensembles in the
songbird brain.

Finally, zenk expression appears to correlate with song learning in auditory
stations. Bolhuis and colleagues have demonstrated increased numbers of ZENK-
expressing cells in the NCM of adult animals that exhibited a higher degree of
incorporation of tutor song syllables within their own songs (Bolhuis et al., 2000).
These data have been interpreted to suggest that the number of ZENK-positive cells
in NCM correlates strongly and positively with the number of syllables that were
copied from the tutor songs. To date, no experiments have directly tested the specific
role of zenk in song-learning or maintenance in songbirds, however, some of these

issues are discussed further in Chapter 6.

GABA and Inhibition in Birdsong Auditory Processing

My interest in characterizing inhibitory function and the GABAergic system
in songbirds motivated my move to Portland. In the year before my acceptance at
OHSU I was involved in a project that explored the contributions of disinhibition to a
cognitive process named, “perceptual filling-in” and to attentional processing in the
primate visual system with Peter De Weerd, at the University of Arizona. While
researching these subjects I was exposed to primary literature that significantly
changed my view of the role of GABAergic transmission in sensory processing.

These papers made it clear to me that GABAergic transmission did much more than
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to set action potention thresholds or contain the lateral spread of excitation across
sensory-driven networks. I learned that GABA also plays significant roles in
regulating and/or generating receptive field (RF) properties, as well as some forms of
experience-dependent plasticity for sensory systems of various modalities, including
the visual and auditory systems. There was, in my view, a perfect fit between my
research interests in GABAergic transmission and a void within the songbird field
regarding a systematic characterization of the anatomical organization and functional
roles of GABAergic circuits in auditory stations, in particular, in nucleus NCM. In
reference to the GABAergic system, very few studies had addressed its contribution
to the physiology of some song control nuclei, including nucleus RA (Spiro et al.,
1999), while no studies had been conducted within the auditory system of any
songbird species. This completely open niche was both attractive and intimidating.
Attractive in the sense that any naive curiosity was novcl and necessary to further our
understanding on the organization of NCM, and intimidating given that my work
could not be assembled and extended on top of any previous work, thereby increasing
the likelihood that I would march on a potentially meaningful path. After some inner
searching, I became convinced that a combination of attractiveness and intimidation
was just the perfect recipe for a doctoral work!

In the following paragraphs T will provide a bricf background that details
some generalities of the GABAergic system with an emphasis on those studies that
are most relevant to discuss the results obtained in this thesis. Finally, I will outline
some of the gencral questions tackled in this thesis in hopes to foreshadow the topics

that will be addressed in subscquent chapters.
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GABA Neurotransmission

GABA is the principal inhibitory neurotransmitter in the CNS. Neurons that
release GABA were once believed to act on the cortex in a broad fashion commonly
described as inhibitory tone. In general terms, inhibitory tone can be thought of as a
cortex-wide mechanism for lowering the gain on all on-going activity without strong
temporal or spatial relationships to processing. Subsequently, it was reported that
cells in a number of mammalian sensory systems exhibit spatially overlapping
excitatory RFs, as well as inhibitory RFs that compete for functional expression in
responsc to an adequate sensory stimulus (Benevento et al., 1972; Blakemore and
Tobin, 1972; Creutzfeldt et al., 1974; Chen and Jen, 2000; Tremere et al., 2001a).
More contemporary views of GABAergic transmission are that these inhibitory
mechanisms are activated in parallel with excitation as part of sensory processing.
Furthermore, balances of inhibition and excitation may be critical in determining if a
cell moves towards a state of heightened plasticity or becomes more functionally rigid
(reviewed in Tremere et al., 2003).

GABAergic neurons represent between 25-30% of the overall neuronal
population in sensory cortices (Jones, 1993). Horizontally, the distribution of
GABAergic neurons appears to be uniform within the same sensory areas, as defined
by cytoarchitectonic features. There is, however, considerable variation in the
proportion of GABAergic neurons when comparisons are made for cortical layers.
Highest density of GABAergic cells appear to be found in layers II/IIT (supragranular

layers), as well as the thalamo-recipient layer IV (Peters and Jones, 1984; Gabbott

= @



and Somogyi, 1986; Akhtar and Land, 1991; Doetsch et al., 1993; Jones, 1993; Prieto
etal., 1994a, b; Tremere et al., 2003). Conversely, significantly smaller numbers of
GABAergic neurons are found in the infragranular layers of the mammalian sensory
cortices (Peters and Jones, 1984; Gabbott and Somogyi, 1986; Hendry et al., 1987;
Hendry et al., 1990; Akhtar and Land, 1991; Doetsch et al., 1993; Prieto et al., 1994a,
b). This differential distribution of GABAergic neurons in the vertical organization of
the mammalian cortex has been suggested to be important in defining the response

range for individual cells during sensory stimulation.

GABAergic Receptors

The effects of GABA are mediated by three classes of GABA receptors: the
GABA-A, GABA-B and GABA-C receptors. GABA-A is the dominant and by far
most studied class of receptor expressed in the vertebrate CNS. It has been proposed
that GABA-A receptors are typically composed of 5 subunits (heteropentameric) of
four different subunit families: alpha, beta, gamma, and delta (Macdonald and Olsen,
1994; Luddens et al., 1995). The most commonly reported assembly for GABA-A
receptors 1s 2 alpha subunits, 1 beta and 2 gamma subunits (Barnard, 1995). GABA-A
mediated transmission has been shown to constitute the principal source of fast acting
cortical mhibition in the vertebrate brain (Krnjevic, 1984; Hendry et al., 1990; Jones,
1993; Macdonald and Olsen, 1994). Binding of GABA at GABA-A receptors
immediately enables an inward chloride conductance that hyperpolarizes the post-
synaptic cell, removing it farther from the threshold of action potential firing

(Macdonald and Olsen, 1994).

- 18 -



The second type of GABAergic receptor is the metabotropic GABA-B
receptor, which is less prevalent in mammalian sensory cortices and often located
anatomically within the terminals of the thalamic afferents (Princivalle et al., 2000;
Munoz et al., 2001). The kinetics of this receptor is slower as compared to GABA-A
and GABA-C receptors given that they are a G-protein-coupled receptor (Mody et al.,
1994). Pre-synaptically, the main action of GABA-B is to inhibit high voltage-gated
calcium channel activity, which in turn decreases synaptic neurotransmitter release.
Activation of GABA-B receptors post-synaptically has been shown to increase an
inwardly rectifying potassium conductance, via Kir3 channels, which leads to
membrane hyperpolarization. In addition, receptor activation post-synaptically has
been shown to inhibit adenylate cyclase, thus decreasing cAMP levels (Gahwiler and
Brown, 1985; Misgeld et al., 1995; Luscher et al., 1997; Jones et al., 1998;
Kaupmann et al., 1998; White et al., 1998; Kuner ct al., 1999).

The third type of receptor, GABA-C, shares many features with the GABA-A
receptors. For example, it is a ligand-gated ionotropic receptor that allows for a
chloride conductance upon activation (Qian et al., 2005). GABA-C receptors differ
from GABA-A receptors by the presence of rho subunits in their structures; the
earliest reports on this receptor resulted from experiments condﬁcted in the retina,
however, it is still a question of debate whether brain GABA-C receptors are
homomeric and whether their molecular composition in cortical structures is identical

to those found in the retina (for review see Zhang et al., 2001).
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Sources of GABAergic Input

In the mammalian, and possibly in the vertebrate CNS, there are two main
sources of GABAergic input to sensory cortices. The majority of cortical GABAergic
synapses belong to local inhibitory interneurons of which there are several
morphologically classified types (Jones, 1993). GABAergic cells can also be further
sub-divided based on their expression of the calcium-binding proteins calbindin,
parvalbumin and calretinin. These calcium-binding proteins are expressed, with very
few exceptions, in non-overlapping populations of GABAergic cells, and together
they account for virtually all GABAergic cells within the CNS (Hendry and Jones,
1991; Rogers, 1992; Jones, 1993; Markram et al., 2004). Certain GABAergic cells
also co-express a number of peptides such as neuropeptide Y, cholecystokinin and
vasoactive intestinal polypeptide (Hogan et al., 1992; Bubser et al., 1998; Gonzalez-
Albo et al., 2001; Markram et al., 2004). GABAergic neurons and their relative
positions in the main sensory cortices have been described in detail in many previous
works and will not be discussed further here, mainly because there appears to be
significant differences across sensory systems and across species (Somogyi et al.,
1981, Fairen et al., 1984; Jones, 1993). However, as briefly mentioned above, an
apparently consistent property of the GABAergic system is that the greatest numbers
of cells per unit area are located within supragranular layers and layer IV (Peters and
Jones, 1984; Gabbott and Somogyi, 1986; Akhtar and Land, 1991; Doetsch et al.,
1993; Jones, 1993; Prieto et al., 1994a, b). The conservation of this general

organizational scheme across sensory modalities suggests that inhibitory mechanisms
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are a central part of sensory processing, particularly in computations occurring at the
thalamo-recipient and intra- and inter-cortical levels.

A second source of GABAergic inputs to sensory cortical neurons are
inhibitory projection neurons from the basal forebrain (Freund and Mcskenaite, 1992;
Gritti et al., 1993; Gritti et al., 2003). The basal forebrain region contains two
populations of projection neurons: cholinergic and GABAergic cells, with some
neurons expressing both neurotransmitters (Freund and Meskenaite, 1992). The basal
forebrain has been repeatedly involved in a wide variety of arousal, attention and
learning related paradigms, which have direct implications for the experience-
dependent regulation of RF size and sensory processing.

Interestingly, it has been shown that over 25% of the population of inhibitory
projection neurons synapses with local inhibitory interneurons in cortical areas. These
target cells have been extensively characterized by immunocytochemical approaches
directed against calcium binding proteins and specific peptides. Somatostatin- and
parvalbumin-positive non-pyramidal cells have been shown to constitute the major
targets of the GABAergic forebrain with few, if any, contacts with neuropeptide Y,
calbindin or cholecystokinin immunoreactive cells (Freund and Meskenaite, 1992;
Hicks et al., 1993). These findings indicate that inhibitory projection neurons from
the basal forebrain may participate in disinhibitory effects in sensory cortices, which
have been proposed to mediate some forms of plasticity in the visual and auditory
systems, for example, neural interpolation and reorganization of auditory spatial
maps, respectively (Zheng and Knudsen, 1999; Tremere et al., 2001b; Zheng and

Knudsen, 2001; Tremere et al., 2003; De Weerd et al., 2005).
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Roles of GABAergic Transmission in Sensory Processing

The roles of GABA in sensory processing have been investigated in the visual
and somatosensory systems and, to a lesser extent, in the auditory system. In order to
remain within the scope of this thesis, T will not extensively review these findings,
and instead, will briefly describe the main findings of key experiments.

One technique that has been used extensively to identify contributions of
inhibitory inputs onto cortical neurons is microiontophoresis. Given that the dominant
receptor sub-type of GABA in sensory cortices is the GABA-A, the majority of
studies have characterized roles for GABA at primary sensory cells with bicuculline
methiodide (BMI), a competitive antagonist for this receptor (Macdonald and Olsen,
1994). The effects of pharmacological antagonism of the GABA-A receptor have also
been explored to a lesser degree using another, less specific, GABA-receptor

antagonist, picrotoxin (PTX).

a) GABA Regulation of RFs in the Somatosensory Cortex

In the somatosensory cortex, experiments that aimed at investigating the roles
of GABA in sensory processing were primarily conducted in cats, raccoons and
monkeys. Batuev and colleagues provided the first evidence that the functional
organization of cutaneous RFs could be influenced by antagonism of GABA-A
receptors (Batuev et al., 1982). These authors described that RF area of primary
somatosensory cortical (S1) neurons was significantly increased upon local

microiontophoretic application of PTX in cats (Batuev et al., 1982). Subsequent
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studies conducted in the cat, raccoon and monkey S1 reported similar findings
whereby blockade of normal GABAergic transmission led to marked expansions of
RF area and decreased threshold for mechanical activation (Hicks and Dykes, 1983;
Dykes et al., 1984; Alloway and Burton, 1986; Alloway et al., 1989; Alloway and
Burton, 1991; Tremere et al., 2001a; Chowdhury and Rasmusson, 2003) (Fig. 8A). A
second important finding in these studies was that BMI application not only
simultaneously expanded RFs but, on some occasions, exposed previously masked,
separate RFs (Hicks and Dykes, 1983; Dykes et al., 1984; Tremere et al., 2001b).
Importantly, microionotophoretic application of both glutamate and BMI exhibited
comparable effects of lowering the threshold to cutaneous stimulation for most
neurons. However, glutamate did not trigger RF expansions at any cells recorded,
indicating that the effects reported could not be explained through a simple reduction
in the spiking threshold, but rather through a specific action of GABA on GABA-A
receptors in cortical neurons. These findings provide clear evidence that intracortical
GABAergic transmission plays a pivotal role in carving the full extent of the

anatomical connectivity of any given S1 RF into a functionally expressed RF.

b) GABA Regulation of RFs in the Visual Cortex

The possibility that inhibitory mechanisms could be responsible for features of
RFs of visual cortical neurons was first raised by Hubel and Wiesel (Hubel and
Wiesel, 1962). This line of questioning was pursued more aggressively by Adam
Sillito and colleagues, as well as other groups, starting in the early 1970’s. In the

following paragraphs I describe the main results of these experiments that detail the
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rolc of intra-cortical GABAergic transmission in regulating RF properties in primary
visual cortical (V1) neurons.

Local iontophoretic application of BMI prevented the action of GABA at
primary visual cortical neurons in the cat. Similarly to the findings discussed above
for the somatosensory cortex, this effect was demonstrated to be qualitatively
different from that of increasing cell excitability with glutamate application (Sillito,
1975a, b), indicating that the effects of GABA do not merely reflect enhanced
neuronal activity. Experiments that aimed at describing the roles of GABA in shaping
RF properties in V1 neurons were focused in two functional classifications of cortical
neurons in V1: simple and complex cells. Simple cells often exhibit small RFs with
clear “on” and “off” domains, low baseline activity and sharp orientation preference.
Conversely, complex cells are characterized by broader orientation preference curves,
high baseline activity and the absence (in most cases) of clearly defined “on” and
“off” RF domains (Hubel and Wiesel, 1962, 196R).

Intra-cortical microiontophoretic application of BMI markedly altered firing
behavior of V1 simple cells. For example, under blockade of GABAergic
transmission, simple cells in V1 tended to fire robustly at the onset and at the offset of
stimulus presentation, but not during the interval between (thus classified as on-off
responses), regardless of whether the stimulus was placed on the originally “on” or
“off” subfields, or covered the full cxtend of the RF (Sillito, 1975b).

Antagonism of GABA-A receptors by local BMI treatment was also shown to

significantly expand RF area in V1 neurons, suggesting that GABAergic transmission

.



contributes to the functional pruning of anatomical connections leaving only a subset
of inputs expressed (Ramoa ct al., 1988; Eysel et al., 1998).

The contributions of GABAergic transmission to orientation and directional
selectivity in simple cells were also tested. As indicated above, simple cells exhibit
sharp orientation and direction preferences. Blockade of GABA-A receptors by
microiontophoretic application of BMI affected both properties (Fig. 8B). Orientation
selectivity tended to become much broader, as compared to the pre-BMI conditions
(Sillito, 1975b). Similar results were obtained by BMI delivery through micro-
osmotic pumps (Ramoa et al., 1988). In some infrequent cases, under BMI treatment,
responses could be obtained with stimuli oriented 90° from the originally optimal
orientation (pre-BMI), although responses would significantly decrease after 22.5°
(Sillito, 1975b). Likewise, directional selectivity was completely abolished during
BMI application (Sillito, 1975b). Both directional and orientation selectivity were
recovered once BMI infusion was stopped; cells tended, however, to exhibit
decreased responsiveness for approximately half-hour after pharmacological
treatment was interrupted.

BMI application also significantly affected RF properties in V1 complex cells.
For example, orientation specificity was significantly decreased upon BMI treatment
(Sillito, 1975b). In contrast to what was observed with simple cells, robust responses
from complex cells were easily detectable at large angles (including 90°) away from
the preferred orientation. Interestingly, BMI treatment in this cell type rarely altered
directional preference (Sillito, 1975b). Finally, as was observed for simple cells,

recovery from BMI treatment was often accompanied by an overall decrease in
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excitability in complex cells. In addition, application of glutamate failed to trigger the
same modifications in RF properties, suggesting that enhanced excitability does not
account for the results observed (Sillito, 1975b).

These findings provide clear evidence that normal GABAergic transmission
regulates the expression of functional RFs (as opposed to anatomical RFs) and
suggest that orientation selectivity at both simple and complex cells results from
intra-cortical GABAergic transmission. In simple cells, normal GABAergic
transmission might also play a role in the generation of stimulus directional

preference.

¢) GABA Regulation of RFs in the Auditory Cortex

Few experiments have investigated the rolc of GABA in auditory processing
at the level of the primary auditory cortex (A 1). Most studies have focused on lower
order auditory stations such as the inferior colliculus and the medial geniculate
nucleus. Given that the findings obtained in these subcortical stations will be
discussed to some extent in the discussion section of most subsequent chapters, I will
focus here on the few studies that have addressed the contributions of GABAergic
transmission to the regulation of RF properties at the level of the A1.

Microiontophoretic application of GABA significantly affected the
physiology of Al neurons of the rat. GABA actions on these cortical neurons were
three-fold. As expected, GABA decreased pure-tone evoked responses as well as
spontaneous discharge rates. In addition, enhanced inhibitory action by GABA

application led to a significant increase in the signal-to-noise ratio of the responses.
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Finally, GABA tended to augment and sharpen frequency specificity, as compared to
pre-GABA conditions (Manunta and Edeline, 1997). Recordings obtained from A1 of
the big brown bat, Eptesicus fuscus, showed that iontophoretic application of BMI
tended to decrease the spiking threshold and to decrease the signal-to-noise ratio of
sound-evoked responses. In addition, stercotypical responses (1-2 or 3-7
spikes/stimulus) appeared to be facilitated by blockade of normal GABAergic
transmission. In these experiments, BMI application also triggered significant
frequency tuning curve expansions (Chen and Jen, 2000) (Fig. 8C). Similar results,
particularly those relating to marked expansions of frequency tuning curves under
BMI treatment, were also obtained in the cat and the chinchilla A1 (Schreiner and
Mendelson, 1990; Ehret and Schreiner, 1997; Wang ct al., 2000). Frequency tuning
for units in the A1 of the cat normally appear to be sharper in supragranular layers
and the thalamo-recipient layer IV (Schreiner and Mendelson, 1990; Ehret and
Schreiner, 1997). Interestingly, it is these layers that show the highest densities of
GABAergic neurons in sensory cortices (Gabbott and Somogyi, 1986; Jones, 1993).
Thus, it appears that normal GABAergic transmission plays a role in enhancing the
signal-to-noise ratio and narrowing frequency preference, thereby possibly increasing

frequency discrimination, of neurons in the mammalian A1.

GABAergic Transmission and Auditory Processing in the Zebra Finch: Thesis
Goals
The findings discussed in the previous sections provide clear evidence that

GABAergic mechanisms control not only the overall excitability of cortical circuits
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but provide dynamic regulation of RF properties for cortical ncurons from a variety of
sensory systems in the mammalian CNS.

With respect to the auditory system, GABA has been reported to fine-tune
auditory responses, putatively enhancing sound discrimination. Given that song
learning and maintenance requires normal auditory processing, and since GABA
regulates RF properties in the auditory system, I chose to study the GABAergic
system in the zebra finch auditory system, with a particular focus in NCM, a
telencephalic region that is analogous, if not homologous, to the mammalian Al
(Vates et al., 1996; Mello et al., 1998). As stated above, no studies to date have
tackled the role of inhibition in birdsong auditory processing. Thus, the goals of this
thesis mncluded the following:

1) To provide a thorough anatomical description of the distribution of
GABAergic neurons throughout the ascending auditory pathway of
the adult zebra finch.

2) To investigate whether GABAergic neurons in NCM are directly
activated by birdsong auditory stimulation.

3) To study the role of GABAergic inhibition in the physiology of

NCM in awake animals during auditory processing.

The subsequent chapters address these general questions and expand upon
them. Chapter 2 provides an anatomical characterization of the distribution of
GABAergic neurons through the ascending auditory pathway and song control nuclei

of the zebra finch. Chapter 3 presents molecular biological evidence for the direct
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participation of GABAergic neurons in the response of the caudomedial auditory lobe
to song. This chapter also provides initial electrophysiological evidence for the role of
GABA 1n the regulation of neuronal excitability in the zebra finch NCM. Chapter 4
further characterizes the contributions of GABAergic transmission to the regulation
of excitability in NCM and provides electrophysiological evidence for a direct role of
GABA in regulating the temporal dynamics of song- and tone-evoked responses in
wake animals. Chapter 5 describes a further characterization on the neurochemical
identity of inhibitory neurons in NCM. In this chapter, I discuss how an antibody that
identifies the calctum-binding protein calbindin was used to localize a subpopulation
of GABAergic neurons within this auditory area. The results reveal a sexual
dimorphism in the calbindin-positive neuronal population in NCM, with males
cxhibiting twice as many cells as compared to females. Finally, in Chapter 6, it is my
hope to integrate the data obtained in this thesis, as well as to further discuss key

issues not addressed in the preceding chapters.
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Figure 1.1) Song learning and the song control system.

(A) Schematic representation of the time frame and stages of song leaming in zebra
finches. In the early stages of the sensory phase, young birds acquire a memory of the
tutor song; this memory will be used as a template during the sensorimotor phase,
when young birds will use auditory feedback to correct and shape their own
vocalizations. At the end of the sensorimotor phase the song “crystallizes™ and will
not change, under normal conditions, throughout the animal’s life. (B) Schematic
drawing of a parasagittal section through the brain of a male zebra finch detailing the
main connections of the song control system. Nuclei of the anterior forebrain pathway
(AFP) are represented in black while nuclei that participate in the posterior forebrain
pathway (PFP) are depicted in white. Projections from both AFP and PFP are
originated in nucleus HVC. The AFP encompasses the following projections:

HVC—area X->DLM—>LMAN—-RA and LMAN—area X. The PFP is composed by

projections from HVC—RA—nXllts (see text for details and abbreviations).
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Figure 1.2) The ascending and descending auditory pathways of songbirds. (A)
Diagram of the main nuclei and connections of the auditory pathway, up to the
midbrain. Dotted line represents the midline. This diagram is mostly based on work
conducted i non-oscine species like chicks and the barn owl (Parks and Rubel, 1975;
Rubel and Parks, 1975; Parks and Rubel, 1978; Takahashi and Konishi, 1988;
Lachica et al., 1994; Levin et al., 1997). (B) Diagram of the auditory pathway from
the midbrain to the telencephalon, intratelencephalic, and descending projections. For
clarity, only the main nuclei and projections are shown in the diagrams, and only
unilateral projections. This diagram is supported by data obtained in zebra finches
and canaries, as well as non-oscine species like the pigeon, chicks and budgerigars

(Karten, 1967, 1968; Parks and Rubel, 1975, 1978; Brauth et al., 1987).

Y



MLd . |MLd
nOS ——J-—- nOS
ll 1
Audiory MC La |+ La MC
Lo 7 An An
To Nif
‘I‘ RA cup
HVC shelf
l
| I |
CLM}=——|CMM| |Field L |[=—|NCM
I I ] telencephalon
Ov thalamus
MLd midbrain  +——

I

Auditory Input




Figure 1.3) Main biochemical pathways involved in zenk expression integrate
alterations in the cell membrane with the nuclear transcriptional machinery.
Calcium influx either through NMDA receptor activation or via VSCC activates the
MAPK/ERK pathway (left of schematics). Calcium activates Ras by recruiting
specific GEFs (not pictured), which exchange GDP for GTP. This process triggers a
kinase cascade. Ras-GTP recruits a kinase known as Raf. Activated Raf
phosphorylates MEK, which phosphorylates, ERK. Phosphorylated ERK dimerizes
and migrates to the nucleus where it will impact gene expression (below). Rises in
cAMP through CaM modulation onto AC enhance kinase activity of PKA. PKA can
phosphorylate RAP-1, which converges to the MAPK/ERK pathway by
phosphoryating Raf. PKA can also directly impact transcriptional regulation by
phosphorylating specific transcription factors, such as CREB. Ca2+/CaM can also
impact target proteins, such as CaMKII (right of schematics). Upon calcium-driven
activation, CaMKII autophosphorylates and dissociates from actin filaments; it can
then impact its target proteins, such as PSD 95. CaMKII might also contribute to
phosphorylation of specific transcription factors, therefore directly influencing gene
expression programs. These pathways integrate modifications in the cell surface to
the cell’s genome. Of particular interest to this thesis is the convergence of these
biochemical pathways onto phosphorylation of the transcription factor CREB, which
appears to integrate the activity of a population of inducible genes that contain the
CRE clement in their promoters (detailed in B). Abbreviations: Ca’", calcium; AC,
adenylyl cyclase; ATP, adenosine triphosphate; cAMP, cyclic adenosine

monophosphate; Ca**/CaM, calcium/calmodulin protein complex; CaM, calmodulin;
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PKA, cAMP-dependent protein kinase; NMDA, N-methyl-D-aspartate; VSCC,
voltage-sensitive calcium channel; CaMKII, calcium/calmodulin-dependent protein
kinase II; PSD95, 95 KDa post-synaptic density protein; GEF, guanine nucleotide
exchange factors; GTP, guanine triphosphate; GDP, guanine diphosphate; Raf, Raf
proto-oncogene serine/threonine protein kinase; MAPK, mitogen-activated protein
kinase; ERK; extracellular signal-regulated kinase; MEK, MAPK/ERK kinase; RAP-
1, Ras-related protein 1; CREB, cAMP responsive element binding protein; CRE,
cAMP responsive element.

(B) Several kinase pathways putatively regulate zenk expression and converge to
CREB phosphorylation, which appears to play a critical role in zenk induction. A
number of kinases, including ERK and PKA are able to phosphorylate CREB at
Ser133. At resting conditions, CREB is bound to the CRE. Upon its phosphorylation,
CBP is recruited and the transcriptional machinery is activated thereby initiating the
expression of genes that exhibit the CRE in their promoters. Among these genes arc a
number of IEGs, including zenk. zenk gene expression triggers the synthesis of a
specific transcript that is transported to the cytoplasm where translation takes place.
Zenk protein, a transcription factor, is then transported back to the nucleus where it
will participate in the regulation of late gene expression. Abbreviations: ERK,
extracellular signal-regulated kinase; PKA, cAMP-dependent protein kinase;
CaMKII, calcium/calmodulin-dependent protein kinase 1I; CREB, cAMP responsive
element binding protein; CRE, cAMP responsive element; CBP, CREB binding
protein; IEG, immediate early gene; LG, late gene; mRNA, messenger ribonucleic

acid; S133, serine 133.
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Figure 1.4) Song-stimulation drives the zenk expression in NCM. A brief episode
of song stimulation (1 hr; song-stimulated) triggers a robust induction of Zenk protein
in the zebra finch and canary NCM, while overnight acoustic isolation (silence)
significantly reduces protein levels of this gene. (A and B) Immunocytochemical
detection of Zenk-positive nuclei in a medial section through the NCM of song-
stimulated (A) and isolated (B) zebra finches. (C and D) Density maps generated
from raw immunocytochemical data depicting Zenk expression in a more lateral
NCM level for both song-stimulated (C) and control (D) canaries. Hot colors indicate
higher densities of Zenk-positive cells while cool colors represent lower densities of
Zenk immunolabeled neurons. Figures A and B modified from (Mello and Ribeiro,

1998); Figures C and D modified from (Ribeiro et al., 1998).
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Figure 1.5) Whistle-induced Zenk expression reveals the tonotopic organization
of the canary NCM. Pure tone-like canary song syllables were used to stimulate
adult canaries. Sonograms of the stimuli used are represented on the top of each map.
Density maps obtained from the raw immunocytochemical data for Zenk protein
revealed that syllables of low frequencies preferentially activated cells clusters in
dorsal NCM; increasingly higher frequencies tended to activate neuronal populations
at levels that shifted towards more ventral domains within NCM. Modified from

(Ribeiro et al., 1998).
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Figure 1.6) Neuronal ensemble activation in NCM of the canary does not strictly
depend on stimulus frequency. Clusters of Zenk-positive cells are clearly defined
when animals are stimulated with natural whistles (top panels). Synthetic whistles
(middle panels) and guitar notes (bottom panels) of the same frequencies generate a
different, more widespread, activation of neurons in the canary NCM. Modified from

(Ribeiro et al., 1998).
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Figure 1.7) zenk expression reveals context-dependent singing-induced activation
of area X in male zebra finches. In-situ hybridization targeting zenk mRNA reveals
that directed singing (male to female; left column) does not involve the activation of
song nucleus arca X. Conversely, undirected singing (male to male, or solo context;
right column) triggers a robust induction of zenk, and consequently neuronal

activation in area X. Modified from (Jarvis et al., 1998).
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Figure 1.8) GABAergic transmission regulates receptive field (RF) properties in
a number of sensory systems of the vertebrate brain. (A) In the primary
somatosensory cortex (S1) of the raccoon, the area of cutaneous RFs (black area) are
significantly expanded by local blockade of GABA-A receptors with selective
antagonist bicuculline methiodide (BMI; grey area). 1-4 are representative RFs
recorded from the fourth digit representation in the raccoon S1, while 5 shows BMI-
induced expansion of RF in the palm representation.

(B) In the primary visual cortex (V1), simple cells exhibit direction and orientation
preferences (top traces). Antagonism of GABA-A receptors by local infusion of BMI
virtually abolishes directional and orientation selectivity (middle traces). Interruption
of BMI infusion reinstates these propertics within a few minutes (bottom traces)

(C) Frequency tuning curves of primary auditory cortical neurons in the big brown
bat exhibit relatively sharp frequency tuning (lines and symbols). In these two
representative examples, blockade of GABA-A receptors by local BMI iontophoresis
triggers expansion of frequency tuning curves (solid lines). A, B and C modified from

(Sillito et al., 1980; Chen and Jen, 2000; Tremere et al., 2001a)
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CHAPTER 2

GABA IMMUNOREACTIVITY IN AUDITORY AND SONG CONTROL

BRAIN AREAS OF ZEBRA FINCHES
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INTRODUCTION

Gamma-Aminobutyric acid (GABA) is the main inhibitory neurotransmitter in
the vertebrate brain. GABA-mediated transmission has been implicated in the
regulatory control of cellular properties such as the statistical likelihood of neuronal
firing and of presynaptic neurotransmitter release (Chagnac-Amitai and Connors,
1989a, b; Morrisett et al., 1991; Isaacson et al., 1993; Scanziani et al., 1993;
Thompson et al., 1993; Salin and Prince, 1996), as well as in complex network tasks
such as the control of sensory receptive ficld properties (Sillito, 1977; Sillito and
Versiani, 1977, Sillito, 1979; Bolz and Gilbert, 1986; Hata et al., 1988; Tremere et
al., 2001a; Tremere et al., 2003) and experience-dependent modifications in cortical
representation maps (Tremere et al., 2001b; Tremere et al., 2003). Thus, GABAergic
transmission impacts the generation of appropriate neural codes required for CNS
representations of sensory information about the environment, sensorimotor
integration, and motor control programs (Bland and Oddie, 2001; Ziemann et al.,
2001; Ramanathan et al., 2002; Werhahn et al., 2002). In most brain areas,
GABAergic cells participate in local processing microcircuits, although long-range
GABAergic projections have also been described in some systems (Ebner and
Armstrong-James, 1990; Jones, 1993; Peruzzi et al., 1997; Luo and Perkel, 1999a, b;
Bartlett et al., 2000; Sarter and Bruno, 2002).

We have been investigating the contribution of GABAergic transmission to
central representations of vocal communication signals in songbirds. Songbirds are

one of the few animals groups that evolved the ability to learn vocalizations based on
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an auditory model (Marler et al., 1972; Marler and Waser, 1977). During the sensory
acquisition phase of the song learning process, the juvenile hears and memorizes the
adult song. During the sensorimotor phase, the bird changes its own vocalizations to
match the acquired song template. Intact hearing is crucial for both phases: birds
raised in acoustic isolation or deafened fail to develop normal song structure
(Konishi, 1965a, b; for recent reviews see Zeigler and Marler, 2004), although some
exceptions have been noted (Kroodsma et al., 1997; Leitner et al., 2002). Research in
zebra finches and canaries have led to major insights into the neuronal basis of vocal
learning, in large part because telencephalic areas involved in song auditory
processing, production and learning have been identified and their connections
mapped in detail (Nottebohm and Arnold, 1976; Nottebohm et al., 1976; Kelley and
Nottebohm, 1979; Nottebohm and Arnold, 1979; Nottebohm et al., 1982; Bottjer et
al., 1984; Scharff and Nottebohm, 1991; Vates et al., 1996; Mello et al., 1998). As
occurs in other avian species and vertebrate groups, the ascending auditory pathway
of songbirds is thought to consist of a series of pontine, mesencephalic and thalamic
nuclei that convey auditory information from the cochlea to telencephalic centers,
although the detailed connectivity of this pathway up to the midbrain has not yet been
determined in songbirds (Fig. 1A and B). At the level of the telencephalon, several
auditory areas are located within a prominent caudomedial bulge, or lobule (Vates et
al., 1996; Mello et al., 1998). These areas include the primary auditory thalamo-
recipient zone field L as well as major field L targets, namely the caudomedial
nidopallium (NCM) and the caudomedial and caudolateral mesopallium (CMM and

CLM, respectively; we use here the revised avian brain nomenclature, as detailed in
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(Reiner et al., 2004). From field L and these primary targets, auditory inputs reach
other telencephalic areas (Fig. 1B). Although the specific role of individual
constituent nuclei or arcas has not been clearly established, these central auditory
pathways are thought to be crucial for song auditory processing, perception, and
possibly the song memorization required for perceptual discrimination and vocal
learning (for review, sece Mello et al., 2004).

Songbirds also possess a set of interconnected forebrain nuclei known as the
song control system that can be subdivided into two main pathways (Fig. 1C). The
direct motor pathway is essential for the production of learned vocalizations and
includes nidopallial nucleus HVC, the robust nucleus of the arcopallium (RA), and
the descending projections of the latter onto the dorsomedial nucleus of the
intercollicular complex (DM), the tracheosyringeal component of the hypoglossal
nerve (nXIIts), which innervates muscles from the vocal organ (syrinx), and
medullary respiratory control centers. The anterior forebrain pathway is essential for
song learning and consists of area X of the medial striatum, the dorsal mediolateral
nucleus of the thalamus (DLM), and the lateral magnocellular nucleus of the anterior
nidopallium (LMAN), which are connected in a circuit organization analogous to
mammalian cortico-basal ganglia-thalamo-cortical loops (Nottebohm et al., 1976;
Nottebohm et al., 1982; Bottjer et al., 1989; for recent reviews, see Zeigler and

Marler, 2004).

GABAergic transmission has been implicated in the physiology of areas
involved in both auditory and motor processing of vocalizations in songbirds. For

example, GABA antagonism affects synchronized firing within song control nucleus
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RA and spike properties of projection neurons in nucleus LMAN (Bottjer et al., 1998;
Spiro et al., 1999). We have recently used molecular and electrophysiological
methods to show that GABAergic cells and synapses are prevalent in telencephalic
auditory areas, and that GABAergic neurons induce the expression of the activity-
dependent gene zenk in response to song auditory stimulation (Pinaud et al., 2004).
Thus, inhibitory mechanisms involving GABA appear to participate in the auditory
processing, production, and potentially learning of birdsong.

In the present work, we have used an anti-GABA antibody for a detailed
characterization of GABAergic elements in auditory and song control areas of the
zebra finch brain, to gain further understanding of the neurochemical organization of
circuits involved in vocal communication and learning in songbirds. We demonstrate
that GABAergic cells and processes are prevalent at several levels of the auditory
pathway as well as within song control nuclei. Our observations are consistent with a
prominent role of inhibitory mechanisms in the physiology of brain areas that

participate in song auditory processing, learning and production in songbirds.

« 51



MATERIAL AND METHODS

Animals: We used a total of 22 adult zebra finches (Taeniopygia guttata - 8 females;
14 males) purchased from a breeder and maintained in our local aviary. Experimental
protocols utilized in this study were approved by OHSU's Institutional Animal Care
and Use Comittee (IACUC) and are in accordance with NIH guidelines. A subset of
birds (6 females and 10 males) was maintained overnight in a sound-proof box. The
next day, birds were stimulated with a playback of a medley of conspecific songs for
30 minutes, followed by 1 hr of silence (as in (Mello and Ribeiro, 1998). All other

birds were directly removed from our aviary and immediately sacrificed.

All birds received an overdose of Nembutal and were quickly perfused
transcardially with 10 ml of phosphate-buffered saline (PBS; pH 7.4) followed by 60
ml of a solution containing 1% paraformaldehyde and 2% glutaraldehyde in 0.1M PB.
A fast and efficient perfusion with saline prior to the fixative was critical for
preventing GABA signal from being washed off the tissue. Brains were then
dissected out of the skulls, cryoprotected by equilibration in a 30% sucrose solution.,
included in embedding medium (Tissue-Tek; Sakura Finetek, Torrance, CA), frozen
in a dry-ice/propanol bath, cut on a cryostat (20pum thick sections), mounted on glass
slides (Fisherbrand Superfrost Plus; Fisher Scientific, Pittsburgh, PA), and stored at -

80°C.

Immunocytochemistry (ICC): We used a commercial rabbit anti-GABA polyclonal

antibody (Chemicon International, Temecula, CA; catalog # AB141, immunogen
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KLH-GABA). Slides were removed from the —80°C freezer and allowed to dry at
room temperature (RT) for 30 min. Slides were then immersed in PB and hydrated for
30 min, followed by incubation for 2 hr at RT in a blocking buffer (BB) that consisted
of 0.5% albumin and 0.3% Triton X-100 in 0.1M PB. Sections were then washed for
30 min (3 x 10 min washes) in PB and incubated overnight at 4°C with the anti-
GABA antibody (1:200 dil in BB), in a humid chamber. The slides were then washed
for 30 min (3 x 10 min) in PB and incubated for 2 hr at RT with a biotinylated goat
anti-rabbit antibody (1:200 dil in BB; Vector Laboratories, Burlingame, CA).

Sections were then washed for 30 min in PB and incubated for 2 hr at RT in avidin-
biotin complex (1:100 dil in PB; ABC Elite kit, Vector Laboratories, Burlingame,
CA). The slides were then washed for 30 min (3 x 10 min) in PB and incubated in a
filtered solution containing 0.03% diaminobenzidine, 0.15% Nickel sulfate and
0.001% hydrogen peroxide in PB. Sections were periodically monitored for signal
under a microscope and reaction was stopped by immersion in PB. The sections were
then dehydrated in a standard series of alcohols, delipidized in xylene, and

coverslipped.

Specificity Controls: Omission of the primary antibody resulted in absence of
cellular staining, demonstrating the specificity of our ICC detection system
(secondary antibody plus ABC reagent). As discussed previously (Grisham and
Armnold, 1994), preabsorption of the primary anti-GABA antibody with GABA alone
does not block the immunoreactive product detected with this antibody. Rather, to

determine the specificity of this antibody, it is necessary to pre-absorb it with GABA
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conjugated to a carrier protein, analogous to the immunizing molecule used to
generate this antibody. We therefore generated a GABA-BSA conjugate as described
previously (Walrond et al., 1993), with modifications. We first cross-linked GABA
(5mM) with BSA (5mg/ml) using glutaraldehyde (at 1% in 0.1M PB) for 1 hr at RT,
under stirring. This solution was then dialyzed against 30 volumes of cold 0.01M PB
(10 volumes/day for 3 days, at 4°C). To pre-absorb the anti-GABA antibody with the
conjugate, we incubated the antibody at its working dilution with various
concentrations of the post-dialysis conjugate overnight at 4°C under agitation. The
pre-absorbed antibody was then used in the ICC procedure. We found that pre-
absorption with both 10puM and 50uM (but not 1uM) of the GABA-BSA conjugate
successfully and completely abolished GABA-like immunoreactivity in brain sections
(Fig. 2B). Further pre-absorption controls using unbound BSA at the same
concentrations as for the GABA-BSA conjugate did not alter GABA-like
immunoreactivity in our preparations (Fig. 2A). These pre-absortion procedures are in
accordance with the J. Comp. Neurol. recommendations for determining antibody

specificity (Saper and Sawchenko, 2003).

Imaging and Analysis: We used a Nikon E-600 microscope equipped with a
motorized stage drive (LEP Mac5000), and coupled to a PC containing the
Neurolucida software (Microbrightfield Inc., Colchester, VT) through the Lucivid
system for morphometry, or through a digital camera (DVC, Austin, TX) for
photomicrograph acquisition. Acquired photomicrographs were transferred to Adobe

Photoshop software, where levels were adjusted and illustration plates assembled.
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To generate cstimates of local densities of labeled cells, a regular grid containing
squares of 100x100um was superimposed on tissue sections containing areas of
interest in sections processed for GABA ICC, or adjacent sections processed for
cresyl violet staining. Five such fields were counted per area per bird for each
staining. Nissl sections were used for estimates of the local neuronal cell density,
using the inclusion criteria of large pale nucleus, usually with clear staining
nucleolus, and prominent Nissl substance for neuronal cells, and the exclusion criteria
of small cells with dark-, homogeneously-stained nuclei and scant cytoplasm. The
results, expressed for each bird as the percentage of GABA-labeled cells relative to
the density of neuronal cells, as defined by Nissl staining, were averaged across birds
(n=3 birds per staining method; Table 1). We have chosen not to use stereological
techniques, because the goal of our quantification was to compare the relative
densities of labeled cells across different brain regions rather than to provide absolute
numbers of GABAergic cells per structure in reconstructive analysis. Our
methodology is in accordance with the recommendations and guidelines for the usc of
stereology in the J. Comp. Neurol. (Coggeshall and Lekan, 1996; Saper, 1996). In
addition, the exact anatomical boundaries and, thus, the total size of several auditory
telencephalic areas cannot be reliably defined, either by cytoarchitectonic or known

histochemical criteria.

For cell size estimates, we measured the largest linear soma diameter of any given
cell using Neurolucida’s “Measurement” tool. For each area of interest, we randomly
sampled a few hundreds neurons in non-overlapping fields throughout the arcas

investigated, across 3 birds. In Table 1, we represent the absolutc values for the
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largest and smallest soma diameter measured as “Cell Size Range” and the average

diameters as “Average Size”.
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RESULTS

To reveal GABAergic cells in the zebra finch brain, we performed
immunocytochemistry (ICC) with an anti-GABA antibody that has been previously
used in this species (Grisham and Arnold, 1994). We could identify GABAergic cells
in most brain arcas examined. The majority of these cells were small, most likely
representing inhibitory neurons that participate in local networks, as described in
other systems. Several arcas, however, also contained a small contingent of very large
GABAergic cells that, at least in some cases, may correspond to projection neurons.
Immunolabeled fibers and punctate staining were also observed in the majority of
regions analyzed. The issue of specificity of the anti-GABA antibody we used was
previously discussed (Grisham and Arnold, 1994). We have incorporated, however,
critical pre-absorption controls (see Methods) to further establish the specificity of the
staining patterns in our preparations. In addition, we examined the labeling in some
populations of well-known GABAergic neurons (Gabbott et al., 1986; Batini et al.,
1992; Sastry et al., 1997). In the cerebellum, we observed strongly labeled cells in the
deep cerebellar nuclei (Fig. 3A-C). These cells were typically large with strongly-
labeled triangular soma (Fig 3B and C; arrowheads). The Purkinje cells were
probably the most heavily labeled cells in the brain (Fig. 3D and E). These cells were
markedly large and relatively uniform in size across cerebellar folia. We observed
strong immunoreactivity in the soma of virtually all Purkinje cells, and in most cases
were able to discern negative cell nuclei (Fig. 3D, arrowheads). We also observed

strong labeling over large extensions of the dendritic arborizations of Purkinje cells.
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These processes could often be followed for a few hundred microns into the
molecular layer, where they branched profusely, forming a dense immunoreactive
network (Fig. 3D and E). The molecular layer also contained several smaller GABA-
positive cells that based on the location, size and number, likely correspond to basket
neurons (Fig. 3D and E, arrows).

GABAergic cells were also observed in the globus pallidus (GP). As is
characteristic of this area (Smith et al., 1987; Smith and Bolam, 1990; Churchill and
Kalivas, 1994), these neurons were very large and relatively sparse, with a
predominantly triangular soma and a high density of immunostaining (Fig. 3F and G).
Many labeled cells were lined up close to the border with the striatum (St), into which
they extended prominent immunolabeled dendritic processes that were aligned with
the dorso-ventral axis. Such processes were particularly visible in the caudal GP and
caudal St (CSt; Fig. 3G, arrows). The dorsal border of the GP could be casily
distinguished due to the markedly low density of GABAergic neurons in the CSt (Fig.
3F). The GP also contained a high density of uniformly distributed punctate staining.

Thus, known populations of GABAergic neurons are readily and reliably
identified in our preparations, and their morphology and distribution are in
accordance with previous studies. Below we describe the staining patterns we
observed in the nuclei of the ascending auditory pathway, followed by auditory and
vocal control areas of the telencephalon. The nuclei in the ascending auditory
pathway were identified based on the published pigeon and canary brain atlases

(Stokes et al., 1974); the lemniscal nuclei were not examined as they could not be
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reliably identified in our preparations. All density estimates of GABA-positive cells

are relative to the neuronal counts per arca based on Nissl-stained adjacent sections.

Ascending Auditory Pathway
Nucleus magnocellularis (NM)

We observed a high density of GABAergic cells (about 53% of the neuronal
counts per area based on Nissl; Table 1) in this nucleus (Fig. 4C and D). These cells
were evenly distributed and had predominantly round or ovoid labeled somata with
no evident stained neurites. The cells were relatively large (18.2um average diameter,
12.2 to 26.4pum range; Fig. 4D and Table 1), and the majority of them displayed high
immunolabeling, suggesting the presence of high GABA contents (Fig. 4D). A
moderate density of punctate staining could be observed, uniformly distributed
throughout the extent of NM. It is worth noting that a low level of background
staining persisted in this nucleus in the pre-absorption control. This is most likely due
to an “edge-of-section” effect, as magnocellularis is located close to the (ventricular)
border of the tissue. At any rate, the dramatic decrease in immunolabeling observed
with the pre-absorption argues strongly for the GABAergic identity of the

immunolabeled cells.

Nucleus angularis (NA)
Nucleus angularis had the lowest overall density of GABAergic cells
compared to all other arcas in the present study (19% of the neuronal counts per area;

see Table 1). These cells had an asymmetric distribution, the lowest density occurring
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laterally and the highest density medially (Fig. 4B), and were moderately small
(11.1pm average diameter, 5.6 to 15.8jum range; Table 1). The soma morphology
varied from round and oval to elongated (Fig. 4F). In addition, immunostaining was
mostly confined to the soma but in some cases proximal neurites could be seen (Fig.
4F; arrowhead). Strong punctate staining could also be observed in NA, apparently

over the somata of unlabeled cells (Fig. 4F).

Nucleus laminaris (NL)

Slightly lateral to NM, nucleus laminaris (NL) displayed a moderate density
of GABAergic cells (20% of the neuronal counts per area). These cells had an
asymmetric distribution, a higher density of immunolabeling perykaria seen laterally
and a lower density ventromedially (Fig. 4C). The majority of labeled neurons had
ellipsoid and moderately to strongly labeled somata (Fig. 4E, arrows), with no
apparent labeled neurites. These cells were relatively small (9.7um average diameter,
5.7 to 13.7um range; Table 1). We also observed several clusters of coarse labeled
puncta over what may represent unlabeled somata (Fig. 4E, arrowheads), suggesting

that non-GABAergic cells in this nucleus receive a strong GABAergic input.

Superior olivary nucleus (SON)

A moderate overall density of GABAergic neurons (about 35% of the
ncuronal counts per area) was detected in this nucleus. Their somata were mostly
small (7.6um average diameter, 3.9 to 12.4um range; Table 1) and their shape varied

from round or ovoid to triangular and pyramidal-like (Fig. 5B and C). The cells had

- 60 -



moderate staining, but presented strongly labeled and coarse puncta over the soma
(Fig. 5C). Such puncta were also distributed over the entire extent of the SON. Larger

and more strongly labeled cells were more evident ventrally (Fig. 5B).

Nucleus mesencephalicus lateralis, pars dorsalis (MLd)

A high density of GABA-stained cells (approximately 32% relative to
neuronal counts per area) was observed in this nucleus (Fig. 6B). They had a wide
size range (6.7 to 28.4um in diameter; Table 1) and marked variation in morphology.
Both large neurons with varied soma shapes and small neurons with predominantly
round soma were seen (Fig. 6C). Interestingly, the strongest staining in both cell types
was nuclear, with a more modest labeling seen in the soma (Fig. 6C; arrows). Both
cell types often exhibited immunopositive neurites that extended from the soma (Fig.
6C; arrowheads) and branched, forming a dense network of labeled processes and

punctate staining with a reticular aspect throughout MLd.

Nucleus ovoidalis (Ov)

GABA-labeled cells comprised a high percentage (40% of the neuronal counts
per area) m this thalamic nucleus and were present both in the core and shell regions
(Fig. 7B). Most of these cells had predominantly round or ellipsoid soma that were
strongly labeled (Fig. 7C), and had the smallest soma size compared to all other
auditory areas examined (6.7um average; Table 1). GABA-positive neurites were

rarely seen, except for occasional moderately-stained processes in non-spherical
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neurons (Fig. 7C, arrowheads). A moderate density of punctate staining was seen

throughout the extent of Ov.

Auditory Areas in the Telencephalon
Field L (L1, L2 and L3)

Field L is a large structure, occupying an extensive area of the caudal
telencephalon and consisting of several subdivisions. Most of our analysis, including
morphometry, was carried out in parasagittal sections approximately 0.9 to 1.0 mm
lateral to the midline, where the major field L subdivisions L1, L2a and L3 could be
clearly identified based on cytoarchitectonic criteria seen on Nissl-stained sections
adjacent to those reacted for GABA ICC. In addition, the boundaries of L2a could
also be defined in GABA immunostained material itself, as labeled cells in this area
were organized in a distinct string-like fashion along the dorso-ventral axis. For lack
of reliable boundaries in our sections, we did not examine subfield L2b. The caudal
boundary of L1 and the rostral boundary of L3 could be easily identified based on the
intersection of L2a with the lamina pallialis subpallialis that separates field L from
the adjacent CSt. However, the anterior boundary of L1 and the posterior boundary of
L3 could not be identified either by Nissl or by ICC.

Very high densities of GABAergic neurons were detected in L1, L2a and L3
(39, 54 and 45% of the neuronal counts per area, respectively; Table 1). These cells
had a mostly homogeneous distribution at this level of the brain (Fig. 8A). The

labeled cells were predominantly round and had a wide size range (4 to 22 um in

diameter; Table 1), but tended to be slightly larger in L2a (13.2um average diameter)
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than in L1 and L3, (9.4 and 10.8pum average diameter, respectively; Table 1). Cells in
all subdivisions had moderately high soma staining; however, very few
immunostained processes and puncta were seen. The medial-most part of subdivision
L2a could be clearly seen in medial parasagittal sections that also contained NCM
and CMM (Fig. 9C). At this level, the large cells in L2a were very strongly labeled,

but numerous smaller cells could also be seen.

Caudomedial Nidopallium (NCM)

This field L target is also a large and complex area. Our analysis focused on
medial parasagittal sections (between 0.7 and 1.0mm lateral to the midline), where
the boundaries of NCM are very distinct (the ventricular zone dorsally, caudally and
ventrally, and the lamina mesopallialis, or LaM, and field L2a rostrally). GABA-
labeled cells were highly prevalent in NCM (52% of the neuronal counts per area).
GABAcrgic neurons in NCM were mostly evenly distributed (Fig. 9B), with
relatively few clusters of 2-4 cells observed (Fig. 9E, arrowhead). Immunoreactive
neurons tended to be round or ellipsoid, with strongly stained soma and occasional
labeled neurites (Fig. 9F and G). These cells also displayed high variation in diameter
and a relatively small average size (Table 1). Qualitatively, these GABAergic cells
appeared to fall into two predominant types. The first exhibited small soma (3.3-10
pm diameter range) with varied shapes and pronounced processes (Fig. 9F and G;
arrowheads). The second had a larger soma (15-20.8um diameter range) with round
shape and few processes (Fig. 9F and G; arrows). Both types were present throughout

NCM, but the smaller cell type was more prevalent. The larger type was comparable
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to that seen in adjacent field L2a (Fig. 9C; arrowheads). No apparent punctate

staining could be observed in NCM.

Caudomedial Mesopallium (CMM)

A high density of GABA-labeled cells (52% of the neuronal cells detected by
Nissl; Table 1) could be identified in CMM (Fig. 9D). They were distributed
throughout this area, and had a tendency to group into clusters of 3-5 cells. Such
clusters are typical of CMM, and can be readily identified in sections counterstained
for Nissl. GABA-labeled cells in CMM were mainly round or oval and had a wide
size range (~4um to 19um in diameter). The majority of these cells appeared to be
small (7um average diameter, 4-12um range; Table 1), although some larger neurons
(15-19um diameter range) could also be observed. Immunolabeled cells had
relatively high and uniform soma staining, and labeled neurites and punctate staining

were rarely seen.

Nidopallial shelf area

The dorsal boundary of this field L target corresponds to the ventral boundary
of HVC, but its ventral boundary can only be identified with tract-tracing (Vates et
al., 1996). Our current analysis was restricted to a 200um thick domain immediately
ventral to HVC. A modest density of GABAergic cells (30% of the neuronal counts
per area) could be identified in this region. These cells were distributed along the
shelf (Fig. 10D), with no apparent clusters, and had round to ellipsoid somata with

strong and homogencous labeling (Fig. 10D). They tended to be slightly smaller
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(8.9um average diameter; Table 1) compared to the adjacent HVC. Very few neurites
were immunolabeled and those did not extend far from the soma. Only low levels of

punctate staining were obscrved.

Arcopallial cup area

The internal boundary of the cup area adjacent to song nucleus RA is defined
by RA itself, but the external boundary does not exhibit any distinct cytoarchitectonic
features and can only be defined by tract-tracing (Mello et al., 1998). Based on the
latter, the cup region extends rostroventrally for about 500pm from the rostroventral
boundary of RA. A relatively high density of GABA-positive cells (approximately
36% of the neuronal counts per area, assessed within 200pm from the RA boundary)
was observed in this region (Fig. 11E and F). These cells were mostly small (7um
average diameter), had a narrow size range (4.4 to 10.5um; Table 1), and tended to
segregate into groups, but not in clusters (Fig. 11F; arrows). The majority displayed a
round or ovoid soma that was heavily stained, with no apparent immunolabeled
processes (Fig. 11F). Some cells, though, particularly those with moderate staining,
had more varied shapes and immunopositive proximal neurites. The cup region also
contained lightly immunolabeled processes that formed a modest mesh, as well as a

moderately high density of punctate staining.

Telencephalic Song Control Nuclei

Nucleus Interfacialis (NIf)
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NIf could be identified in some of our GABA ICC preparations as a small
domain embedded between L1, L2a and CSt (Fig. 8A). Compared to the adjacent L1
and L2a, GABAergic cells in nucleus NIf were relatively large (9.4pm average
diameter; 3.4 to 16.7um range; Table 1). They exhibited relatively strong and uniform
soma staining, were uniformily distributed, with no apparent clusters, and had a
predominantly round or ovoid soma, although some cells were more elongated (Fig.
8B). Very few processes and little punctate staining could be seen. Due to the
difficulty in reliably identifying NIf in Nissl-stained sections and in some of our ICC
preparations, we did not attempt to quantify the density of GABAergic neurons in this

structure.

Lateral magnocellular nucleus of the anterior nidopallium (LMAN)

LMAN boundaries could easily be identified based on GABA TCC staining
due to the marked difference in labeled cell sizes between LMAN and the
surrounding nidopallium (Fig. 12B). A modest density of GABAergic cells could be
detected in LMAN (about 29% of the neuronal counts per area). These cells were
evenly distributed, with no apparent cell clusters (Fig. 12B). Although labeled cells in
LMAN tended to be large (12um average diameter), several small labeled neurons
could also be seen (5 to 23.8um diameter range; Table 1). These cells tended to have
more rounded somata compared to the larger cells (Fig. 12C, arrows). The larger cell
type displayed highly variable shapes that ranged from oval to more complex types
(Fig. 12C, black arrowheads). Most labeled cells exhibited strong immunostaining in

the soma and moderate staining of their proximal dendrites (Fig. 12C, white
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arrowheads). Punctate staining was modest, but more marked in the vicinity of the

larger cells.

Area X of the striatum

The boundaries of this song nucleus could be easily defined based on the
different densities of immunolabeled cells between this region and the surrounding
striatum (Figure 13B). A very high density of GABAergic cells was detected in area
X (about 49% of neuronal counts per area). They were evenly distributed, although a
few occasional clusters were seen, and were predominantly small (average diameter
7um; range 3.6 to 22.6um; Table 1). A qualitative evaluation indicated that
immunolabeled cells fell into one of two groups: 1) small cells that tended to have a
round or slightly oval soma (Fig. 13C, arrowheads), and sometimes an associated
labeled neurite; and 2) large cells (3 to 5 times larger diameter than the smaller cells)
that had mostly round somata (Figure 13C, arrows). The majority were of the smaller
type, while cells of the larger type were much fewer. Both types exhibited strong
cytoplasmic staining and were evenly distributed. We observed few immunolabeled

puncta that were uniformly distributed.

Nucleus HVC of the nidopallium

A high density of GABAergic cells (about 40% of neuronal counts per area)
was detected in HVC (Fig. 10B). These cells tended exhibit moderate size (10.7um
average diameter, 6.7 to 14.3um range; Table 1), with a round- or oval-shaped soma

(Fig. 10E) and a relatively homogeneous distribution throughout HVC (Fig. 10C and
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E), instead of being organized into clusters. They displayed strong and homogeneous
somatic staining, with very few labeled processes evident. No punctate staining was

detected in HVC.

Robust nucleus of the arcopallium (RA)

The borders of RA could be easily identified in our preparations because the
morphology and size of GABA-labeled cells in RA differed markedly from those in
the surrounding arcopallium, and because of a low signal zone demarcating the
boundary between RA and the neighboring arcopallium (Fig. 11B, C and E). A high
density of GABAergic cells (about 47% of neuronal counts per area) was observed in
RA. These cells tended to be large (14.3um average diameter) but had a broad size
range (6.4-28.5um diameter; Table 1) and were uniformly distributed. Their
morphology ranged from cells with round- or oval-shaped somata to pyramidal- and
multipolar-like cells (Fig. 11D) and they typically exhibited heavy somatic
immunostaining and a negative nucleus (Fig. 11D). Most cells had pronounced
labeled processes that extended from the soma and then branched extensively,
forming an intricate network throughout RA (Fig. 11D). Despite high neuritic

labeling, little punctate staining was observed.
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Figure 2.1) The ascending auditory pathway and the song control system of
songbirds

(A) Diagram of the main nuclei and connections of the auditory pathway, up to the
midbrain. Dotted line represents the midline. (B) Diagram of the auditory pathway
from the midbrain to the telencephalon, and intratelencephalic projections. (©)
Diagram of the song control system. For clarity, only the main nuclei and projections
are shown in all diagrams, and only unilateral projections in (B) and (C). (A) is
mostly based on work conducted in non-oscine species like chicks and the barn owl
(Parks and Rubel, 1975; Rubel and Parks, 1975; Parks and Rubel, 1978; Takahashi
and Konishi, 1988; Lachica et al., 1994; Levin et al., 1997), whereas (B) and (C)is
supported by data obtained in zebra finches and canaries, as well as non-oscine
species like the pigeon, chicks and budgerigars (Karten, 1967, 1968; Parks and Rubel,
1975; Nottebohm et al., 1976, Parks and Rubel, 1978; Bottjer et al., 1984; Brauth ct

al., 1987). For abbreviations, see list.
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Figure 2.2) Specificity of GABA-immunoreactivity in the zebra finch brain

(A) Low power photomicrograph depicting GABA-like immunoreactivity in the
nidopallium of a male zebra finch. This scction was incubated with the anti-GABA
antibody that was pre-absorbed with 50uM of unbound BSA. (B) Photomicrograph of
a section incubated with the anti-GABA antibody pre-absorbed with S0uM of the
GABA-BSA conjugate (see Material and Methods). Note that GABA-like
immunoreactivity was completely abolished after the pre-absorption with the GABA-

BSA conjugate. Scale bar = 100um.
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Figure 2.3) GABA immunoreactivity in known GABAergic neurons in zebra
finches

(A) Low power view of a frontal section depicting strongly labeled GABAergic
neurons in the deep cerebellar nuclei. Rectangles illustrate where photomicrographs
in B and C were taken from. (B) and (C) Detailed views of middle and lateral
cerebellar nuclei depicting a moderate density of strongly immunolabeled cells.
Arrowheads indicate examples of cells with triangular and elongated somata. Tnset in
C shows a high power view of one labeled neuron. (D) Low power view of part of a
cerebellar folium, depicting labeling of Purkinje cells; arrowheads indicate examples
of immunopositive cells with clear immunonegative nucleus. Arrows depict small
labeled cells in the molecular layer. (E) High power view of cerebellar Purkinje cells
and respective dendritic arborizations. Arrow depicts putative basket cell in the
molecular layer. (F) Low power photomicrograph of the transition between the GP
and CSt. Note that GABAergic cells are strongly labeled and highly concentrated in
the dorsal aspect of the GP, but are found at very low densities in the CSt. (G) High
power view of GP depicting somata of labeled cells and respective dendrites
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