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Zusammenfassung

Beim sensomotorischen Lernen wird die Veränderung von motorischen Programmen

durch sensorischen Input gelenkt. Die funktionelle und strukturelle Bescha�enheit

lokaler neuronaler Netzwerke könnte ein wichtiger Ein�ussfaktor dieses Prozesses

sein. Sensomotorisches Lernen kann bei Singvögeln exemplarisch untersucht werden:

Singvögel lernen einen komplexen Gesang. Ein substantieller Bestandteil des Hirns von

Singvögeln ist in das Lernen und die Produktion des Gesangs, sowie in das Prozessieren

auditorischer Stimuli involviert. HVC ist ein für die Produktion des Gesangs notwendiges

prämotorisches Hirnareal in Singvögeln. HVC Neurone sind jedoch nicht nur für

gesangsrelevante Motorprogramme verantwortlich, sie zeigen auch Antworten auf

auditorische Stimulation in bemerkenswerter Weise; insofern als dass es HVC Neurone

gibt welche die Aktivität während des Singens beim Hören des Gesangs spiegeln.

Trotz unseres fortgeschrittenen und präzisen Wissens über die Aktivität von HVC,

welches hauptsächlich von elektrophysiologischen Untersuchungen stammt, fehlt uns ein

Verständnis der funktionellen und strukturellen Organisation von lokalen Netzwerken von

HVC Zellen. Funktionelle Zwei-Photonen Mikroskopie hat sich als wertvolle Methode

zur Untersuchung neuronaler Aktivität in lokalen neuronalen Netzwerken etabliert. Bis

heute gibt es aber noch keine Studie in Singvögeln welche diese Methode verwendet.

Im Rahmen der vorliegenden Doktorarbeit haben wir ein Protokoll entwickelt welches

es ermöglicht die Aktivität einer lokalen Population von HVC Neuronen optisch zu

messen. Mit Hilfe eines synthetischen Kalzium-Indikators und der Verwendung von

Zwei-Photonen-Mikroskopie ist es uns gelungen spontane Aktvität und Antworten auf

auditorische Stimulation in verschiedenen HVC Zelltypen in anästhesierten und am Kopf

�xierten Zebra�nken zu messen. Wir konnten Übereinstimmung unserer Messungen mit

bekannten Resultaten aus Elektrophysiologie-Studien zeigen. Des Weiteren haben wir

die lokale Korrelationsstruktur untersucht in Abhängigkeit verschiedener auditorischer

Stimuli und konnten damit das Wissen über die lokale Organisation von HVC erweitern.

Zudem zeigen wir Resultate weiterer methodischer Teilprojekte: Wir haben die Verwend-

barkeit von genetisch exprimierten Kalzium Indikator Proteinen in Zebra�nken untersucht

und geringe Expression eines Indikators gefunden. Und wir haben erfolgreich wache

Zebra�nken trainiert am Kopf �xiert zu sein und dabei zu singen.
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Abstract

Sensorimotor learning is characterized by the re�nement of motor programs through

sensory input. Local functional and structural organization of neural networks might

play a key role in the modi�cations taking place in periods of sensorimotor learning. An

outstanding study system of sensorimotor learning are songbirds. Songbirds produce

complex learned vocalizations. A notable part of the songbirds brain participates in

processing auditory information and also in learning and producing the songbirds song.

A key premotor brain area involved in song production is HVC (used as a proper name)

in the posterior dorsal pallium. HVC neurons are not only involved in motor control, they

also receive auditory input and shows remarkable auditory response properties mirroring

the activity during song production. Despite the rather speci�c functional description

of this critical brain area on a single cell level, gained mainly by electrophysiology, we

lack understanding about its structural and functional organization on the level of

local populations of cells. Combining in-vivo imaging with functional dyes recently

proved to be a promising approach to study the functional and structural organization

of populations of neurons. In songbirds however, no report of the successfull application

of this approach has been published up to date.

In this PhD we developed a protocol that allows to optically monitor neural activity

from a local population of identi�ed HVC cells in an anesthetized and head-�xed

zebra �nch. Using a synthetic calcium indicator we measured spontaneous activity and

auditory evoked responses by the application of two-photon microscopy. We found our

data to reproduce results reported from electrophysiology experiments. Additionally we

investigated the local stimulus dependent correlation structure and by doing so extended

our knowledge of local HVC activity patterns.

Furthermore we present additional experiments conducted to advance functional in-vivo

imaging methods in zebra �nches: We studied the use of genetically expressed calcium

indicator proteins (GECIPs) in zebra �nches and found expression of one particular

indicator protein at very low levels. Finally we successfully trained birds for head �xation

and head-�xed singing.
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1. Introduction

The vertebrate nervous system is arguably the most complex assembly of matter there

is. Intricate are its structures, highly complex its dynamics and elusive its emergent

properties. And even though we nowadays know that the nervous system is at the heart

of our perception, we are unable to unveil its workings with our own bare senses. Too

tiny to be seen with our own eyes are the components of which it consists. On top of

that the jellylike brain is mostly transparent, complicating its investigation with light.

To study the brain we rely on tools.

Unsurprisingly, the question what end this organ actually served remained a matter

of speculation for a long time. While Aristotle (384-322 BC) argued it was merely

a cooling device for the heart, the involvement of the brain in mental processes was

recognized in the western ancient world, for example by Hippocrates (460-370 BC) or

Galen (129-216 AC). But while the anatomical knowledge of nerve �bers and of the

macroscopic composition of the brain slowly grew over centuries, the ways in which the

brain operates remained rather speculative.

First, it required the invention of the microscope and a suitable staining to make the

tiny constituents of the brain visible. Here a breakthrough was achieved at the end of

the 19th century when Camillo Golgi developed a method to sparsely stain single cells in

�xed nervous tissue. Santiago Ramon y Cajal, driven by enormous curiosity, took full

advantage of this staining protocol and produced impressively detailed descriptions of

what he found when looking into his microscope. His work decisively substantiated the

notion that the nervous system is composed of individual but interconnected cells called

'neurons'. However, Ramon y Cajals extensive studies of nervous systems conducted

in a plethora of creatures - in fact, his �rst publication in 1888, the �rst description

of dendritic spines (García-López et al., 2007), was done on birds - were studies of

structure only; the structure of dead, stained tissue.

Second, to grasp the nature of brain signals required an understanding of electricity.

About a century before Ramon y Cajal, Luigi Galvani observed, while studying living

frogs, that the signals transmitted by nervous �bers were of electrical nature. Later, in
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CHAPTER 1. INTRODUCTION

1848, Emil du Bois-Raymond, discovered the action potential (AP).

So by the advent of the twentieth century the structural (neuron) as well as the signal

related (AP) unit of the brain were known. But only since very recently we are actually

capable of studying them both at the same time. Again it needed novel staining

protocols and microscopy techniques to allow the simultaneous study of structure and

function: Two-Photon Imaging in combination with functional �uorescent dyes.

The study at hand represents our attempt to apply state of the art functional in vivo

imaging in a vocal learner, the songbird, and thereby to contribute to our understanding

of sensory-motor processing.

1.1. About Songbirds and Birdsongs

'Songbird' is the common name for the birds of the suborderPasseres(called passerines,

also oscines) within the order of the 'perching birds' (Passeriformes). In past times,

anatomical features served as key criteria to understand the taxonomical relationship

between species1. The structure of the syrinx - the vocal organ of avian species - served

in grouping the large phylum of birds into orders and suborders. All songbirds share

a common architecture of their syrinx. According to Sibley and Ahlquist (Sibley and

Ahlquist, 1990) there are 4561 birds classi�ed as passerines.

Songbirds sing a learned song. And even though also other avian families (humming-

birds, parrots) are capable of producing learned vocalizations the term 'birdsong' refers

exclusively to the vocal output of songbirds.

1.1.1. The Zebra Finch - taeniopygia guttata

Zebra �nches are songbirds that belong to the family of the estrild �nches(Estrildidae)

and are native to Australia(castanotis) and the lesser Sunda Islands of Indonesia

(guttata) (Immelmann, 1965b). By human introduction however, they are nowadays also

found in the wildlife of the American continent. In Australia they populate almost the

entire continent apart from coastal regions in the south and in the north (Immelmann,

1965b). In the wild, zebra �nches congregate into �ocks of up to a few hundred

individual birds. They are lively and highly social birds, which maintain a monogamous

pair relationship throughout their life (Zann, 1994). Zebra �nches are capable of

1Nowadays, comparison of genes is the prevailing method.
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1.1 About Songbirds and Birdsongs

Figure 1.1.: Two zebra �nch couples in our colony. Photograph taken by Daniele Oberti.

breeding all year long, nevertheless conditions have to be favorable (Immelmann, 1965b).

In the mid 20th century Desmond Morris recognized that zebra �nches could ideally

serve as a biological system to be studied in the lab (Morris, 1954). Whereas Morris'

interest in zebra �nches covered mainly behavioral aspects of courtship and breeding,

neurobiology of birdsong has represented the most prominent �eld of zebra �nch research

over the last decades. Nonetheless, zebra �nches have been studied to investigate

animal behavior, addressing questions of signaling and communication, reproductive

biology, sexual selection and parental care (Gri�th and Buchanan, 2010).

Even though zebra �nches are very popular among neuroscientists these days, the

knowledge relevant for our understanding of song production and learning is based on

studies of a multitude of avian species. The homology of their nervous systems however

suggests that information extracted from one species is transferable to others. Ultimately,

our goal is not to understand the zebra �nch, but to understand the organizing principles

of the nervous system particular to a vocal learner.

In the line of this argument, the introductory information in the following sections does

not only originate from zebra �nches but includes studies involving other species like

canaries, bengalese �nches, white-crowned sparrows, doves etc.

13



CHAPTER 1. INTRODUCTION

1.1.2. Birdsong - Learned Vocalizations

Songbirds learn to produce complex vocalizations (Immelmann, 1965a), their songs, a

faculty they share with only few other groups of animals (whales, bats, humans, ..).

Birds mainly sing to mark and defend their territory and as part of their courtship

behavior. In some species, both male and female birds sing, some even sing complex

duets (Fortune et al., 2011), some sing only during limited periods within the year.

As for zebra �nches, both sexes produce a wide range of short innate call sounds (calls).

However, only males produce learned calls and only males sing (Simpson and Vicario,

1990). Zebra �nches sing one distinct song throughout their life, irrespective of season.

Their song typically begins with 3-5 introductory notes followed by a variable number

of repetitions of a stereotyped song motif. A song motif consists of up to 7 di�erent

syllables in �xed order with intermittent silence. A syllable is about 100 ms in duration

and sub-syllabic acoustic structure on the range of a few milliseconds can be found, see

Figure 1.2.

Figure 1.2.: Spectrogram of the song ofb2r18. The spectrogram shows color coded (from

blue to red) the energy levels at di�erent frequencies over time. This song bout

begins with 3 introductory notes and is followed by 3 renditions of the song motif.

The 3rd rendition is truncated. Motif 1 and 2 consist of 7 syllables.

Juvenile male zebra �nches learn their song from a template, normally provided by a male

tutor bird. Song learning can be divided into two phases (Marler and Tamura, 1964):

a sensory period within which juvenile birds acquire a model of the tutors template

and a sensorimotor period during which they re�ne their song from a very unstructured

subsongover aplastic songto a crystallized song(Konishi, 1965). For zebra �nches
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1.1 About Songbirds and Birdsongs

the sensory and sensorimotor period are overlapping, Figure 1.3.

Auditory input is critical during both the sensory period and the sensorimotor period. If

a young bird fails to hear a template song in its sensory period it will produce abnormal

vocal output (Marler and Tamura, 1964). The same is true for birds that acquired

a tutor template but lost hearing ability before starting to produce own vocalizations

(Konishi, 1965). However, in both cases vocal output becomes more stereotyped, even

in a degenerate way, after the sensorimotor period closes.

Figure 1.3.: Song learning in zebra �nches takes place in two overlapping periods: a sensory

period during which a template song is acquired and a sensorimotor period within

which vocal output is re�ned to match the tutor template. Juvenile zebra �nches

start to sing at around 25 dph with very unstructured vocal output called subsong.

Thereafter birds incorporate more and more elements of the tutor song but their

vocal output remains highly variable from one song bout to the next. At the end

of the sensorimotor period song structure is very stereotyped, i.e. 'crystallized',

and, under normal conditions, a faithful copy of the tutor song.

If a juvenile bird is exposed to a tutor song early in its life, before it starts singing, the

tutor song template does not have to be heard again while practicing to produce a

faithful copy. But only what is heard during a speci�c period of time early in a birds life

can later on be reproduced (Marler and Tamura, 1964). These facts substantiate the

idea of a process for template storage during the sensory period independent of vocal

practice.

Up to this point birdsong has been describe as a highly precise yet rather easy to

characterize motor behavior that is copied from a conspeci�c. It is an exemplary case
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CHAPTER 1. INTRODUCTION

of template storage and template matching. Template matching here refers to the

process of producing output matching a phenomenon in motor coordinates that has

previously been registered in sensory coordinates. This process requires a coordinate

transformation, a non-trivial operation. Template storage and template matching on its

own are subjects of interest.

Furthermore the motor output produced is a sound and therefore of additional relevance,

for it can be compared to human language learning. Indeed there is a set of parallels

that suggest that the two phenomena might function based on similar principles2: First,

both birdsong and human speech are learned vocalizations that serve species speci�c

communication. Second, in both birds and humans these vocalizations are shaped

by an interaction of predisposition and experience. Third, both birdsong and human

speech is best learned during a sensitive period at a young age. Fourth, in both birds

and humans vocal practice is preceded by a period of auditory 'priming'. In human

babies sensory priming is accompanied by a loss of the ability to discern sounds from all

languages. After sensory priming, approximately after 12 months, human infants are

only able to distinguish between sounds they previously learned to categorize di�erently.

Fifth, social interaction improves the learning performance in both songbirds and human

children. Sixth, for both song perception and production but also speech perception

and production there exist in songbirds and humans distinct sets of telencephalic areas

with a similar organization, despite the fact that the cortex is di�erently structured in

mammals and songbirds. The parallels even extend to the genetic level. It has been

shown that a gene (FoxP2) that is involved in speech related disorders in humans is

also involved in song processing in songbirds. But let us now have a look at the brain

structures that provide the substrate for song production and learning in songbirds.

1.1.3. A Songbirds Brain

Songbirds and mammals are both vertebrates and share a common structure of the

central nervous system. However, a songbird's telencephalon di�ers from a mammalian

telencephalon in the organization of the pallium. While the mammalian pallium is

organized as a layered cortex, the songbird's pallium is of nuclear organization (Jarvis et

al., 2005). The basal ganglia, which are also part of the telencephalon, are of nuclear

2Review articles on the topic of human speech learning and its comparisons with birdsong learning

can be found in (Kuhl, 2004; Doupe and Kuhl, 1999). The comparison in this caption was inspired by

them.
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1.1 About Songbirds and Birdsongs

organizations in both families.

Figure 1.4.: Schematic sagittal view of a songbird brain. Three major song related pathways

have been described: the motor pathway (MP, blue), the auditory pathway (AP,

red) and the anterior forebrain pathway (AFP, green).

Traditionally song production and learning is argued to involve three major neural

pathways, see Figure 1.4. We shall brie�y introduce them here:

Areas of themotor pathway (MP) are critical for song production. Lesioning any of

the areas along the MP in adult songbirds results in loss or alteration of song output.

Furthermore, production of song is required to be accompanied by premotor neural

activity time-locked to song. And evidently, a direct neural connection has to exist

between an area of the motor pathway and the muscles of the syrinx.

Nottebohm et al. unveiled innervation of syringeal muscles by neurons of the hypoglossal

nucleus nXIIts (Nottebohm et al., 1976). They further tracked �bers from nXIIts to

the robust nucleus of the arcopallium (RA), which is considered to be homologue to

the primary motor cortex in mammals. RA innervatation of nXIIts is known to be

topographic (Vicario, 1991). While the bird is singing RA neurons �re a series of short

bursts of APs locked to a song motif (Yu and Margoliash, 1996). Major input to

RA is provided by area HVC (used as a proper name) and the lateral magnocellular

nucleus of the anterior nidopallium (LMAN) (Nottebohm et al., 1982). Lesioning

RA and its a�erent areas revealed that only RA and HVC are mandatory for adult

song production (Nottebohm et al., 1976) but not LMAN (Bottjer et al., 1984).
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Much like in RA, HVC activity is highly correlated with song structure but much

sparser in HVC projection neurons than in RA neurons. HVC neurons projecting to

RA �re only one high-frequency burst of APs per song motif (Hahnloser et al., 2002;

Kozhevnikov and Fee, 2007). The involvement in singing of areas a�erent to HVC is of

more modulatory nature and less understood.

The interface nucleus of the nidopallium (Nif) directly innervates HVC (Nottebohm

et al., 1982). While irreversible pharmacological lesions of Nif do not majorly impair

song production (Cardin and Schmidt, 2004) it was recently shown that reversible

pharmacological inactivation leads to short term decrease in song stereotypy (Naie and

Hahnloser, 2011). Nif neural activity increases while the bird is singing (McCasland,

1987).

The thalamic nucleus uvaeformis (Uva) projects directly and indirectly - via Nif - to

HVC making use of two distinct projection neuron classes (Nottebohm et al., 1982;

Akutagawa and Konishi, 2010; Hahnloser et al., 2008). Williams and Vicaro (Williams

and Vicario, 1993) report of singing-related Uva activity observed in chronic multi-unit

recordings and of altered song structure after electrolytic Uva lesions.

A critical involvement in song motor control in adult birds of additional areas a�erent to

HVC or a�erent to any of the other motor pathway areas is not known to us.

The auditory pathway (AP) is characterized by a�erent neural connections originating

in the auditory sensory organ, the cochlea, and by neural responses to auditory stimuli.

Since these criteria are met by many areas of all three major pathways, the auditory

pathway is normally restricted to areas at the beginning of the auditory input stream,

neglecting areas with known additional functionality. Furthermore, neurons of the

auditory pathway display responses to a very broad set of auditory stimuli. Other

telencephalic areas respond only to very distinct auditory stimuli.

The main auditory area of the thalamus is nucleus Ovoidalis (Ov) (Karten, 1967;

Karten, 1968). Ov projects mainly to the telencephalic Field L (Karten, 1967; Vates et

al., 1996). According to a study by Fortune and Margoliash (Fortune and Margoliash,

1992) Field L can be divided into 5 cytoarchitectonically distinct subdivisions: L1, L2a,

L2b, L3. The vast majority of Ov projections terminate in L2a and L2b. Ov however is a

bit more of a complex structure itself, known to consist of 'Ov core' and 'Ov shell'. L2a

and L2b receive projections from Ov core, while Ov shell was reported to project to L1, L3

and caudal medial nidopallium (NCM). The �eld L subdivisions and NCM are most often

connected in reciprocal ways, as illustrated in Figure 1.5. NCM is reciprocally connected

with the caudal mesopallium (CM) which projects to HVC and Nif. This is by no means a
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Figure 1.5.: Auditory input to the telencephalon in songbirds. Originating from the thalamic

nucleus Ovoidalis auditory information (Ov) targets Field L and the caudal medial

nidopallium. Figure taken from (Vates et al., 1996).

complete description of all connections possibly conveying auditory information. Instead

we do realize by now that auditory information is distributed over a large extend of a

songbirds telencephalon. Unsurprisingly, auditory stimulation elicits neural responses not

only in areas of the auditory pathway but also in (pre-)motor (Katz and Gurney, 1981;

McCasland and Konishi, 1981) areas and areas of the anterior forebrain pathway (Doupe

and Konishi, 1991; Doupe and Solis, 1997).

An astonishing and still unexplained phenomenon is the preference of higher order area

(>= Nif, (Bauer et al., 2008)) neurons for the birds own song (BOS) over any other

auditory stimulus. Neurons in Field L and CM on the other hand were reported to

show motor related signals during singing, i.e. they �red according to a predicted vocal

output or even to the di�erence between the the actual and the predicted output (Keller

and Hahnloser, 2009). All in all, the gathered data emphasizes the close interconnection

of auditory processing and motor control in the songbirds telencephalon.

The anterior forebrain pathway (AFP) is a basal ganglia-thalamocortical loop con-

19



CHAPTER 1. INTRODUCTION

necting Area X - homologue to the mammalian basal ganglia (BG) - the dorsal lateral

nucleus of the medial thalamus (DLM) and the cortical LMAN. HVC contains a set of

neurons that project to Area X (Nottebohm et al., 1976) providing an input signal to

the AFP. LMAN is the AFP output area sending projections to RA (Nottebohm et al.,

1982). In congruence with mammalian circuits of BG-thalamocortical architecture that

were shown to be involved in (motor) sequence learning (Middleton and Strick, 2000;

Ullman, 2006), the AFP has an important role to play in song learning. An early

study revealed that lesions of the entire magnocellular nucleus of the nidopallium

(MAN) before or during song learning has severe e�ects on song production and learn-

ing whereas lesioning MAN in adult birds leaves song production intact (Bottjer et

al., 1984). Later, Nordeen and Nordeen report that deafening adult birds leads to

slow song deterioration (Nordeen and Nordeen, 1992) but that this deterioration can

partly be prevented by lesioning LMAN (Nordeen and Nordeen, 2010). By now several

studies suggest that the AFP is responsible for generating exploratory variability and

by doing so is necessary for song learning (Olveczky et al., 2005; Kao et al., 2005;

Andalman and Fee, 2009).

Input to the AFP from the MP is provided by a set of HVC neurons that send axonal

projections to Area X. Thereby HVC is thought to take a key role, i.e. by relaying motor

information to the AFP. HVC has been studied intensively. We will have a closer look at

HVC in the next section.

1.1.4. The Cortical Premotor Area HVC

HVCs location, close to the surface of the posterior pallium, see Figure 1.4, made it an

easy target for a multitude of studies in the past. In fact, HVC might be the only area

involved in singing that is reachable by optical methods in the intact brain. This unique

feature suggests making use of the advantages of functional microscopy techniques to

address questions concerning HVC, including on the topography of auditory processing

and on motor control.

In this section we will have a close look at HVC to prepare the grounds on which we will

phrase the questions we want to investigate using in vivo two-photon calcium imaging.

HVC connectivity

Anatomy alone gives us a clue about the importance of HVC for singing. First, there is

a direct pathway from HVC to the muscles of the syrinx. Second, HVC receives auditory

input through a diverging and converging neural pathway. And third, HVC is the source
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of input to the AFP, a BG-thalamocortical loop that also provides input to the MP3.

This is only the coarse structure of HVCs connectivity. We know more about

it: HVC also receives input from the medial magnocellular nucleus of the ante-

rior nidopallium (MMAN) (Nottebohm et al., 1982), is reciprocally connected

with RA (Roberts et al., 2008) and also with CM, or at least a subsection of

it, termed nucleus Avalanche (Av) (Nottebohm et al., 1982; Bauer et al., 2008;

Akutagawa and Konishi, 2010).

The projections to areas e�erent to HVC originate from di�erent populations of

HVC projection neurons. We denote neurons with a known projection target with

subscript letters indicating the target, e.g. HVC neurons projecting to Area X we call

HVCX neurons etc.

The set ofHVCAv neurons is very small - it was not discovered until very recently and

can be estimated to comprise a few hundred neurons (Akutagawa and Konishi, 2010) -

and very little is known about its elements.HVCRA and HVCX neurons on the other

hand are numerous and well studied. Electrophysiology in slices suggested for the �rst

time that there is a third major set of neurons, without projections outside of HVC

(Dutar et al., 1998), i.e. HVC interneurons, HVCI neurons.

HVC physiology

The study of the neural basis of singing and of song learning in songbirds was initiated

by three fundamental discoveries: First, the necessity of the acquisition of an acoustic

memory of kin song (Marler and Tamura, 1964). Second, the necessity of auditory

feedback during juvenile song production (Konishi, 1965). And third, the discovery

of a distinct set of interconnected forebrain areas mandatory for song production

(Nottebohm et al., 1976). Unsurprisingly, early electrophysiological studies tried to

�nd sites of auditory processing and even auditory memories in songbird brains. Katz

and Gurney were the �rst to report of auditory responses to the presentation of noise

and tone bursts in HVC neurons (Katz and Gurney, 1981) but no preference for any

of the stimuli presented was found. McCasland and Konishi shortly thereafter found

singing related activity time-locked to song in freely moving birds in HVC that persisted

after birds were deafened. Furthermore, they found that HVC neurons respond more

strongly to the BOS than to the BOS played back in reverse (rBOS). Playing back

auditory stimuli including BOS while the bird was singing did not alter activity patterns

3Please �nd a description of the pathways mentioned, the areas they consist of and the introduction

of their abbreviations in section 1.1.3
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in HVC. Auditory input to HVC seems to be inhibited during singing, leaving a pure

premotor function to HVC (McCasland and Konishi, 1981). The overall preference

of HVC neurons for the BOS over a broad range of stimuli including conspeci�c

songs (CON) and spectrally and temporally altered BOS was further investigated

and con�rmed by Margoliash. The responses of HVC neurons were found to be

highly sensitive to spectral and temporal features of the BOS (Margoliash, 1983;

Margoliash, 1986) as well as to the temporal order of individual syllables (Margoliash

and Fortune, 1992).

While RAs downstream connections to the syringeal muscles seem to be weakly myotopi-

cally organized (Vicario, 1991), there is no evidence for topographical connectivity in

the case of HVC, neither e�erent nor a�erent (Foster and Bottjer, 1998). Multi-unit

responses to auditory stimuli did not reveal a topographic organization of HVC activity

either. BOS stimulation rather seems to evoke similar responses within the entire HVC

(Sutter and Margoliash, 1994).

Auditory responses of HVC neurons are nonetheless of astonishing nature:

single-unit responses to auditory stimulation with the BOS can be of impres-

sive temporal precision, exhibiting only few bursts of APs, time-locked to the

song with millisecond precision (Lewicki and Konishi, 1995; Mooney, 2000;

Huetz et al., 2006). Mooney showed in anesthetized zebra �nches that the subthreshold

mechanisms contributing to BOS responses in the three major HVCs neuron types

are di�erent: while HVCRA neurons are being depolarized during the entire song,

HVCX neurons undergo sustained hyperpolarization. Both neuron types, however,

�re bursts locked to the song playback with millisecond precision (Mooney, 2000).

HVCI neurons respond with ongoing increased �ring rate during the entire BOS stimulus.

There has been speculation about the pathway on which auditory information reaches

HVC, for anatomy o�ers di�erent possibilities.

Reversible inactivation (Coleman and Mooney, 2004) as well as irreversible exitotoxic

lesioning (Cardin et al., 2005) of Nif leads to loss of auditory responses in HVC.

Electrophysiology revealed thatNifHVC neurons are similarly selective for the BOS like

HVC neurons. However, the sparseness of the BOS responses in HVC projection neurons

arises only within HVC. Nif responses are more sustained and closely follow subthreshold

responses of HVC projection neurons (Coleman and Mooney, 2004).
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Figure 1.6.: HVC neuron types show selective time-locked responses to BOS stimulation.

Both HVC projection neurons �re a few short bursts of AP precicely locked to the

song. However, whileHVCX neurons undergo sustained depolarization during BOS

playbackHVCRA neuron responses are strongly depolarizing.HVCI neurons on the

other hand exhibit sustained BOS playback induced increases of �ring rate. All

neuron types are BOS selective. Figure taken from (Mooney, 2000).

The HVC a�erent thalamic area Uva was reported to gate BOS responses in HVC in

that electrical stimulation of Uva during BOS playback suppresses HVC BOS responses,

directly via inhibition of HVC and indirectly via inhibition of Nif input to HVC. Reversible
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Uva lesions do not signi�cantly a�ect HVC activity, neither spontaneous nor in response

to auditory stimulation (Coleman et al., 2007).

Auditory input to HVC also involves CM: Bauer et al. (Bauer et al., 2008) show

that CM inactivation suppresses auditory responses in Nif and HVC. In contrast to

the previous studies mentioned above, after irreversible lesions of Nif, HVC auditory

responses persisted in this study but were completely abolished after reversible CM

lesions, suggesting a direct auditory input from CM to Nif.

In summary, HVC auditory responses are in�uenced by several interconnected a�erent

areas with direct projections to HVC. There is no straight feedforward auditory pathway

reaching HVC. However the remarkable property of BOS selectivity seems to emerge

between CM, which is slightly BOS selective (Bauer et al., 2008), Nif, which is highly

BOS selective (Coleman and Mooney, 2004) and highly selective HVC projection neurons

that respond with only sparse bursts of APs time-locked to song. Hence there is, despite

the lack of obvious hierarchical connectivity, a hierarchy in feature detection, culminating

in a sparse representation of sensory features in HVC (Blättler and Hahnloser, 2011).

HVC premotor activity parallels the sparsity described in the responses to BOS

stimulation and re�ects the remarkable temporal precision of the repeated produc-

tion of the bird's song: Hahnloser et al. recorded from antidromically ident�ed

HVCRA neurons in freely behaving zebra �nches. These neurons innervate the down-

stream motor pathway. Interestingly their premotor code is a temporal one, in that each

HVCRA neuron �res a short burst of APs only once per song motif (Hahnloser et al., 2002;

Long et al., 2010), see Figure 1.7. The idea that HVC is the timekeeper of the birds song

is further supported by experiments in which HVC was cooled down. Cooling down HVC

resulted in dilation of song on all timescales (Long and Fee, 2008), suggesting a linear

temporal code. This is in contrast with a recent report bringing the idea forward that

HVC could encode the production vocal gestures (Amador et al., 2013). Even though

this is an intriguing idea, this study relies strongly on the �t of a complex physical model

of song production and needs further investigation and support.

Targeted neuron-type-speci�c degeneration ofHVCRA neurons leads to song deterio-

ration, con�rming their role as primary premotor output of HVC. In contrast ablation

of HVCX neurons does not impair singing (Schar� et al., 2000).HVCX neurons also

�re sparse bursts during singing, but multiple times per song motif (Kozhevnikov and

Fee, 2007), see Figure 1.7. Being the projection neurons to the AFP,HVCX neurons are

hypothesized to have a function in song learning. An intriguing study by Prather et al.

24



1.1 About Songbirds and Birdsongs

Figure 1.7.: HVC activity in a singing, freely moving bird. On top you �nd the spectrogram

of a motif of the bird's song. Below rasterplots of di�erent identi�ed HVC neuron

types are shown. Individual neurons are separated by horizontal lines. Each song

rendition appears on a new line.HVCRA neurons �re only one highly precise burst of

APs per song motif.HVCX neurons exhibit multiple short bursts of APs throughout

the song motif. HVCI neurons show more sustained but loosely song-locked �ring

throughout the song motif. Figure taken from (Kozhevnikov, 2007)

(Prather et al., 2008) sheds some more light on their function: In awake freely behaving

swamp sparrows, a songbird with a small repertoire of song types,HVCRA neurons do

not respond to auditory stimuli; onlyHVCX neurons do. MostHVCX neurons respond

only to one, the 'primary song', version of the song repertoire. The response occurs

precisely locked to the song. During singing these neurons �re at exactly the same

time within the primary song. Singing related activity is unaltered by distorted auditory

feedback and hence 'corollary discharge'. Playback of similar songs from conspeci�c birds
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also elicits responses. Taken together this study identi�esHVCX neurons to be mirror

neurons much alike mirror neurons in the premotor cortex of the monkey (Rizzolatti et

al., 1996). Mirror neuron systems are thought to be important for imitation learning

(Fabbri-Destro and Rizzolatti, 2008).

Thinking that HVC is involved in song learning suggests that structural changes occur

within HVC in the learning period. Indeed Roberts et al. found that dendritic spines of

spineous HVC neurons stabilize and increase in size after a juvenile bird is exposed to

the tutor song for the �rst time 4. In HVC projection neurons fast spine turnover was

observed in juvenile birds that had not been exposed to a tutor song and ended around

60 days post hatch, the age were the sensory phase is approximately thought to end in

zebra �nches, or after tutor song exposure.

In the last mentioned study HVC neurons were virally infected with Green Fluorescent

Protein (GFP) and chronically imaged with a two-photon microscope. A study of neural

activity using two-photon microscopy in songbirds has not been reported so far. In the

next section we introduce two-photon microscopy and how it enables the study neural

activity.

4Both HVC projection neurons types have spiny dendritic arborizations, whileHVCI neurons are

aspiny (Mooney, 2000).
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1.2. Functional Two-Photon Imaging in Neuroscience

Nervous systems comprise multiple levels of organization. Relevant anatomical structures

and functional signals can be identi�ed on di�erent scales that span many orders of

magnitude, on a spatial and on a temporal scale. In larger vertebrates for example, the

entire nervous system extends over a range of meters, or even spans tens of meters

like in the case of whales (Breathnach, 1960), whereas transmembrane ion channels

consist of single molecules on the range of Angstrom (10� 15 m). The temporal range

is similarly impressive: an ion channel undergoes conformational changes that switch

ion permeability on and o� within fractions of milliseconds (Neher and Sakmann, 1976)

while neural plasticity that accompanies the development of an animal happens over

years. Churchland and Seijnowski place emphasis on this property of nervous systems in

their book 'The Computational Brain' (Churchland and Sejnowski, 1999) and use the

graphic shown in Figure 1.8 to illustrate the spatial aspect of it.

It comes as no surprise that there is no single method that can give insight into

phenomena and structures on all spatial and temporal scales relevant for neural systems.

As a consequence a multitude of methods have been developed and employed over time

to study nervous systems on di�erent scales. Each method covers a given temporal

and spatial range allowing the investigation of only a limited number of phenomena

and underlying restrictions that are often impossible to overcome. Churchland and

Seijnowski used the diagram shown in Figure 1.9 to illustrate this circumstance. Their

book was �rst published in 1992. Shorty before, in 1988, they used the same diagram in

an article that was published inScience(Churchland and Sejnowski, 1988). Of course

the text along the �gure is technically a bit outdated but therefore also bears witness of

the state of the art technical development at the time. They write:

"For example, it is apparent that we lack detailed information about processing in

neural networks within cortical layers and columns over a wide range of time scales,

from milliseconds to hours. There is also a pressing need for experimental techniques

designed to address the dendritic and synaptic level of investigation in cerebral cortex.

Without these data it will not be possible to develop realistic models of information

processing in cortical circuits."(Churchland and Sejnowski, 1988)

1988 is shortly before the introduction of two-photon microscopy through Denk et al. in

1990 (Denk et al., 1990). This method has had great impact on the study of nervous
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Figure 1.8.: Levels of spatial organization of nervous systems. An entire nervous system of a

large vertebrate species can extend over several meters while the smallest functional

components are single molecules, for example serving as ion channels. In between

we �nd synapses, neurons, networks, maps and systems. Two-photon microscopy

enables the study of neural phenomena in the range of neurons to maps. Figure

taken from (Churchland and Sejnowski, 1988).

tissue ever since and could overcome a few of the technical de�ciencies mentioned

by Churchland and Seijnowski. We will brie�y introduce the working of two-photon

microscopy and the niche it occupies in neuroscience.

1.2.1. Two-Photon Microscopy

Two-photon microscopy relies on the fact that a �uorophore can not only be excited

by a single photon of proper energy, but also several photons with proper total energy

can be absorbed and thereby excite the �uorophore. The possibility of multi-photon

absorption was �rst predicted by the German physicist Maria Göppert-Mayer in 1931

(Göppert-Mayer, 1931). She calculated that the probability of two-photon absorption

depends quadratically on the photon density and therefore requires light of very high

intensity. Due to the lack of light sources producing high enough photon densities it took

a while until her predictions could be tested experimentally. First experimental evidence
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Figure 1.9.: The temporal and spatial resolution of di�erent methods applied in neuroscience.

Each method neuroscientists use allows the study of neural phenomena in a limited

spatio-temporal range only. The black-and-white diagram from 1988 illustrates

the niche (functional) two-photon microscopy (orange area) could cover ever since

its introduction by Denk et al. in 1990. Figure adapted from (Churchland and

Sejnowski, 1988), which can be considered for reference to the other methods.

for two-photon excitation came from Kaiser and Garret (Kaiser and Garrett, 1961). Blue

light emitted by aCaF2 : EU2+ -crystal after excitation with red light they attributed to

two-photon absorption and thereby con�rmed Göppert-Mayers prediction. But only the

advent of pulsed femto-second lasers led to a broader utilization of two-photon excitation

in microscopy applications.

Employing two-photon �uorophore excitation in microscopy bears several advantages

over single-photon excitation: First, due to the quadratic dependence on photon density,

two-photon microscopy comes with intrinsic 3D resolution (Denk et al., 1990): The

laser light passes through an objective lens before it enters the specimen and is thereby

concentrated in a focal spot that is aimed to lie within the specimen. As a consequence

of its quadratic dependence on photon density, two-photon excitation can be con�ned to

a very small volume in the vicinity of the focal spot. Moving the focal spot through the
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Figure 1.10.: Two-photon microscopy makes use of nonlinear �uorophore excitation. A A

�uorophore can absorb two photons almost simultaneously and reach an excited

state. A single photon is emitted when the electron falls back into the ground

state. B Linear (one-photon) excitation of �uorophores leads to ubiquitous excited

�uorophores while nonlinear �uorophore excitation can be spatially restricted to

only occur in the focal spot.C Schematic of a classic two-photon microscope. A

pulsed laser can produce high enough photon densities in the focal spot to allow

two-photon excitation. By means of a xy-scanner the focal spot is moved through

the specimen. Figure adapted from (Helmchen and Denk, 2005).

specimen then allows gathering �uorescence light dependent information in a targeted

fashion. If simple xy scanning is applied, 2-dimensional images can be reconstructed.

By now more elaborate excitation targeting procedures have been developed that

enable to image from structures of interest (Göbel et al., 2006; Grewe et al., 2010;

Grewe et al., 2011) only and thereby can increase the temporal resolution as compared

to imaging entire planes or volumes. Second, since the location of excitation is known

no further sectioning is necessary and all emitted light can be collected. This provides

an important advantage over confocal microscopy where pinholes allow z-direction

sectioning but also lead to unwanted signal loss. Third, the excitation light wavelength for

two-photon excitation is typically about twice the wavelength of the one-photon excita-

tion case. Light of lower energy causes less photodamage and less scattering allowing for

longer imaging sessions and, again, higher signal gain. And last but not least, since exci-

tation only happens around the focal spot, photobleaching can be reduced dramatically.5

5An in-depth discussion of two-photon microscopy can be found in (Helmchen and Denk, 2005)
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Since two-photon microscopy relies on �uorophores and since biological specimens

are mostly not �uorescent, �uorescent probes need to be inserted into specimens.

Fluorescent probes can serve several purposes: They can visualize structure, like for

example in the case of measuring spine turnover in HVC neurons of juvenile zebra

�nches by the use of GFP (Roberts et al., 2008). They can tag certain structures: for

example by injection of tracers to investigate neural projections or by immuno-labeling

of target molecules (Oberti et al., 2010). But �uorescent probes can also serve as

sensors of cellular states and cellular activity. In these applications the �uorophores are

mostly attached to macromolecules that undergo conformational changes in response to

altered ion concentrations, pH or voltage. The conformational change of the sensing

macromolecule then a�ects the �uorescence of the �uorophore6.

With regard to neural activity two di�erent approaches have been undertaken so

far: direct sensing of membrane potential and sensing of changes in intracellular ion

concentration. Sensing of intracellular ion concentrations is less demanding for two

reasons: First, the electric �eld needed to cause a conformational change in the sensing

macromolecule is many orders of magnitude bigger in the case of a single but very close

ion as compared to the rather weak electric �eld across the cell membrane, due to

Coulombs law. Second, in order to detect voltage changes across the cell membrane, the

probe molecules have to be positioned in the cell membrane but not for example in the

membranes of the cell nucleus, the mitochondria or the endoplasmatic reticulum, since

background �uorescence is to be avoided as much as possible. Placing molecules into the

right membranes only is more complicated than introducing them into the cytosol of cells.

Fluorescent calcium indicators introduced into cells emerged as the most gainful reporters

of neural activity.

1.2.2. Two-Photon Calcium Imaging

Calcium ions cover a wide range of vital functions in biological organisms and particularly

in neural systems7: In presynaptic boutons calcium induces the release of vesicles

containing neurotransmitters (Neher and Sakaba, 2008). On the other side of the synaptic

cleft, in postsynaptic dendritic spines, short term increases of calcium concentration

6For a review see (Tsien, 1989)
7An thorough review of calcium imaging in neurons we found in (Grienberger and Konnerth, 2012)

and were guided by it in the introductory lines of this chapter.
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give rise to synaptic plasticity (Zucker, 1999). In the cell nucleus calcium was shown

to regulate gene transcription (Lyons and West, 2011). And �nally, neural activity

related intracellular ion concentration changes do also include calcium ion concentrations

(Schiller et al., 1995).

Cytosolic calcium concentration changes are mediated by di�erent mechanisms. Action

potential related calcium increases were shown to involve voltage gated calcium channels

(Yuste and Denk, 1995; Schiller et al., 1995). Furthermore ionotropic receptors like N-

Methyl-D-Aspartate (NMDA) or� -Amino-3-Hydroxy-5-Methyl-4-Isoxazolepropionic Acid

(AMPA) also mediate transmembrane calcium �ux as well as metabotropic glutamate

receptors (mGluR). Also, there is substantial intracellular calcium storage that can be

released from the endoplasmatic reticulum and also from mitochondria. Finally, plasma

membrane ATPase and the sodium-calcium exchanger remove excess calcium from the

cytosol.

Optical Calcium Indicators

First optical calcium measurements were achieved with indicators that work in unusual

ways, from today's perspective: Aequorion (Shimomura et al., 1962) for example is

a bioluminescent indicator that emits a photon upon calcium binding and needs no

external illumination; however, photon emmission can happen but once per molecule.

Arzenazo III is another calcium indicator of the �rst hour: it changes its absorption

spectrum with the binding of calcium ions (Brown et al., 1975).

A quantum leap was realized by the introduction of �uorescent calcium indicators.

Key contributors to �uorescence calcium sensing was Roger Tsien and his lab. They

introduced synthetic, chelator based �uorescent calcium sensitive dyes, including the

fura, the calcium green and the �uo series (Tsien, 1989). In the following, many more

synthetic calcium indicators with diverse absorption and emission spectra as well as

varying kinetics have been developed.

Oregon Green BAPTA 1 (OGB-1) is a later synthetic calcium indicator with high

speci�city for calcium and fast kinetics allowing to reliably measure intracellular calcium

concentrations. Like other indicators, it is available in a cell-permeable form masked

with an acetoxymethyl (AM) ester (Tsien, 1981). Masked with this ester, the dye is not

�uorescent. It can be injected in solution into a brain area of interest where it di�uses

unselectively into cells (Stosiek et al., 2003). Within the cells, esterases cleave o� the

ester and the dye becomes �uorescent and polar. After becoming polar it cannot return
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easily through the apolar cell membrane again.

Apart from bulk loading of cell populations with the procedure just mentioned above, ad-

ditional delivery techniques for synthetic dyes have been established. Tract loading with

dextran-conjugated calcium indicators followed by retrograde transport allowed to image

activity from identi�ed projection neurons (O'Donovan et al., 1993). Dye electroporation

was introduced in two kinds: local electroporation sparsely labels individual neurons in

the vicinity of the injection pipette (Nagayama et al., 2007) whereas single-cell electropo-

ration is a procedure allowing to target one cell at a time (Nevian and Helmchen, 2007;

Kitamura et al., 2007).

Another procedure of indicator delivery is introduced by the use ofGenetically

Expressed Calcium Indicators (GECIs). GECIs are synthesized by the cells themselves

using instructions provided in form of DNA. The DNA can be introduced into cells using

custom-designed viral vectors that are injected into an area of interest where cells are

infected. The infected cells incorporate the genes provided by the DNA in the vector

and express the indicator8.

GECIs of di�erent forms have been developed. The improvement of their usefulness

in neuroscience remains a high interest topic of current research. Two GECI types of

di�erent working principles can be described, see Figure 1.11: A �rst, single-molecule-

based type of GECIs consists of one �uorophore paired with a calcium sensing molecule.

The �uorescent properties of the �uorophore are modulated by calcium binding at the

sensing molecule. Examples of such indicators are for instance the GCaMP family

that are constructed of a GFP derivative, Calmodulin and a M13 peptide. Calmodulin

and the M13 peptide form a complex upon calcium binding and thereby increase

the �uorescence of the GFP. A second type of GECIs incorporate two �uorophores

coupled as a Fluorescence Resonance Energy Transfer (FRET) donor-acceptor pair plus

a calcium sensing molecule. Calcium binding induces changes in transfer e�ciency

between the two �uorophores and modulates the �uorescence of both. An example of

this construction scheme is the Yellow Cameleon (YC) family of calcium indicators9.

8DNA can also be delivered to an organism in-utero (Saito and Nakatsuji, 2001) or in-ovo (Nakamura

and Funahashi, 2001). By now, transgenic lines of animals are available expressing di�erent dyes or

indicators in restricted cell types (Hasan et al., 2004).
9Please �nd reviews of genetically encoded indicators of neural activity in (Hires et al., 2008) and

(Looger and Griesbeck, 2012)
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Figure 1.11.: GECIs are constructed according to two main principles. a A single �uorophore

based GECI (here GCaMP) is composed of a �uorophore (GFP) in combination

with the calcium sensing Calmodulin that forms a complex upon calcium binding

with the M13 peptide and thereby enhances the �uorescence emission of the

GFP. b Two �uorophores form a FRET pair bracketing Calmodulin and a M13

peptide. Calcium binding leads to a modulation of the FRET e�ciency, which

alters the �uorescence properties of both �uorophores. The illustration here shows

the Yellow Cameleon (YC) indicator. Figure taken from (Hires et al., 2008).

Calcium Transients as a Proxy for Neural Activity

Action potentials are accompanied by sharp increases of intracellular calcium concen-

trations (Helmchen et al., 1996; Svoboda et al., 1997). The decay constants of these

calcium transients are considerably bigger than the ones of APs. However, it has been

shown that calcium signals add up until reaching saturation when trains of APs occur.

Saturation levels are determined by AP train frequency (Helmchen et al., 1996). The

relationship of AP and calcium transient therefore enables a readout of neural activity

from calcium recordings. Evidence for this connection is shown in Figure 1.12.

Grewe et al. simultaneously measured calcium signals at high speed and juxtacellular

electrical activity (Grewe et al., 2010). These high-resolution data allowed to �nd an

accurate description of a unitary AP associated calcium transient. Their model of a

calcium trace with a single AP at timet0 consists of a sharp inverse exponential rise
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Figure 1.12.: Calcium signals allow readout of AP �ring. A APs are accompanied by calcium

transients with a sharp rise and a slow exponential decay. In this rat layer

V pyramidal neuron trains of APs lead to summation of the calcium signal.

The saturation level associated with high frequency trains of APs depends on

the frequency of the train. By virtue of these properties inference of neural

activity from calcium activity is possible. Figure taken from (Helmchen et al.,

1996). B The close connection between spike train and calcium trace enables

the reconstruction of spike trains. In black high-speed calcium measurements are

shown. The overlaid blue curve depicts a model based estimate calcium trace

with the corresponding spike train in blue below. The estimate of spike times is

very precise as can be seen from the comparison with the stimulation times of

the neuron in red. Figure adapted from (Grewe et al., 2010)

and a double exponential decay:

f 1AP (t) = (1 � e� ( t � t 0 )=� on ))( A1e� ( t � t 0 )) =� 1 + A2e� ( t � t 2 )=� 2 ) (1.1)

Applying this model in combination with a Schmitt-trigger based 'peeling' algorithm

they achieve almost milisecond precision in spike detection, see Figure 1.12 b.

Yaksi and Friedrich suggested to use such a model bidirectionally to either convolve

a spike train with the single AP model to obtain the calcium trace, as well as to

deconvolve the calcium trace using the single AP model in order to reconstruct

the �ring rate (Yaksi and Friedrich, 2006). Further developments in the �eld

of spike train reconstruction from calcium imaging data are the restriction to

nonnegative �ring rates, the use of Monte Carlo methods (Vogelstein et al., 2009;

Vogelstein et al., 2010) and include the inference of connectivity from calcium imaging

data (Mishchencko et al., 2011).
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All the algorithms mentioned above can however not cover up the fact that acquired

calcium traces often su�er from a low signal to noise ratio. Instrumentation noise but

also method inherent noise10 add jitter to the theoretically smooth calcium traces

such that the experimenter is always forced to optimize between the number of cells

imaged, the data acquisition frequency and signal quality (Lütcke and Helmchen, 2011).

It is therefore of great value that imaging systems have been developed that allow

non classical access to regions of interest, including scanning in z-direction by using a

piezo electric stage for the objective lens (Göbel et al., 2006) or random access pattern

scanning by the use of acousto-optical de�ectors (Grewe et al., 2010).

But even employing classical frame scanning, two-photon microscopy single action

potential readout is possible under optimal conditions using synthetic dyes in some

systems (Greenberg et al., 2008) and by now it also has been reported that GECIs provide

su�cient signal so that single action potential can be reliably detected (Tian et al., 2009).

In summary, two-photon calcium imaging is an ever developing, highly valuable

experimental technique allowing the simultaneous monitoring of neural activity recorded

from numerous cells located in spatial vicinity. Unsurprisingly, the combination of

two-photon microscopy and �uorescent calcium sensitive dyes has been used purposefully

over the last twenty years:

Among the �rst studies employing two-photon microscopy and calcium sensitive

dyes was Yuste and Denk's recording of dendritic spines of hippocampal CA1

pyramidal neurons in rat brain slices (Yuste and Denk, 1995). They observed

spontaneous postsynaptic events restricted to single spine heads, broad calcium

increases in dendritic spines induced by backpropagating somatic action potentials and

coincidence detection of synaptic events and somatic action potentials within single

spines. They thereby identi�ed dendritic spines as basic components of neural processing.

The advantageous properties of two-photon microscopy were transferred further to

the study of neural activity in vivo, in intact systems (Svoboda et al., 1997). The

development of a protocol for bulk loading of cells with synthetic calcium indicators

(Stosiek et al., 2003) was a next major step. For this meant that the stage was

10 'Method inherent noise' refers to noise introduced by the limited number of photons that can be

collected from a region of interest due to low �uorescence yield, small cellular compartments and �nite

dwell times (Lütcke and Helmchen, 2011).
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set for functional imaging of neural populations with single cell resolution in vivo.

The de�ciency of detailed information about processing in neural networks within

cortical layers and columns, the way Churchland and Seijnowski described it to be the

case at the end of the 1980s11, could now be addressed by means of this novel technique:

Ohki et al. performed calcium imaging in the visual cortex of anesthetized rats and

cats (Ohki et al., 2005). They investigated with single-cell resolution the columnar

organization of responses to the stimulation with moving gratings. Within the cortical

column of a cat, neurons were already previously known to respond preferentially to

gratings moving in the same direction, i.e have the same direction preference. Ohki et

al. found three di�erent regimes of columnar micro-architecture: First, in cat area 18,

they observed a generally smooth transition of direction preference across the cortex.

The di�erence of orientation preference within neuron pairs increases with the distance

between the neurons. Second, at points of direction preference discontinuities, they

found borders to be extraordinarily sharp, only one to two cells wide. Third, in rat visual

cortex, the distance between neuron pairs had no correlation with the di�erence in

their direction selectivities. Therefore rat visual cortex is sometimes referred to be of a

'salt-and-pepper organization'. The discovery of �nely tuned response maps in visual

cortices now raises new questions about the mechanisms leading to the spatially precise

arrangement of response properties. Furthermore, it emphasizes the importance of

studying the structural and functional organization of nervous tissues with high spatial

and temporal resolution.

Niessing and Friedrich imaged in the olfactory system of the zebra �sh (Niessing

and Friedrich, 2010). They analyzed activity patterns of mitral cells in response to

the presentation of odors at di�erent concentrations. Mitral cell activity patterns

reorganized shortly after stimulus presentation. Activity patterns for the same odor

at di�erent but similar concentrations became correlated while activity patterns for

di�erent odors became decorrelated. Morphing one odor into another one resulted in

abrupt switches of activity patterns from one intermediate mixing concentration to the

next one. This network behavior supports an attractor model of odor classi�cation.

Furthermore, they found that only a small subset of mitral cells mediates the

sharp transitions from one network state into another one. A �nding they were

only able to make since they were in a position to monitor from many cells simultaneously.

11Please �nd the according citation on page 27
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Ultimately it is of great interest for neuroscientists to study neural activ-

ity in awake behaving animals. Two pathways have been taken to enable

two-photon calcium imaging in awake animals. First, head-mountable minia-

ture two-photon microscopes have been developed (Sawinski et al., 2009;

Engelbrecht et al., 2008). However, in comparison to standard two-photon mi-

croscopes, they allow imaging from a very limited �eld of view only and thereby the

advantage of monitoring many cells is partly lost. Second, studies with awake head-�xed

animals have been accomplished (Dombeck et al., 2007; Komiyama et al., 2010;

Keller et al., 2012). While animals remained head-�xed they could be involved in

di�erent tasks, be it running on an air-supported styrofoam ball (Dombeck et al., 2007)

(also in combination with controlled visual feedback (Keller et al., 2012)) or learning of

a choice task (Komiyama et al., 2010).
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1.3. Two-photon Calcium Imaging in the Zebra Finch

Songbirds had not yet been studied using two-photon calcium imaging at the beginning

of this PhD, unlike many other systems as we have seen above. The �rst goal of this

PhD thesis was therefore to explore the applicability of in vivo two-photon calcium

imaging in the zebra �nch brain. We restricted our investigation to the premotor area

HVC, which is positioned super�cially enough in the posterior pallium to allow direct

optical access (Roberts et al., 2010). We approached this task from di�erent angles,

always with the goal in mind to ultimately image calcium signals from populations of

cells simultaneously.

First, we applied bulk loading with a synthetic calcium indicator. Simultaneous

electrophysiolgy and calcium imaging supported the supposition that readout of neuronal

activity from calcium signals is possible also in the zebra �nch. We then imaged from

identi�ed projection neurons and glia cells while playing back auditory stimuli. We were

able to reproduce response properties of single cells known from electrophysiolgy and to

extend our knowledge in regard of the response properties of glia cells. Additionally we

achieved to gain insight into the local organization of HVC activity.

Second, we explored whether available GECIs could be exploited in the zebra �nch.

Chronic imaging in the phase of song learning could allow to gain insight of network

reorganization induced by tutor song exposure or vocal praticing. We tested several viral

constructs and di�erent indicator proteins expressed under two promoters. Only in one

case we found expression of the GECI, however, with very low expression levels and with

no calcium transients detected.

Third, we assessed whether and how we could train birds to sing while being head-�xed.

We pursued this with the goal in mind to image in awake, singing birds. While training

sessions were reported to be important in mice (Dombeck et al., 2007) we found no

e�ect of trying to train birds to being handled and to head-�xation. Nonetheless we

found individuals that did sing while being head-�xed, mainly while being presented

with a female zebra �nch.

The following sections present our work in these �elds in detail.
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2. Neural population activity

measured in zebra �nches using

synthetic calcium indicators 1

During motor behaviors and during working memory tasks, cortical premotor areas often

show stereotyped sequences of neural activity (Schmidt, 2003; Fujisawa et al., 2008;

Hahnloser et al., 2002; Harvey et al., 2012). Such neural sequences are thought to

be shaped by both sensory inputs and experience-dependent plasticity mechanisms

(Chase et al., 2012; Fiete et al., 2010; Fujisawa et al., 2008; Harvey et al., 2012;

Roberts et al., 2012). Thus, the spatial and temporal structure of sensory responses in

(pre-) motor areas may provide clues for the functional organization of these areas.

Songbirds provide an outstanding opportunity to study sensory-motor learning

on the basis of a clearly de�ned highly precise behavior. Control of motor

output, i.e. song production, and processing of auditory input both require a

distinguished set of brain areas. In HVC (used as a proper name), a pallial

(cortical) motor area, responses to sensory inputs in single neurons tend to show

remarkable selectivity for stimuli generated by motor output (Margoliash, 1986;

Doupe and Konishi, 1991), and strongly resemble responses recorded during generation

of that motor output (Prather et al., 2008). Three major types of HVC neurons

have been identi�ed: HVCRA neurons projecting to the downstream motor nucleus

robustus of the arcopallium (RA),HVCX neurons projecting to the pallidal Area

X in the anterior forebrain involved in song learning (Nottebohm et al., 1982;

Bottjer et al., 1984; Schar� and Nottebohm, 1991), and HVC interneu-

rons. During singing, HVCRA and HVCX neurons �re a small number of

short bursts of action potentials per song motif, whereas HVC interneurons

�re more densely and with less temporal precision (Hahnloser et al., 2002;

Kozhevnikov and Fee, 2007). In anesthetized birds, a fraction of

1This chapter consists mainly of material that has been published in (Graber et al., 2013).
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HVC neurons respond to auditory stimulation (Katz and Gurney, 1981;

McCasland and Konishi, 1981). Interestingly all HVC neuron types respond

stronger to the playback of the bird's own song (BOS) than to all other stimuli tested in-

cluding white noise (WN), conspeci�c songs (CON), the BOS played backwards (reverse

BOS, rBOS), and tutor song (TUT) (Margoliash and Konishi, 1985; Margoliash, 1986;

Sutter and Margoliash, 1994; Lewicki and Konishi, 1995). Individual HVC neurons can

respond with astonishing temporal precision to the BOS, evidenced by individual spike

bursts produced reliably in each trial and with millisecond precision (Huetz et al., 2006;

Lewicki and Konishi, 1995; Mooney, 2000). Millisecond precision also exists in corre-

spondence between singing- related and auditory-evoked activity (Amador et al., 2013;

Prather et al., 2008).

Multi-unit recordings revealed no evidence of auditory response topography. BOS

responses are equally strong over the entire HVC of zebra �nches (Sutter and Margoliash,

1994); and, responses to di�erent songs in song sparrows (birds producing multiple

songs) do not vary in strength across di�erent HVC locations (Nealen and Schmidt,

2006). However, the spatial resolution provided by metal electrodes may not be

su�cient to provide evidence for or against HVC local response clustering and auditory

response topographies. Also, neurons may not be the sole cell type to provide clues

about sensory-shaped motor sequences. Neurons are embedded in populations of

supportive astroglia cells that often ensheath pre- and postsynaptic partners in a

structure termed 'tripartite synapse' (Eroglu and Barres, 2010). Astrocytic activity

can be modulated by neuronal activity and sensory input (Winship et al., 2007;

Wang et al., 2006). In songbirds, changes in astroglia populations can occur in

synchrony with seasonal changes in song learning (Ka�tz et al., 1999), but astrocyte

signals and their relation with sensory inputs and neural signals have not been studied.

In head-�xed and urethane-anesthetized zebra �nches we perform two-photon laser

scanning microscopy of calcium activity in large populations of HVC neurons and

astroglia. In HVC neurons we seek to characterize calcium activity in relation to

action potential (AP) �ring. We �nd good correspondence between calcium signals

and juxtacellular electrical activity. In neurons and in astroglia we investigate auditory

response properties and we study pairwise correlations of calcium activity and their

dependence on both stimulus type and spatial separation. We �nd that overall there

is diverse structure in baseline and auditory-evoked activity. Pairwise correlations fall

o� with distance between cells, and auditory stimulation has the e�ect of reducing
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correlations in a stimulus dependent manner.

2.1. Methods

For two-photon calcium experiments we used 8 male zebra �nches raised in our breeding

colony. On the day of the two-photon experiment all birds were 90 days post hatch or

older.

2.1.1. Surgeries and labeling procedures

For retrograde labeling we injected 3 birds with a red dextran conjugated tracer dye

(Fluororuby / Texas Red 10'000 MW, Invitrogen, Molecular Probes, dissolved in distilled

water to achieve maximum concentration as speci�ed by the vendor), Figure 2.1. Birds

were anesthetized with iso�urane (1-5 %) and retained in a stereotactic device at an

angle of 65 degrees of the plate forehead to horizontal. We removed the feathers and

applied lidocaine locally before making an incision into the skin. A small craniotomy

was drilled into the skull using a dental drill. We stereotactically targeted Area X with

a pipette �lled with retrograde tracer and used a Picospritzer to pressure eject small

volumes (� 500 nl) of tracer dye. We closed the wounds with medical glue and let the

bird recover in isolation for a few days. Birds typically recovered well and often sang the

day after the tracer injection.

On the day of the two-photon microscopy experiment, we injected birds intramuscularly

with 2-3 dosages of 30� l of 20 % urethane dissolved in Ringer solution, we waited

roughly 30 minutes between injections. Right after the second urethane injection we

started the surgical intervention by additionally anesthetizing the bird with iso�urane

to bridge the slow onset of urethane anesthesia. Iso�urane anesthesia was induced

with 3-5 % iso�urane in humi�ed air for approximately 2 minutes until birds' breathing

rate was stable around 60 bpm; thereafter we maintained peri-surgical anesthesia

with 1-2 % iso�urane. After the surgical intervention, before imaging, iso�urane

administration was ceased. We used custom-made head holders together with the

stereotax to avoid the usage of ear bars (such bars may have detrimental e�ects

on hearing). The bird's head was placed in the head holder at an angle of roughly

80 degrees of the plate forehead to the horizontal. We removed the feathers on

the posterior part of the head and applied Lidocaine gel locally to the scalp before

making an incision into the skin. We drilled a small hole into the �rst bone layer of

the skull above left HVC (based on stereotactic coordinates). We then attached a
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Figure 2.1.: Calcium imaging of identi�ed HVCX neurons. A Schematic sagittal view of the

zebra �nch brain with �uorescence labeling of unspeci�c HVC cells with OGB-1 AM

(green shading) and X-projecting HVC neurons with retrograde tracer �uororuby

(orange shading in Area X). We played back auditory stimuli while imaging calcium

activity in OGB-1 �lled cells using a two-photon microscope (red beam).B

Maximum projection onto xy plane of a 3D image stack from an HVC site at

180 - 220� m imaging depth with retrogradely labeledHVCX neurons (red) and

OGB-1 �lled cells (green). C Overlay of light microscopic and electron microscopic

imagery of anHVCX soma (white arrow) and an adjacentHVCRA soma (blue

arrow). Retrograde tracer dye is located mainly in organelles in the cytosol near

the nucleus (red: Texas red injected into Area X; green: Alexa 488 injected into

RA).

metal headplate to the bird's head using dental cement. We removed the inner bone

layer right above HVC and perforated a tiny part of the dura with a syringe needle

to allow easy penetration with an injection pipette. We bolus loaded the synthetic

calcium indicator Oregon Green BAPTA-1 (Figure 2.1 A, B & Figure 2.2 A-C) masked

with an acetoxymethyl ester for cell membrane penetration (OGB-1 AM, Molecular

Probes, Invitrogen) according to a recently established protocol (Stosiek et al., 2003;

Garaschuk et al., 2006) as follows: We prepared the �uorophore injection solution on

the day of the experiment prior to the surgery. 1-3� l of 20 % Pluronic F-127 (BASF)

dissolved in Dimethylsulfoxid (DMSO) was used as a solvent for 50� g of OGB-1 AM

(Molecular Probes, Invitrogen). We complemented the solution with calcium-free Ringer

solution to 40� l in total, leading to a solution of about 1 mM OGB-1 AM. We lowered

a glass pipette �lled with the solution into HVC and in a slow process of about 10

minutes we injected a few hundred nanoliters at a pressure of about 0.3 bar.

To label astrocytes (n=2 birds) we applied a solution of 50� m Sulforhodamine 101

(SR101) in Ringer directly onto the surface of the brain (Figure 2.2 A) for about 10
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minutes and then �ushed the brain with Ringer solution. SR101 labeled cells showed

typical characteristics of glia cells: They tended to more brightly stained by OGB-1 AM

and were generally smaller than other cells. They often made contact with blood vessels

and had clearly visible, short appendages, Figure 2.2 B.

Figure 2.2.: Calcium imaging of identi�ed glia cells. A In di�erent experiments we labeled

astroglia with SR101 (orange) instead of injecting �uororuby into Area X.B Average

projection of an HVC imaging site with SR101-�lled cells (green) and OGB-1 �lled

cells (red). Double-labeled cells appear yellow.C Sagittal histological section

(anterior right, dorsal up) showing the remains of the calcium indicator OGB-1

AM in HVC (green shading, black arrows). Visible are also the pipette/electrode

track (red arrow) parallel to the optical axis of the two-photon microscope and

two small electrolytic lesions (blue arrows) at 1.5 and 2 mm depth made at the

end of the experiment.

We covered the craniotomy with 1 % agarose (Sigma) in Ringer solution and clamped a

cover glass to the headplate to stabilize the brain from heartbeat and breathing-induced

motion.

2.1.2. Histology

At the end of the experiment we killed birds with an overdose of Nembutal injected

intraperitoneally, we removed the brain and �xed it in 4 % PFA, and we cut sagittal

sections of 80-100� m thickness and imaged them in a light microscope. In the case

of SR101 experiments we made electrolytic burns (10 s with 15� A ) below the site

of OBG-1 injection before sacri�cing the bird to verify the sites of calcium imaging

in subsequent histology, 2.2 C. Besides the remains of calcium indicator, histological

sections typically revealed the track of the injection pipette, burns, and the retrograde
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tracer. We successfully recorded calcium activity while playing back auditory stimuli

from n=5 anesthetized and head-�xed zebra �nches. We discarded data from 1 bird

in which we found no cells that responded to stimulation with the BOS (Z-score� 1).

Among the reasons for not seeing auditory responses in this bird are sensitivity of calcium

responses to damage caused by the brain surgery and absence of auditory responses

in HVC of some birds. Experiments combining calcium imaging with the recording of

extracellular voltage were done in n=2 birds. The electron micrograph in Figure 2.1 C was

prepared by Daniele Oberti using his correlative microscopy protocol (Oberti et al., 2010;

Oberti, 2012). It shows the retrograde tracers being located within organelles in the

projection neuron soma.

2.1.3. Song recording and stimulus generation

Prior to two-photon microscopy and tracer injection, birds were isolated, their songs were

bandpass �ltered in the range 0.3-13 kHz, digitized at 32 kHz sample rate, and saved to

disk using custom recording software written in LabView (National Instruments). We

used Matlab (Mathworks Inc.) to assemble several stimulus �les, each composed of

random permutations among 12 stimuli, in which 4 stimuli were randomly chosen from

each of the 3 stimulus types: 1) bird's own song (BOS) stimuli of roughly 2-3 s duration,

2) BOS played back in reverse (rBOS) stimuli of similar duration, and 3) 3 s white noise

(WN) stimuli. Stimuli were normalized to equalize their average sound intensity and

were separated by 10 s silent intervals in all recordings that went into the population

analysis and by 5 s in a few additional recordings. Overall the duration of one stimulus

�le was approximately 3 minutes. For each recording site we acquired imaging data

in response to 1-3 stimulus �les. We re-recorded the auditory stimulus �les that we

broadcast through a loudspeaker using a microphone and custom software written in

LabView.

2.1.4. Calcium 
uorescence imaging in HVC

We used a custom built two-photon laser scanning microscope powered by 100 fs

pulses at 870 nm wavelength of a Ti:sapphire laser (Spectra Physics). The laser beam

passed through a 40x water- immersion objective (NA 0.8,Olympus) through which

�uorescence light was collected as well. Imaging was controlled by the software package

HelioScan written in LabView (Langer et al., 2013). Dye uptake in the applied bulk

loading protocol is known to be a slow process (Stosiek et al., 2003) that can take

0.5 - 3 h (Ohki et al., 2005) depending on the species under investigation: In our
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experiments with zebra �nches, �uorescence levels within cells reached stable values

roughly 30-60 minutes after dye injection. Thereafter we started recording movies.

While imaging we played back auditory stimuli through a loudspeaker positioned

centrally ca. 20 cm in front of the bird. We placed a microphone right next to

the bird's beak to record the auditory scenery, allowing for post-hoc detection of

disturbing sounds and exclusion of a�ected recordings. During imaging, there was

a constant faint high-frequency tone generated by the scanning mirrors of the microscope.

HVC is situated super�cially in the posterior pallium. It is covered by a layer of

parahippocampus and separated from it by the lateral ventricle (LV). The thickness

of parahippocampus over HVC decreases from medial to lateral and from anterior

to posterior. Whereas medial anterior HVC can be obstructed by a few hundred

micrometers of tissue, only a thin layer of a few tens of micrometers separates lateral

HVC from the brain surface. To avoid deep tissue imaging, we imaged mainly in lateral

parts of HVC, roughly 2.5 mm lateral of the sagittal sinus. When we moved the optical

plane from the surface to increasing depths (along z direction) we observed lack of

OGB-1, staining when passing through the LV. As soon as the focal plane moved out of

the LV into HVC, retrogradely traced X-projecting HVC neurons (HVCX neurons) could

be seen. We imaged from regions in which we could �nd either well-labeled astroglia or

HVCX neurons (the latter are known to �re at 1.5 +/- 0.4 Hz under urethane anesthesia

(Mooney, 2000)). We acquired frame scans of 128 x 128 pixels with a frame rate of

7.81 or 3.91 Hz and stored them to disk.

2.1.5. Electrophysiology

We made targeted juxtacellular recordings, Figure 2.3 A, B, under the two-photon

microscope using borosilicate glass pipettes of impedances in the range 2-5M
 , �lled

with ringer solution and 50� M Alexa 594 (Molecular Probes, Invitrogen) to see the

pipette under the microscope. Electrical signals were ampli�ed with an Axoclamp 2-B

ampli�er (Axon Instruments, Molecular Devices) in current clamp mode, digitized at 32

kHz (85 kHz in one case) sample rate, and saved to disk using custom written software

in LabView.
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Figure 2.3.: Action potentials are associated with fast calcium transients. ATargeted jux-

tacellular recording of membrane potential from an unidenti�ed HVC neuron

(circumscribed in white) using a patch pipette containing 50� M Alexa 594 (red).

B Three example traces of simultaneously recorded calcium signals (black) and

juxtacellular membrane potential (blue, arbitrary units) of the neuron in A. Short

increases in �ring rate (low-frequency bursts, red arrows) but also single isolated

spikes (black arrows) were associated with transient increases in �uorescence of

up to 5 %. C Event-triggered average (ETA)� F/F signals of the cell in A and B

reveal average �uorescence transients of 1.4 % for single spikes (black) and of 1.9

% for low-frequency bursts (red, burst width = 200 ms) in the �rst bin after the

event. The error bars indicate the standard error of the mean.

2.1.6. Data analysis

All data were analyzed using custom software written in Python using scipy and numpy

and visualized with chaco and traits (Enthought Inc.).

ROIs: Regions of interest (ROIs) were de�ned based on OGB-1 contrast in average

projections of movie stacks. ROIs were manually selected.HVCX neuron ROIs were such

that they fully circumscribed the region of tracer �uorescence, known to emanate mainly

from organelles near the nucleus, see Figure 2.1 B, C. ROIs of unidenti�ed cells and

astroglia were chosen to contain the region of high OGB-1 contrast. We chose neuropil

ROIs in regions of roughly constant OGB-1 intensity and not obviously containing ROIs

of other types. To assess background �uorescence we also chose ROIs in dark areas,

mainly blood vessels, from which we calculated the time and space-averaged �uorescence

signalF0. To compute the calcium signal in all ROIs corresponding to cells and neuropil,

we �rst subtracted F0 from the spatially averaged �uorescence signal, resulting inF (t).

Based onF (t) within a ROI we calculated the relative percentage changes, i.e., the
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calcium transient signalC(t) as

C(t) =
� F
hF i

=
F (t) � h F i

hF i
(2.1)

wherehF i represents the time average ofF (t) over the entire recording session. In the

end, to remove very slow drifts, we high-pass �lteredC(t) using a fast Fourier transform

with cuto� frequency 0.06 Hz.

Event-triggered average: There were large di�erences between sampling rates of �uores-

cence recordings and electrophysiological recordings. We computed the event-triggered

average calcium signal in Figure 2.3 C by setting the sample times of the �uorescence

traces to the time points at which the last line of the ROI was scanned. Fluorescence

samples were then binned into 125 ms bins with the spike/burst event set to the origin,

and averaged.

2.1.7. Stimulus responses and selectivity

We computed the calcium response� S to a given stimulus by averaging the calcium

signalC(t) over the time period from stimulus onset to stimulus o�set. The Z-score

response to a stimulus was de�ned as the di�erence between� S and a baseline response

� B of mean calcium signal in a 4 s window preceding the stimulus, averaged over all

repetitions of a stimulus and normalized:

z-score=
h� S � � B i

p
� 2

B + � 2
S � 2Cov(� S ; � B )

(2.2)

where� 2
S is the variance of calcium responses,� 2

B is the variance of baseline �uctuations,

and Cov(� S ; � B ) is the covariance (unbiased estimator) between stimulus and baseline.

We assessed the selectivity of responses for one stimulus over another using the d'

measure according to which the average calcium response to stimulusS2 (averaged over

stimulus repetitions) is subtracted from the average calcium response to stimulusS1:

d' =
2(h� S1 i � h � S2 i )

q
� 2

S1
+ � 2

S2

(2.3)

Note that that we excluded n=32 highly responsive ROIs (n=3 birds) from our population

analysis that showed strong responses to low-frequency noise in the recorded stimulus

�les prior to stimulus onset (but following playback onset, mainly rBOS stimuli were

a�ected). In these ROIs our estimate of baseline activity was contaminated (Z-scores

were arti�cially diminished because of an elevated 'baseline calcium signal' elicited by the

low-frequency noise). Among the ROIs excluded were 0HVCX neurons, 1 glia cell, 12
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unidenti�ed cells, and 19 neuropil ROIs. Their median Z-scores were: BOS 0.83, rBOS

0.08, and WN 0.46. The responsiveness for WN was clearly higher than for the set of

regular ROIs, con�rming the observation that overall these sites were more responsive

to auditory stimuli/noise than average.

2.1.8. Response correlations

We assessed correlations between calcium signals in pairs of ROIs in terms of the

correlation coe�cient (CC) between mean-subtracted calcium signalsC1(t) and C2(t):

CC =
hC1(t)C2(t)i

� 1� 2
(2.4)

WherehC(t)i denotes time averaging ofC(t) and where� 1 and � 2 denote the standard

deviations of the respective calcium signals. We separately computedCCs in time

windows corresponding to auditory stimuli and to baseline activity.

Locking to population response: We computed a measure of population synchrony given

by the correlation coe�cient (CC) between the calcium signal (as a function of time)

in a given ROI and the simultaneously recorded average signal in all other ROIs of the

same type (estimate of population response). We calculatedCCs for di�erent stimulus

types during presentation of auditory stimuli and during baseline periods.

Distance e�ect: To assess pairwiseCCs as a function of distance between ROIs, we

binned distances between ROI centers into 20� m bins and averagedCCs over ROI

pairs at equal distances (both for stimulus and baseline periods). We explored changes

of bin size by a factor of two but did not �nd qualitative di�erences to the reported

results. We �tted the pairwiseCC data as a function of ROI distance by an exponential

curve of the formdCC(d) = A exp (� �d ) + C, whered represents the distance between

ROI centers. The �t of parameters� , A, and C was computed using a downhill simplex

algorithm. In the case ofHVCX neurons and WN stimulus conditions, we excluded three

outliers from the dataset before �tting. These data points were less than 10� m apart

and hadCCs > 0.25.

2.1.9. Auditory response dynamics

Auditory responsiveness varied widely among ROIs, even among ROIs of a given type.

Only very few cells were strongly driven by auditory stimulation (visible in single-trial

50



2.2 Results

responses). An exceptionally responsive (non-identi�ed) auditory cell is shown in Figure

2.4 A. This cell displayed (� F/F ) transients to sound onsets on the order of 10 %. In this

cell we estimated the latency of calcium responses to sound onsets. The presentation of

auditory stimuli was not synchronized with acquired frames in the microscope, therefore

the time lags between stimulus onset and acquired �uorescence samples in the ROI were

widely distributed across stimulus presentations. To make use of this diverse sampling

o�set, we time stamped the �uorescence samples by the times at which the scanning

beam reached the �rst line beyond the ROI. We de�ned the response onset latency

as the time lag of the �rst �uorescence sample that exceeded pre-stimulus baseline

�uorescence by 3 standard deviations. In the cell in Figure 2.4 A the response onset

latency, Figure 2.4 B, was 66 ms, which is shorter than the typical song syllable duration

of 100-150 ms. Hence, our imaging approach allowed us in principle to associate activity

in single neurons to acoustic events on a syllabic timescale. Furthermore, we noted that

in some cells such as the unidenti�ed cell in Figure 2.4 C-E, calcium transients accurately

mirrored the song structure at sub-second resolution: The �uorescence signal in question

displayed peaks that were time-locked to the BOS motif (the motif is a stereotyped

roughly 1 s long song pattern composed of several syllables that birds repeat 2-5 times

per song). Thus, OGB-1 �uorescence signals re�ected periodicity in the auditory input

on the time scale of several hundred milliseconds.

2.2. Results

To study auditory-evoked cellular activity in HVC we injected the synthetic calcium

indicator Oregon Green BAPTA-1 (OGB-1 AM) in urethane-anesthetized zebra �nches,

unselectively staining populations of both neurons and glia cells (Stosiek et al., 2003;

Garaschuk et al., 2006). To identify a neuronal subtype in HVC we retrogradely labeled

HVCX neurons by injection of �uorescent tracers into Area X, and to identify astrocytes

we applied a known marker for astroglia, Sulforhodamine 101 (SR101).

2.2.1. HVC neuron spikes are associated with transient increases

in OGB-1 
uorescence

In rats, single action potentials are accompanied by OGB-1 �uorescence changes of

up to 10 % and multiple action potentials in short succession linearly add up to the

detected change in �uorescence (Kerr et al., 2005). To investigate the relationship
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Figure 2.4.: Time scales of auditory responses. AExample signal of an unidenti�ed HVC

cell with fast responses to sound onsets. All stimuli (blue: WN, yellow: BOS,

red, rBOS) elicit a reliable calcium transient.B The � F/F samples aligned to

stimulus onset (time origin) reveal a response onset (red arrow) of 66 ms; response

onset was de�ned as the �rst data point above a threshold (blue dashed line) of

three � F/F standard deviations estimated during baseline.C Average image of

an acquired movie stack with the ROI of an undetermined cell (not �lled with

SR101) encircled in white.D Auditory responses of the cell in C. On top of each

response panel we show the sound spectrogram recorded during calcium imaging

(red: high signal amplitudes, blue: low amplitudes), stimuli are indicated with black

lines; below are the individual� F/F responses in gray and the mean responses in

color. This cell exhibits a� F/F response peak during playback of each of the two

BOS motifs (indicated by red horizontal bars shown above the spectrogram).E

Baseline-subtracted mean responses of the cell in C and D. The cell responds most

strongly to BOS: Z-score BOS = 0.90, Z-score rBOS = 0.19, Z-score WN = 0.1.

The horizontal colored bars indicate the Z-scores and the vertical colored lines the

standard deviations.
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Figure 2.5.: Auditory responses in di�erent identi�ed HVC cells. A and B, Left: Mean images

of acquired movie stacks with the ROIs encircled in white. Middle: Marked on

top are auditory stimuli (black horizontal bars); below are the individual� F/F

responses (gray) and the mean responses (color). Right: Baseline-subtracted� F/F

responses averaged over stimulus durations (WN shown in blue, rBOS in red, and

BOS in yellow). Legend as in Fig. 2.4 E.A Response panels of twoHVCX neurons,

with the neuron on top responding more to BOS (Z-score = 0.98) than to rBOS

(Z-score = 0.58); the WN stimulus slightly suppresses OGB-1 �uorescence (Z-score

= -0.25). The neuron is BOS- selective: d' BOS-WN = 1.42, d' BOS-rBOS =

0.40, d' WN-rBOS = -1.10. The HVCX neuron below shows even stronger BOS

selectivity, d' BOS-rBOS = 3.33 and d' BOS-WN = 4.61. This neuron is neutral

in its preference for WN vs. rBOS (d' = 0.17). B Auditory responses in two cells

labeled with SR101, i.e. presumptive astrocytes. The �rst cell responds strongest

to WN (Z-score = 1.86), but also to BOS (Z-score = 1.09), whereas rBOS elicits

only a weak response (Z-score = 0.30). The second cell responds about equally to

all auditory stimuli with Z-scores in the range of 1.2 - 1.5.

53



CHAPTER 2. NEURAL POPULATION ACTIVITY MEASURED IN ZEBRA
FINCHES USING SYNTHETIC CALCIUM INDICATORS

between OGB-1 �uorescence and spiking activity in HVC neurons, we imaged OGB-1

loaded neurons while juxtacellularly recording their membrane potential. Single action

potentials did not consistently lead to detectable OGB-1 �uorescence changes� F .

Low-frequency bursts (inter-spike interval < 200 ms) however often co-occurred with

� F/F transients of 2 % or more, Figure 2.3 A-C. For the cell shown in Figure 2.3 A, B,

the mean� F/F signal in the �rst 240 ms following (low-frequency) bursts was 50 %

larger than the mean� F/F signal following single spikes (T-test,p = 2 � 10� 4, n=53

single spikes, n=15 bursts). On average, the spike-triggered average� F/F (combining

single spikes and low-frequency bursts) was 1.5 % (range 0.7-3.1, n=5 cells in 2 birds).

Transients had a sharp rise time and decayed roughly exponentially with average decay

constant 0.94 s (range 0.47-1.87 s, n=5 cells in 2 birds). These data con�rm the positive

correlation between calcium transients and neuronal �ring, even though the spike-

associated calcium increases we found were smaller than in rodents (Kerr et al., 2005;

Sato et al., 2007) but of comparable size to transients in the zebra �sh (Niell and Smith,

2005).

Figure 2.6.: Auditory responses of HVC neuropil. Neuropil ROI showing large response to

BOS (Z-scores for BOS = 3.19, rBOS = 0.61 and WN = -0.45).

2.2.2. Auditory responsiveness and stimulus selectivity

We broadcast random sequences of BOS, rBOS, and WN stimuli played through a

loudspeaker at physiological sound amplitudes and with intermittent 5 or 10 s pauses.

We analyzed calcium transients (� F/F ) using standard measures in songbird auditory

physiology research, i.e.,responsivenessin terms of the Z-score of stimulus-evoked

calcium signals (signals relative to baseline, normalized to units of standard deviation)

and selectivity in terms of the psychophysical d' measure (the normalized di�erence

between mean calcium signals in response to two di�erent stimuli). We imaged from

di�erent regions of interest (ROIs) includingHVCX neurons, astroglia, unidenti�ed cells,

and neuropil.
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Most cells were only weakly activated by auditory stimulation, Figures 2.5 and 2.6 depict

typical examples of auditory responses inHVCX neurons, astroglia, and neuropil. The

median Z-scores over ROIs of a given type were quite small, in the range -0.25 to 0.6,

Table 2.1 and Figure 2.7. In response to BOS, all ROI types showed positive median

Z-scores (Wilcoxon signed-rank test,p < 0:001), most pronounced inHVCX neurons

(median Z-score = 0.63,p = 2:1 � 10� 16) and in neuropil (median Z-score = 0.56,

p = 3:3 � 10� 10). HVCX neurons were suppressed by WN and rBOS (median Z-score =

-0.25 in each case,p < 0:001), whereas in neuropil the median Z-score was only negative

for WN (-0.23 p = 0:002) but not for rBOS. Z-score results were almost unchanged

when summarized using the mean instead of the median (not shown).

N ROIS /

N Birds

Z-score BL Z-score BOS Z-score rBOS Z-score WN

HVCX 226 / 3 0.00 [-0.19, 0.27] 0.63 [-0.02, 1.10]

p = 1:2 � 10� 13

-0.25 [-0.47, 0.06]

p = 3:3 � 10� 8

-0.25 [-0.51, -0.01]

p = 9:2 � 10� 14

Glia 198 / 2 0.02 [-0.20, 0.32] 0.22 [-0.07, 0.62]

p = 1:1 � 10� 5

0.11 [-0.14, 0.42] 0.17 [-0.16, 0.51]

p = 0:003

Neuropil 155 / 5 0.04 [-0.20, 0.25] 0.56 [-0.07, 1.11]

p = 8:4 � 10� 8

-0.16 [-0.49, 0.46] -0.23 [-0.56, 0.25]

p = 5:5 � 10� 4

Undet.

cells

659 / 5 0.01 [-0.26, 0.24] 0.17 [-0.20, 0.61]

p = 3:2 � 10� 13

-0.01 [-0.34, 0.28] -0.10 [-0.34, 0.25]

Table 2.1.: Median Z-scoreswith quartile range in brackets for di�erent ROI types and stimulus

types (BOS, rBOS, and WN) and for baseline periods (BL). The reported P-values

represent the probability that the median Z-score is equal to that of the BL

distribution (paired Wilcoxon signed-rank test).

At a given site we kept imaging times short to avoid thermal tissue degradation and

indicator bleaching. Consequently, we used few stimulus presentations (range N = 8

to 12 presentations per stimulus). We speculated that variability in Z-scores across

ROIs could be largely due to the small number of stimulus presentations. To estimate

the amount of Z-score variability due to small N, we computed baseline (BL) Z-scores

by randomly pairing 4 s baseline periods with 3 s 'baseline responses' from recording

periods with at least 3 s pauses between stimuli. The result was a standard deviation in

BL Z-scores in the range of 0.3-0.4, suggesting that about half of the Z-score spread

among di�erent ROIs is due to the limited number of stimulus repetitions (see Table

2.1). Nevertheless, in all ROI types, the median Z-score for BOS was larger than the

median Z-score for BL (paired Wilcoxon signed-rank test,p < 0:001)), thus con�rming
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the overall preference for the BOS.

We assessed the fraction of BOS-responsive cells by a Z-score thresholdZ� that was

chosen to correspond top < 0:05, i.e., Z� = 0:86 for N=12 stimuli and Z� = 1:15 for

N=8 stimuli. We thus obtained a fraction of BOS-responsiveHVCX neurons of 31 %,

while 0 % and 1 % were responsive to WN and rBOS, respectively. We found that 28 %

of neuropil ROIs were responsive to BOS while 3 % were responsive to WN and 5 % to

rBOS. Note that we suspect that these numbers are slightly biased to zero compared to

numbers obtained in electrophysiology experiments (because of our choice of small N).

Our characterization of responses using Z-scores agreed with characterizations using d'

values, exempli�ed by the twoHVCX neurons in Figure 2.5 that showed preference for

the BOS both with respect to WN and to rBOS (d' BOS-rBOS = 1.22 and 3.33, d'

BOS-WN = 2.82 and 4.61). Overall,HVCX neurons preferred BOS both over rBOS

and over WN with positive median d'=1.1 for BOS-rBOS (Wilcoxon signed-rank

test, p = 6:0 � 10� 14) and positive median d'=1.3 for BOS-WN (p = 3:3 � 10� 11) (see

also Table 2.2 and Figure 2.7). Similarly, neuropil ROIs preferred BOS over rBOS

(p = 3:2 � 10� 24) and BOS over WN (p = 7:3 � 10� 26). Glia cells, however, showed only

signi�cant preference for BOS over rBOS (p = 6:4 � 10� 4) but no signi�cant preference

of BOS over WN (p = 0:24), see Figure 2.7.

N ROIS /

N Birds

d' BOS-rBOS d' BOS-WN d' WN-rBOS

HVCX 226 / 3 1.13 [0.15, 1.76] 1.25 [0.40, 1.89] 0.05 [-0.44, 0.39]

Glia 198 / 2 0.18 [-0.29, 0.69] 0.06 [-0.43, 0.65] 0.13 [-0.34, 0.63]

Neuropil 173 / 5 0.76 [0.06, 1.79] 0.67 [-0.10 2.12] 0.12 [-0.49, 0.49]

Undet. cells 659 / 5 0.29 [-0.20, 0.78] 0.27 [-0.28, 0.85] -0.01 [-0.54, 0.55]

Table 2.2.: Median d' valuesand [25 %, 75 %] quantiles for di�erent ROI types and pairs of

stimulus types reveal preference for BOS over other stimuli inHVCX neurons and

in neuropil but not in glia.

2.2.3. Auditory stimulation decorrelates HVC X activity

Two important advantages of two-photon imaging over electrophysiology are the abilities

it provides to monitor activity simultaneously in large populations of identi�ed cells

(including glia cells) and to obtain precise information about their spatial distribution.
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Figure 2.7.: Auditory responses display preference for BOS in HVCX neurons but not in as-

troglia. A Cumulative distributions of Z-scores in di�erent ROI types and for

di�erent auditory stimuli. HVCX neurons are strongly excited by BOS (yellow)

but weakly inhibited by WN (blue) and rBOS (red). A very similar �nding applies

to neuropil, but not to astroglia in which auditory stimulation only elicits weak

responses. The Z-score cumulative distributions during baseline periods (black)

are antisymmetric and centered around zero, they depict the range of Z-scores

associated with baseline signal �uctuations.B Distribution of d' values in di�erent

ROI types and stimulus pairs.HVCX neurons clearly prefer BOS over rBOS (or-

ange, median d'=1.13) and BOS over WN (green, median d'=1.25), but display

no di�erential responses to WN vs. rBOS (purple, median d'=0.05). A similar

behavior is seen in neuropil, though there the preferences for BOS over rBOS

(median d'=0.76) and BOS over WN (median d'=0.67) are less pronounced than

in HVCX neurons. Astrocytes slightly prefer BOS over rBOS (median d'=0.18)

but even less pronounced is their preference for BOS over WN (median d'=0.06).
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For example, in auditory (Rothschild et al., 2010) and visual cortices (Ch'ng and Reid,

2010) the pairwise correlation of activity decreases with increasing distance between cell

pairs.

To study HVC activity on a population level, we produced stack plots of� F/F traces in

large populations of ROIs. In baseline activity we observed large �uctuations that were

synchronized among many ROIs, Figure 2.8. Fluctuation peaks during inter-stimulus

periods often exceeded stimulus-evoked peaks. To assess the in�uence of auditory

stimulation on ongoing baseline activity, we separately analyzed signal co-�uctuations

during baseline periods and during auditory stimulation. We de�ned a measure of

synchrony in a particular cell population in terms of the correlation coe�cient (CC)

between the signal in a given ROI and the mean signal of all other ROIs of the same

type.

In HVCX neuronsCCs were highest during baseline periods and auditory stimulation

had the e�ect of desynchronizing calcium signals. Indeed, inHVCX neurons at short

distances< 100 � m , all of BOS, rBOS, and WN stimulation induced desynchronization

of calcium signals.CCs were larger during BOS than during rBOS and WN (p < 0:001,

paired Wilcoxon signed-rank test). Less desynchronization by BOS compared to other

stimuli is surprising given that BOS responses were larger than responses to other stimuli.

We suspected that baseline HVC activity is somehow supportive of mediating large

BOS responses without necessitating concurrent changes in the structure of ongoing

correlations. In agreement with this idea, inHVCX neurons we found a strong positive

correlation betweenCCs during baseline periods andCCs during auditory stimulation,

implying that ROI pairs with strongly correlated signals during baseline periods also

showed strong correlations during BOS. The Pearson Correlation between a) BOS CCs

and BL CCs in allHVCX pairs was 0.39 (p = 1:4 � 10� 62, N=1655 pairs), and between

b) CCs reporting population synchrony inHVCX neurons during BOS and BL was 0.60

(p = 3:7 � 10� 23, N=226 ROIs). By contrast, in astroglia BOS did not desynchronize

baseline �uctuations at all, revealing a qualitative di�erence in behavior between these

two cell types.

2.2.4. d' analysis pooled over recording sites (small N analysis)

The observation of correlated HVC population activity reveals that calcium signals

in di�erent cells are not independent. To test whether d' prime statistics remain

signi�cant when pooled over recording sites rather than over cells, we performed a
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Figure 2.8.: Stackplots of � F/F traces in ROIs of di�erent types reveal synchronous activity.

A Experiment with labeledHVCX neurons,B experiment with labeled astroglia.A

and B: Auditory responses modulate ongoing strong baseline signal �uctuations

that are highly synchronized across the entire network. Many synchronized� F/F

transients occur in the absence of auditory stimulation (black arrows). Stimulus

playbacks are indicated on top. Each line represents the� F/F signal normalized

by the standard deviation of that ROI, the darker the shading, the larger the� F/F

values. Stimulus playbacks are indicated on top (blue: WN, red: rBOS, yellow:

BOS). C Stackplot of spontaneous activity (no auditory stimulation) in the same

ROIs as in B reveals that synchronous� F/F �uctuations occur spontaneously.

D Spectra of � F/F signals averaged over all ROIs in B (black) and C (green)

with standard error of the mean (SEM) delimited by dashed lines. Both with and

without auditory stimulation there are strong �uctuations at low frequencies (< 1

Hz).
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stimulation-response analysis on population-averaged signals within each site instead of

signals in individual ROIs (i.e., we averaged the simultaneously recorded signals over all

ROIs of a given ROI type per site).

For HVCX populations (N=21 sites in 3 birds) we found that BOS selectivity remained sig-

ni�cant but median d' values of population-averagedHVCX responses were considerably

smaller than d' values across individual cells: median d' BOS-rBOS = 0.56 (p = 0:05),

median d' BOS-WN = 0.91 (p = 0:005)). The HVCX population was suppressed by

WN (median Z-score = -0.41,p = 0:003) but responses to BOS and rBOS were not

signi�cantly di�erent from zero: BOS (median Z-score = 0.31,p = 0:23) and rBOS

(median Z-score = -0.19,p = 0:24).

The population-averaged responses in glia (N=14 sites in 2 birds) revealed BOS

preference over rBOS but not over WN: median d' BOS-rBOS = 0.56 (p=0.02), median

d' BOS-WN = 0.20 (p=0.9). Z- scores of population-averaged glia responses were

positive for all stimuli: BOS (median Z-score = 0.56), rBOS (median Z-score = 0.42),

and WN (median Z-score = 0.60).

The population-averaged response in neuropil ROIs (N=37 sites in 5 birds) con�rmed

the BOS selectivity across individual ROIs (BOS-rBOS: median d'=0.84,p < 0:0007;

and BOS-WN: median d'=0.62,p = 0:02). Also, Z-scores in neuropil populations were

positive for BOS (median Z-score = 0.53), and negative for rBOS (median Z-score =

-0.03) and WN (median Z-score = -0.25). Thus, in conclusion, when we discounted

for correlated responses in neuron and glia populations their stimulus preferences were

unchanged.

2.2.5. Spatial extent of pairwise correlations

We also explored a possible topography of synchronized activity by binning distances

between pairs of ROI centers into 20� m bins and plotting the meanCC versus the

distance (Figure 2.9). We found thatCC spatial decay was �atter inHVCX neurons than

in glia (neuropil ROIs were excluded in this analysis because of their large spatial extent).

We �tted the CC decay with exponential functions and obtained a much larger space

constant � in HVCX neurons compared to astroglia (e.g., during baseline� BL = 263

� m in HVCX neurons and� BL = 22 � m in glia). Hence,HVCX neurons maintained

correlations over much larger distances than did astroglia.

We also explored a possible topography of synchronized activity by binning distances

between pairs of ROI centers into 20� m bins and plotting the meanCC versus the
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distance (Figure 2.9). We found thatCC spatial decay was �atter inHVCX neurons than

in glia (neuropil ROIs were excluded in this analysis because of their large spatial extent).

We �tted the CC decay with exponential functions and obtained a much larger space

constant � in HVCX neurons compared to astroglia (e.g., during baseline� BL = 263

� m in HVCX neurons and� BL = 22 � m in glia). Hence,HVCX neurons maintained

correlations over much larger distances than did astroglia.

Figure 2.9.: Spatial decay of signal synchrony and response correlation. AThe average pair-

wise synchrony (CCs, on the time scale of 0.1 s) in di�erent cell types decreases as

a function of the distance between ROI centers. In HVCX neurons the synchrony is

strongest during baseline (black) and weaker during BOS (yellow) and even weaker

during WN (blue) and rBOS (red). In astroglia the spatial decay of synchrony

during baseline and during auditory stimulation are roughly identical. Exponential

�ts (smooth curves) to non-binned data reveal a large space constant for HVCX

neurons (e.g. � = 263 � m during baseline) and a much smaller space constant

for astroglia (e.g. � = 22 � m during baseline). Distances were sampled in 20� m

bins (dashed vertical lines coincide with bin boundaries). The last bin contains

all data points with pairwise distances > 100� m . Error bars are standard errors

of the mean (SEM). B On a larger 2 s time scale,� F/F signals averaged over

stimulus periods (3 s windows for baseline - BL) are more strongly correlated but

decay more �atly, suggesting slow spreading of calcium signals. In particular, on

this timescale, the spatial correlation pro�le in astroglia resembles that of HVCX

neurons on the faster time scale in A, with BOS eliciting higher correlations than

other stimuli.
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In most studies, the de�nition of baseline activity excludes a roughly 2 s window after

stimulus o�set (to exclude possible reverberations from the preceding stimulus). To do

the same, we repeated our analyses of baseline activity by excluding samples within less

than 5 s of stimulus o�set. This restriction had only a very minor e�ect on the �tted

parameters of our exponential decay model of pairwise correlations (� BL values changed

by less than 1 %). Also, all other �ndings on the decorrelation of baseline activity by

auditory stimulation were una�ected by this restriction, revealing little in�uence, if any,

by reverberating activity.

2.2.6. Auditory Correlations on long time scales

Our CC measure is useful for assessing synchrony on a 120-ms timescale (�uorescence

sampling period). To probe for correlations also on the slower timescale of songs (order 2

s), we averaged� F/F signals over stimulation periods before computingCCs (resulting

in a measure comparable to electrophysiological spike-count correlations). The result is

a more modest decline inCC with distance, rendering the steepness ofCC decrease in

astroglia comparable to that inHVCX neurons on the faster 120-ms timescale, Figure 2.9

B. Across cells, correlations on the longer 2-s timescale were about 3 times stronger than

on the 120-ms timescale, which may be due to both high-frequency noise in �uorescence

signals a�ecting the 120-ms measurements and to slow o�sets of calcium transients

which accumulate in�uences from more rapidly evolving spiking activity patterns.

The local nature of synchrony was also partly applicable to measures of responsiveness

and selectivity: NearbyHVCX neuron pairs (with distance less than 60� m ) displayed

more similar Z-scores and d' values than did distant neuron pairs, providing evidence of

spatial clustering ofHVCX neurons with similar response properties (Figure 2.10). We

did not attempt to verify similar trends in glia due to their lack of selectivity to auditory

stimuli (Figure 2.7). Also, because of the signi�cant spatial extent of neuropil ROIs, we

did not attempt to evaluate spatial pro�les of synchrony and responsiveness in pairs

of neuropil ROIs. Nevertheless, neuropil ROIs stood out in terms of synchrony: the

averageCC in pairs of neuropil ROIs was at least three times higher than that in neurons

and glia cells, even when considering pairs of neurons and glia at very short distances

(but note that the stronger correlations found for neuropil agrees with a simple model

in which �uorescence measurements are described by a common signal and Gaussian

uncorrelated noise among pixels).
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Figure 2.10.: Spatial clustering of auditory responsiveness and selectivity in HVCX neurons.

A Z-scores for BOS are more similar in nearby cells than in more distant

cells. Plotted are absolute Z-score di�erences as a function of distance be-

tween HVCX neurons (ROI centers). Error bars depict the standard error of the

mean (SEM). B A similar behavior is seen for d' values that for BOS are more

similar in nearby cells than in more distant cells. Distance binning as in Figure

2.9.

2.3. Discussion

We have demonstrated the suitability of two-photon calcium �uorescence imaging for

studying HVC population responses to auditory stimuli. We discuss the signi�cance of

our �ndings by comparison to results obtained with electrophysiology and in context of

the broader literature on dynamics of neural population responses.

We found HVC spikes to trigger rapid rise of OGB-1 �uorescence on the order of tens of

milliseconds and much slower decay on the order of one second, Figure 2.3. Fluorescence

signals were mostly non- saturated because when multiple action potentials occurred in

short succession we observed the summing of transients in signi�cant excess of transients

elicited by single spikes. The temporal resolution of calcium activity in our experiments

was on the time scale of song syllables, suggesting that two-photon calcium imaging

might o�er further valuable insights into sensory coding of HVC neurons, for example

to study their temporal combination sensitivity (consisting of supralinear responses to

syllables and syllable components when presented in natural sequence order compared to

randomized order (Margoliash, 1983; Margoliash and Fortune, 1992)). Our experiments

are also encouraging for studying HVC population activity during relevant behavioral

states such as sleep and song production; from electrophysiological recordings in these

states we know that projection neuron high-frequency bursts are separated by time

intervals on the order of several hundreds of milliseconds and thus may be resolvable by
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calcium �uorescence imaging.

In contrast to a previous study that investigated topography of HVC auditory responses

in zebra �nches using serial multi-unit recordings on a coarse� 200 � m grid (Sutter and

Margoliash, 1994), we simultaneously monitored neuronal and glial responses on a �ner

scale of local cell groups. Because we �nd spatial response topography among neurons

at short distances (they are more strongly correlated than more distant neurons), the

prevalent view of globally synchronous HVC responses to BOS should be re�ned by a

view that emphasizes this local structure.

Our work extends �ndings obtained from paired and triplet extracellular recordings in

sleeping birds which revealed that spike-train cross-correlation functions from identi�ed

HVC neuron pairs agree with a single dynamic variable (encoded globally in HVC) to

which single-neuron activity locks probabilistically (Weber and Hahnloser, 2007). The

steep spatial decay of pairwise� F/F correlations suggests that HVC dynamics are best

described not by a global state but by more local states with restricted spatial structure.

We did not record from cell pairs separated by more than 200� m , and therefore it

remains unknown whether positive pairwise correlations extend beyond these distances.

Given HVC's redundant organization revealed in experiments in which HVC was sectioned

into two halves but there was no signi�cant e�ect on produced song (Poole et al., 2012),

it is likely that HVC sub-networks separated by more than 200� m are independently orga-

nized and that HVC baseline activity is not signi�cantly correlated beyond these distances.

We explored possible auditory specialization in diverse HVC cell populations. In

HVCX neurons, responses to BOS were stronger than responses to other stimuli,

con�rming previous reports (Margoliash and Konishi, 1985; Sutter and Margoliash, 1994;

Lewicki and Konishi, 1995; Mooney, 2000). Both largest response and least desyn-

chronization seen during BOS stimulation could arise inHVCX neurons from similarity

of baseline activity and BOS-evoked activity. Namely, the high correlation of CCs

during BOS and during baseline in individual ROIs provides support of the idea

that patterns of baseline HVC activity in anesthetized birds constitute some form

of replay of patterns seen during singing (i.e., correlated cells during baseline are

correlated during BOS; together with the known similarity of BOS-evoked activity

and song-related activity this suggests that correlated cells during baseline are

also correlated during song) (Dave and Margoliash, 2000; Hahnloser et al., 2002;

Hahnloser et al., 2006; Weber and Hahnloser, 2007). Accordingly, the suppressive

e�ect of rBOS and WN on ongoing activity (reduced Z-scores) could arise from
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lack of similarity between rBOS/WN responses and baseline activity, whereas the

enhancing e�ect of BOS may be due to similarity between BOS responses and

baseline activity. HVC contains a large population of inhibitory interneurons that

could mediate suppression of stimulation-evoked activity patterns not matched

in structure to spontaneously generated patterns (Rosen and Mooney, 2003;

Rosen and Mooney, 2006).

How can auditory stimulation both enhance responses and suppress pairwise cor-

relations? The interplay in neural populations between strengths of responses and

correlations has been carefully studied in the past; there is a well-known monotonic

relationship between average �ring rates and pairwise �ring-rate correlations (de la

Rocha et al., 2007). However, such relationship cannot explain our �ndings because

HVCX responses during BOS were higher than during baseline periods, based on

which we would have expected BOS-associated correlations to exceed baseline

correlations, which was not the case. We speculate that auditory stimulation led

to reduced correlations because auditory tuning tends to be nonlinear and diverse

among HVC cells (Lehongre and Del Negro, 2009), possibly acting to desynchronize

cells. Weak in�uence of auditory stimulation on pairwise correlations is widespread,

such phenomenon has been reported even in sensory areas in which the in�uence of

auditory stimulation on baseline activity patterns can be very small (Tsodyks, 1999;

Chiu et al., 2004).

Neuropil was by far the most strongly synchronized ROI type, which to large extent is

due to our neuropil ROIs being much larger than cellular ROIs. Indeed, by shrinking

neuropil ROIs down to the size of a soma, neuropil synchrony became comparable

to HVCX synchrony. Nevertheless, unlikeHVCX neurons, neuropil signals were not

uniformly suppressed by WN and thus we suspect that at least a subset of neuropil

signals re�ected both local intrinsic and a�erent inputs from NIf, CLM, and Av: First,

the trend of increasing response selectivity along the auditory pathway from weak

selectivity for WN in �eld L to strong selectivity for the BOS in HVC (Bauer et al., 2008;

Coleman and Mooney, 2004; Blättler and Hahnloser, 2011; Shaevitz and Theunissen,

2007) agrees with increased WN responses in neuropil. Second, the relatively small

cell count in the latter areas suggests diverging connectivity patterns onto HVC, in

agreement with increased correlations in the input and thus in neuropil.

On average, astrocytic auditory responses were very weak but positive to all stimuli
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including WN, a property that in our study distinguishes astrocytes fromHVCX neurons

and from neuropil. Lack of BOS selectivity of astrocytic responses may relate to

independence of astrocytic responses on postsynaptic excitatory activity: Astrocytic

calcium responses to sensory stimulation have been reported in rat barrel cortex, they

depend on synaptic release of glutamate but depend neither on AMPA or NDMA

receptor activation (Wang et al., 2006). Thus, HVC astrocytic responses may be driven

largely from spillover of a�erent inputs to HVC that are known to be less BOS selective

than are HVC neural responses. Dominance of glutamatergic release from synaptic

a�erents rather than local HVC circuits also agrees with the sparse �ring of HVC

projection neurons (being the only known glutamatergic cells in HVC).

HVC astrocyte signal correlations were more strongly localized than were

HVCX correlations. Local synchronization of astrocytic activity agrees with re-

ports of astrocytic activity waves in hippocampus (Kuga et al., 2011). Strongly localized

correlations are in line with electrophysiology and morphology: astrocytes do not spike

and their arbors extend over much shorter distances than doHVCX arbors (tens of� m

in astrocytes versus up to 1 mm inHVCX neurons). Possibly, correlations are driven by

communication within networks of similar cell types, i.e. networks amongHVCX neurons

(Rosen and Mooney, 2006) on the one hand and networks among gap-junction coupled

astrocytes (Massa and Mugnaini, 1982) on the other hand. Our �ndings suggest that

the limiting factor on correlation strength is the distance in connection space or degree

of connectivity among cell types (which is large for distant astrocytes but may be small

for distant HVCX neurons).

The function of HVC astrocytic sensory responses is unknown. Astrocytes are hypoth-

esized to be intimately and bi-directionally involved in neuronal signaling and in the

process of synapse formation and stabilization; implantation of immature astrocytes

can lead to rearrangement of ocular-dominance maps in the cat (Müller and Best,

1989). Given that in canaries there are seasonal changes in the density of HVC as-

trocyte networks (Ka�tz et al., 1999), it may be that such changes are in�uenced by

auditory responses, perhaps paralleling the remarkable structural changes seen in HVC

neurons of young birds triggered by exposure to a song model (Roberts et al., 2010;

Roberts et al., 2012).
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2.4. Supplementary material

2.4.1. HVC X and putative HVC RA neurons

According to previous reportsHVCRA neurons andHVCX neurons are oftentimes found

in close proximity (Kirn et al., 1999). This notion has been supported by the work of

Daniele Oberti, performing correlative electronmicroscopy of HVC tissue with labeled

HVC projection neurons. We show an example image of his work in �gure 2.1: The

neighbouring HVCX and HVCRA neurons touch extensively.

Figure 2.11.: Putative HVCRA neurons registered in a HVC image stack. On the left we show

consecutive images from an image stack acquired in one of our experiments: from

top to bottom and from left to right the imaging depth is increasing at steps of 2

� m . In the center one can recognize a putativeHVCRA neuron followed by an

HVCX neuron in z-direction. On the right we show more examples of putative

HVCRA neurons indicated with white circles on a single plane of the acquired

movie stack. Image width on the right: 225� m , scale bar: 20� m

Inspired by these reports we searched for cells in close proximity of retrogradely identi�ed

HVCX neurons. In our image stack datasets we found several examples of cells neigh-

bouring retrogradely labeledHVCX neurons, see �gure 2.11, and termed them putative

HVCRA neurons. To be able to clearly investigate the neighbour relationship of two cells

an image stack with small (a few micrometers) is needed. Attempting to �nd examples

of neighbouring cells in mean images of acquired movies did not lead to a satisfying

impression of the neighbour relationship.

We then tried to �nd the putativeHVCRA neurons identi�ed in our stack image datasets
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in movies recorded within the stack volume. Only few examples could be mapped since

our dataset was initially not intended to serve for this purpose and only few movies were

recorded from volumes of which we also acquired image stacks. However, in �gure 2.12

we show the calcium response to auditory stimulation of putativeHVCRA neuron. It

displays a clear preference for the BOS stimulation with d' measures for BOS vs. rBOS

of 1.24 and for BOS vs. WN of 3.60. A preference for the BOS is to be expected also

for HVCRA neurons according to electrophysiolgy studies (Mooney, 2000). Interestingly

Mooney reports of substantial subthreshold depolarization ofHVCRA neurons at rBOS

stimulation. This might be re�ected in the positive rBOS Z-score of the cell in �gure

2.12.

Figure 2.12.: Auditory responses of a putative HVCRA neuron. This neurons shows a mean

positive response to the stimulation with BOS (Z-score = 1.97) and rBOS (Z-score

= 0.88) and a negative response to WN (Z-score = -0.30). This is re�ected in

clear preference of the BOS stimulus: d' BOS-rBOS = 1.24 and d' BOS-WN =

3.60

2.4.2. Single Cell Electroporation

For the sake of completeness and methodological illustration we here present data that

was previously shown in the authors Diplomarbeit. In the process of exploring the

possibilities of the method we performed single cell electroporation (SEP) following a

protocol by Nevian et al. (Nevian and Helmchen, 2007): We approached neurons in a

targeted fashion under the two-photon microscope with a pipette containing OGB-1 in

its potassium salt form and �lled them individually by applying a short voltage pulse

(� 15 mV, 10 ms), see 2.13 A. This procedure allowed loading of neurons with high

indicator concentration that made also the neurites visible. While this method does not

provide population information, it does allow to image from neuronal compartments

such as dendrites or even dendritic spines. In �gure 2.13 B we show the dendritic arbors
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of one of the neurons �lled with this approach. Even dendritic spines can be recognized.

Two recent studies report measuring spine turn-over of GFP labeled HVC neurons in

the context of song learning (Roberts et al., 2010) and after deafening (Tschida and

Mooney, 2012). Our data here shows that imaging from dendritic arbors and spines

is also possible in neurons �lled with a pipette in a targeted fashion. This might be

interesting for investigating input patterns on HVC neurons.

Figure 2.13.: Single Cell Electroporation. InA we show the stepwise break-in into a cell with a

pipette �lled with OGB-1 potassium salt by applying short voltage pulses. The

calcium indicator �lls the cell and its neurites with high concentration. Especially

dendritic arbors can be seen very clearly, as shown inB. Even single spines can

be recognized.

2.4.3. Data analysis using python

Data analysis was done entirely in python. We devised several (interactive) tools to

browse and preprocess the data. The tools allow to delineate ROIs in movie mean images

and inspect the according calcium traces right away. A ROI manager is part of the

application and enables to assign ROI types. Furthermore any additional signal, be it

the sound recorded in the two-photon microscopy setup or the electric signal recorded

by a pipette, can be displayed aligned in time. While numeric data algorithms were

utilizing numpy andscipy, our graphical user interface was devised usingchacoand traits

(Enthought Inc.). These two open-source tools provide an object oriented framework

for event-based GUI design. Additionally we used the extended python shellIPython to
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access the data from the GUI and to interactively explore it.

Figure 2.14.: Screen capture of the interactive analysis environment programmed in python

here on an ubuntu linux operating system.On the top left you see theIPython

terminal from which the analysis environment is launched. Below you see the image

window that displays the mean plot of the green channel, the mean RGB plot and

the movie of the green channel. On the top right you �nd the window containing

the time domain plots: on top the spectrogram of the sound environment recorded

in the two-photon microscopy setup, below the segmentation indicator (blue:

white noise, yellow: BOS). The window underneath on the right contains the ROI

manager image, the window in the middle the log and management functionality.

ROI summary �gure

After the �rst step of labeling the ROIs in the mean images of the acquired movies, our

basic datasets, the calcium traces of individual ROIs, could be computed. To get an

overview of our data we devised aROI Summary Plotfor all ROIs as seen in �gure 2.15.

It allowed us to assess data quality and data consistency.

2.4.4. Preparation and setup parts

Experiments were executed at two places: Surgeries to inject tracer dyes and to prepare

the birds for imaging, including �xing the headplate to the skull, were performed in the

Hahnloser lab at the Institute of Neuroinformatics. Thereafter we moved the preparation

two �oors up to the Helmchen lab at the Brain Research Institute where we imaged
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Figure 2.15.: Summary �gure as composed for all ROIs.

HVC using their two-photon microscope.

We constructed the headplate from stainless steel and also a ground plate the head plate

was attached to. The ground plate could be slid into the two-photon microscope. The

access HVC vertically the birds head had to be rotated roughly in such a way that the

beak was pointing downward.
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Figure 2.16.: A zebra �nch two-photon microscopy preparation. The urethane anesthetized

bird was wrapped in plastic and cloth and laying on his belly on a cushion. This

position optimally exposed HVC on the surface of the posterior pallium while still

keeping the head in a natural position relative to the body.
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Figure 2.17.: Construction plan for the ground plate. The width of the ground plate is such

that it can be slid into the pod of the two-photon microscope. Two stands

mounted onto the ground plate hold the headplate, see �gure??.
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Figure 2.18.: Construction plan for the headplate. The headplate was attached to the birds

skull using dental acryl. The headplate has a rectancular opening that is placed

over the area of interest constitutes basically the frame of the window into the

brain. The inner side of the frame is slightly sunk to form a retainer for the cover

glass that was clamped on top of the headplate before imaging.
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indicators evaluated in the zebra

�nch

Imaging neural activity of populations of cells by means of two-photon calcium imaging

relies on a method to intoduce calcium indicators into lots of cells. This was �rst

achieved with synthetic calcium indicators by the use of acetoxymethyl-ester (AM)

masked dyes (Stosiek et al., 2003). This protocol however su�ers from a number

of limitations: First, dyes introduced into cells with this protocol di�use in a slow

process out of the cells again, allowing for time-limited imaging sessions only. Chronic

imaging over multiple sessions requires reinjection of the dye, which proved to be very

di�cult and was only reported once (Andermann et al., 2010) to our knowledge. An

additional disadvantageous requirement thereby is the repeated penetration of the brain

with the injection pipette for dye delivery which can lead to tissue in�ammation and

degradation, a condition with often fatal consequences for imaging. Second, AM dyes

di�use passively into all neurons and glia cells alike. Cell type di�erentiation has to be

achieved in a second and independent step. Sulforhodamine 101 was shown to be a

reliable marker of astroglia (Nimmerjahn et al., 2004). Di�erentiation of neuron types

however seems to be more di�cult. Post-hoc immuno-histochemistry can be employed

to mark speci�c cell types, but it requires registration of in vivo calcium imaging sites

and histological sections (Langer and Helmchen, 2011). We showed in our work that

injection of neuronal tracers into e�erent areas of the target imaging site allows for in

vivo neuron type distinction by retrogradely labeling projection neurons. Expression of

GECIs however bears potential for far more powerful tools: the use of cell-type speci�c

promoters or conditional expression of GECIs (Luo et al., 2008).

Genetically expressed calcium indicators (GECIs) have the potential to overcome these

limitations or have already proven to do so. The prevailing method to introduce GECIs

into a system nowadays is the injection of viral vectors into target areas. Even though
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viral vectors containing GECI DNA have to be injected as well, injecting a single time

is su�cient. The cranial opening can be closed thereafter either with the scalp or a

tightly sealed cover glass. GECIs are continuously synthesized over extended periods of

time. Hence chronic imaging could substantially pro�t from GECIs. Furthermore, viral

constructs can be equipped with cell type speci�c promoters, limiting the expression of

the GECIPs to a speci�c cell type. Neuron speci�city for example can be achieved by

the use of the synapsin promoter (Lütcke et al., 2010), or speci�city for GABAergic

interneurons by the use of the GAD promoter (Tamamaki et al., 2003). Another gainful

approach to achieve cell type speci�city is the strategy of conditional gene expression

(for a review article see (Luo et al., 2008)).

The development of sophisticated tools for the controlled expression of GECIs leads one

to expect that the readout of neural activity by means of optical calcium concentration

measurements will be even more broadly exploited in the close future. However, the

emerging toolbox for the (controlled) genetic expression of proteins is most evolved

for the study in mice. Only few other organisms have been reported to be successfully

transfected with genetic material for the study of neural activity. Unlike the application of

synthetic dyes the use of GECIPs could more strongly depend on the properties of the tar-

get system, since it utilizes speci�c cellular mechanisms to express the indicator molecules.

Nonetheless, genetically encoded �uorescent proteins have been suc-

cessfully expressed in songbirds in our lab by Daniele Oberti and

Moritz Kirschmann (Oberti, 2012) and elsewhere (Roberts et al., 2010;

Scott et al., 2012). Oberti and Kirschmann intended to retro- and antero-

gradely label neuronal projections with GFP by injection of viral constructs into areas

e�erent and a�erent of a target area. They assessed adeno-associated virus (AAV)

constructs of di�erent serotypes expressing GFP under a CMV promoter for expression

levels at the injection site and in areas a�erent and e�erent thereof. Overall they found

highest expression levels at the injection site, clearly reduced anterograde expression

and almost no expression retrograde of the injection site. At the injection site AAVs of

serotypes 2/5 and 2/9 led to highest transduction of cells with strong labeling.

Roberts et al. (Roberts et al., 2010) used a lentivirus construct expressing enhanced

GFP under the control of the Rous sarcoma virus long terminal repeat. Injections directly

into HVC led to sparse labeling of neurons which was ideal for their application to

assess spine turnover in individual neurons. Scott et al. (Scott et al., 2012) imaged the

migration of newborn neurons in the zebra �nch. They used oncoretroviral constructs
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expressing GFP driven by the internal promoter of the Rous sarcoma virus. Their

construct was speci�cally designed to infect dividing cells and to be strongly expressed

in migrating cells.

Other attempts have been made to express GECIs in the zebra �nch using a human

synapsin promoter, but only very low expression levels of the in �uorophores was found

(Maz Hasan, personal communication).

Especially in periods of song learning, chronic population activity monitoring using

GECIPs could bring valuble insights into network activity reorganization. Furthermore

GECIPs might also be better suited to investigate the topographic organization of activity

in HVC of awake singing birds since imaging could be performed in a chronic fashion in a

setting the bird could be accustomed to. Therefore we set out to explore whether readily

available GECIs could also be exploited in zebra �nches. In two sets of experiments (late

2009/2010 and 2011) we tested four di�erent viral constructs. We found one GECI

being expressed, however at very low levels only. In none of the experiments we were

able to measure calcium transients.

3.1. Methods

Stereotaxic delivery of viral vectors was performed according to a protocol

compiled by Henry Lütcke and David Margolis in Fritjof Helmchen lab based on a visit

to the MPI for Medical Research in Heidelberg and a published protocol (Cetin et al.,

2006). We adapted the protocol for zebra �nches to include our knowhow acquired

when performing tracer dye injections.

Birds were between 78 and 92 days post hatch. They were anesthetized with Iso�urane

in humi�ed air (3-5 % to induce anesthesia, 1-2 % to maintain anesthesia) and put into

the stereotax with a head-angle of 65 degrees of the plate forehead to horizontal. The

feathers were removed and lidocaine was applied to the scalp. We used a scalpel to

make a small incision above the area of interest. Using a dental drill we drilled a small

hole into the �rst bone layer and thinned the second one. We made a tiny hole into the

second bone layer with the tip of a syringe right were we wanted to inject.

Before the surgery we pulled a calibrated glass micropipette (Blaubrand, 5� l ) to a

small tip and cut the tip o� so that the opening was a few micrometers wide. We

prepared the pipette with additional thick marks (see Cetin et al., Figure 1) to allow

easy readout of the injected volumes.
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We added to the virus solution an equal amount of 20 % Mannitol (Fluka) in Ringer

and made aliquots of 5� l that were kept at -80 degrees Celsius. Before an injection

session we retrieved a vial containing injection solution. The solution was sucked into

the prepared pipette from the tip directly from the vial. The pipette containing the

injection solution was stored on ice while multiple birds (2-4) were injected in one

session using the same pipette.

Injection sites were chosen based on stereotactical coordinates and visual cues. Birds

were injected unilaterally at two sites at two depths (200 and 500� m ). We injected

100 nl at each location and waited 5 minutes after injection before the pipette was moved.

Two-photon imaging of birds transfected with GECI DNA was performed approx-

imately four weeks after virus injection and followed the same procedures as described

previously in the case of synthetic calcium indicators, see section 2.1.

Histological preparation of brains post-mortem was done with 4 % PFA. All brains

were cut in 80-100� m thick slices and imaged using a light microscope.

3.2. Results

In late 2009 we received a batch of viral constructs from Maz Hasan of the MPI for

Medical Research in Heidelberg. They were adeno-associated viruses of serotype 1/2

containing either YC3.60 or GCamP4 both expressed under a chicken actin promoter

construct (CAG) which was especially suited to be used in birds. Birds were injected in

late 2009 and imaged in spring 2010.

In a second set of experiments we used viral constructs available in the lab of Fritjof

Helmchen and provided by Sebastian Kügler from the Center of Molecular Physiology

of the Brain at the University of Medicine Göttingen. Again the constructs were AAV

1/2 containing YC3.60, this time however expressed under a human synapsin promoter

(hSyn). Birds were injected and imaged in early 2011.

3.2.1. AAV 1/2 - YC3.60 CAG and GCamP4 CAG - 2009/2010

We injected 5 birds with the AAV 1/2 construct supposed to express YC3.60 and 2 birds

with the viral construct supposed to express GCamP4. We had previously been informed

that the GCamP4 construct did not lead to expression in mice therefore we reduced the
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intended number of birds. After tracer injection we recorded the songs of some of the

birds in isochambers. All birds injected recovered well and sang normally, though no

quantitative comparison before-after injection was made. In-vivo imaging was performed

three or more weeks after virus injection.

AAV 1/2 CAG YC3.60

We injected AAV 1/2 viral construct expressing YC3.60 under the CAG promoter in

�ve male zebra �nches. In two birds we found a few cells that expressed the GECIP.

Expression levels however where very low. No calcium transients could be observed.

Laser power had to be set to the maximum in order to see any signal that likely originated

from YC3.60 labeled neurons. While we used no additional staining in the �rst bird, we

later applied SR101 onto the surface of the brain, mainly for orientation purposes.

In �gure 3.1 we show average pictures of movie recorded at 7.81 Hz under two-photon

microscope. The additional application of SR101 reveals that the YC3.60 expression is

located mainly in spaces left blank from SR101 staining, giving additional con�dence

that the YC3.60 labeled structures were indeed neurons. Furthermore the shape of the

labeled neurons is typical for the YC3.60 staining as reported by Lütcke et al. (Lütcke

et al., 2010): The somata are labeled but the nuclei are spared, leaving an empty disc

inside the neurons.

We found no calcium transients when we evaluated the spatially averaged �uorescence

within a YC3.60 labeled neuron for �uctuations over time.

Post mortem we cut the �xed brains into 80-100� m thick slices and imaged them using

a light microscope. We could not �nd any YC3.60 labeled cell in any of the slices,

not even in slices from birds where we found labeled neurons under the two-photon

microscope.

AAV 1/2 CAG GCamP4

Injection in two zebra �nches did not result in detectable GCamP4 expression. We

injected birds with AAV 1/2 viral constructs expressing GCamP4 under the CAG promoter

in early January 2010. We imaged them roughly four weeks later. We found no cells in

vivo nor could we �nd any cells in histological sections.
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Figure 3.1.: YC3.60 delivered with the aid of an AAV 1/2 is expressed under the CAG pro-

moter in zebra �nches at very low expression levels.Average pictures calculated

from a movie recording. On the left the SR101 staining is in white, YC3.60 is in

red. On the right, SR101 is in red, YC3.60 is in green. In both images you can

see that the YC3.60 staining occupies spaces left out from SR101, i.e. YC3.60 is

expressed in neurons.

3.2.2. AAV 2/1 - YC3.60 hSyn - 2011

In early 2011 we injected another three birds with an AAV construct expressing YC3.60

under a human synapsin promoter. This virus had previously been successfully expressed

in mice in Fritjof Helmchen's lab. Nonetheless, we found no proteins expressed in the

birds we injected. Again neither in vivo two-photon imaging, nor post-mortem light

microscopy of �xed brains revealed labeld cells.

3.3. Discussion

A few of studies report the successful expression and use of GECIPs (Chen et al., 2013;

Keller et al., 2012; Lütcke and Helmchen, 2011) in mice. Here we report of our attempts

to make use of this technique in zebra �nches. But even though it has been shown

that delivery of DNA of �uorescent proteins by the aid of viral vectors can result in

successful expression of �uorescent proteins in birds (Oberti, 2012; Roberts et al., 2012;

Scott et al., 2012), strategies and knowledge of how to attain broad transfection and

strong expression in neurons are not as established as in mice. We could not overcome

this de�ciency with our set of experiments. Nonetheless we found expression of GECIPs

in zebra �nches. This �nding in combination with the report of Oberti that broad

transfection and strong expression of GFP at the injection site was found in the case of

80



3.3 Discussion

a limited set of AAV serotypes suggests that a thorough combinatorial study of virus

serotypes and promoters may ultimately lead to usable viral constructs delivering GECIPs.

GECIPs proved to be valuable for the study of neural plasticity (Margolis et al., 2012)

and could potentially reveal important insights in functional aspects of plasticity in

phases of song learning in songbirds too.
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4. Awake zebra �nches do sing while

being head-�xed 1

Songbirds constitute an exemplary case of neuroethology, the study of the neural basis of

animal behavior. The primary behavior of interest for neurethologists about songbirds has

been the production of learned vocalizations, their song. Song production in songbirds

is a behavior that can be registered easily, occurs spontaneously and abundantly under

normal conditions, and still is of astonishing precision, from a behavioral as well as from

a neural perspective. Ingenious technical innovations were achieved in order to study

the neural mechanisms underlying this behavior in action, i.e. while the bird is singing.

The development of head-mountable motorized microdrives (Fee and Leonardo, 2001;

Long et al., 2010) enabled investigators to study the neural correlates of freely moving,

singing birds. Being able to move an electrode in a birds brain in search for new

neurons without having to handle the bird led to an increase in the yield of neurons

by a factor of 50 (Fee et al., 2004) as compared to former methods and possibly

also resulted in a multiplication of the number studies presented involving neuronal

recordings in freely moving birds. Singing in birds is also an expression of the birds

overall well-being. After a (surgical) intervention birds typically do not sing right

away and need some time to recover from the stress induced. Stress generally inhibits

the birds from singing. We suppose recordings from head-�xed singing animals have

therefore not been reported so far, since head �xation represents a genuine restriction

for the lively animals. Also, researchers found a way to circumvent head �xation in the

case of electrophysiology with the aid of head-mountable devices. As for functional

two-photon imaging head-mountable devices are not at hand that would allow imaging

from large populations of cells the way standard two-photon microscopes allow it. The

main challenges faced are the size of the �eld of view which is still considerably smaller

with head-mountable devices, movement artifacts which are probably more problematic

when imaging as compared with when performing electrophysiolgy, and the weight of

1Data from this section was previously presented by Sara Hänzi in the report about her semester

project.
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the devices (5.5 g (Sawinski et al., 2009) as compared to < 1 g (Keller, 2009)) which is

critical for small birds like the zebra �nch.

Interestingly, a few studies in mice have shown by now that animals can learn to

accept head �xation and will engage in normal behavior, meanwhile their brain is being

imaged using a two-photon microscope (Dombeck et al., 2007; Keller et al., 2012;

Chen et al., 2013). Mice are typically reported to be actively trained to being head-�xed.

Image stability seems to be su�cient to allow readout of simultaneous calcium signals

from numerous cells.

Inspired by these experiments we set out to evaluate whether and how zebra �nches

could be habituated to head �xation and whether they would even sing under these

circumstances. Together with Sara Hänzi we approached this challenge in two ways:

First, we raised young zebra �nches from our colony and started handling them on a

regular basis from a young age. We implanted head posts when birds were 80 - 90 days

post hatch. After the head post had been implanted we gradually habituated the birds

to being held on the post. Handling and habituation to being held on the post had no

e�ect in these birds. None of them sang while being head-�xed. Second, having made

this experience, we implanted head posts on adult birds selected from our colony on the

basis of prompt singing after being presented with a female. These birds we implanted

with head posts right away. After recovery from the implantation surgery we kept the

birds head-�xed for a limited amount of time on every experiment day while exposing

them to di�erent stimuli to evaluate what would be an e�ective stimulus to induce

singing. Under this training scheme we found two out of four birds to sing while being

head-�xed.

4.1. Methods

4.1.1. Approach I - Handling birds from a young age on

We started this part by choosing an entire family zebra �nches with three juveniles and

moved them from our breeding colony to our lab. In the lab they were kept in a cage of

about the same size like in the breeding colony and in acoustic contact with other birds

on 14/10 hour day-night-cycle.

Each of the juvenile birds was taken out of the cage and was being handled individually.

After an initial phase where handling time was increased from 15 to 30 minutes, we

separated juveniles at the beginning of a session in isolated cages and treated them
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in two blocks of 15 minutes. Birds were being held in the hands of the experimenter

and they were o�ered food. When very young birds liked a mixture of egg yolk and

crushed seeds. However, they stopped eating from the experimenters food o�erings

(the mentioned seed-yolk mixtures but also solid seeds or cucumber) as soon as they

started picking for seeds themselves. We o�ered them liquid, i.e. water or glucose syrup,

instead. They did not seem to be very fond of that either.

When being approximately 40 dph we could determine the sex of the juvenile birds and

found two of them to be females. Since we were interested in singing behavior these

female birds were euthanized. Instead we replaced them with male juveniles that were

53 and 81 dph. They were treated with the same protocol.

When being approximately 90 dph we implanted the birds with a head post (see below).

After head post implantation we tried to accustom them with head-�xation: While

still being held in the hand of the experimenter birds were also held by the head post.

Later the head post was �xed to a stand while the bird was still being held by the

experimenter. Over a few days the duration of head-�xation was increased to 100 % of

the total handling time.

We documented the behavior of the birds qualitatively by taking notes but also by

recording videos of the birds when being head �xed. In these videos we counted escape

trials to assess the e�ect of handling.

We tried to motivate the head �xed bird to sing by showing it a female conspeci�c.

This method works very nicely for example with birds with electrode implants but also

with birds without any interventions (see below).

4.1.2. Approach II - Fast track for motivated singers

For this part we screened 45 birds, all adult male zebra �nches available for experimenta-

tion at that time in our colony, and brought them together with a female in small cage.

We measured the time it took until the male bird would sing towards the female. We

waited for maximally two minutes. We selected �ve birds that sang within the �rst 30s.

The birds were implanted with head posts and housed in isolated cages. One of the

birds had previously undergone a previous surgical intervention and was treated as a test

case. The other four went into the subsequent training sessions.

We devised a controlled training environment in an isolated box with four independent

stands that allowed to �x the four birds simultaneously on their head posts. The setup

was continuously recorded with a �rewire video camera at 15 frames per second. The

video recording software was custom written in LabView (National Instruments) and
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interacted via UDP with the sound recording software (recOOrder, written in LabView

by Joshua Herbst) running on a di�erent computer.

Figure 4.1.: The head �xation training environment of approach II. The setup devised allowed

the bird to sit in a natural position while being �xed on a post attached to the

skull. On the left you can see the cage in which the female bird was kept that was

sporadically presented to the experiment bird.

b14r3 sang on 7 of 12 experiment days and was treated from experiment day 8

on with an adapted training regime to better understand what induced it to sing.

This picture is a frame of the video acquired during head �xation and originates

from a moment when the bird was singing.

After the birds recovered from the implantation surgery we started the training sessions.

Training sessions took place in the morning, half an hour after the light was switched

on in their cages, for birds are known to sing more often in the morning. We brought

all four birds, one after the other, into a cage with a female an measured the delay it

took them to sing. Thereafter they were �xed on their head post. Within the �rst 95

minutes, after all birds had been �xed, birds were confronted with di�erent scenarios.

Scenarios switched randomly from session to session. The di�erent scenarios were:

� ONGOING FEMALE PRESENTATION
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� PERIODIC FEMALE PRESENTATION: a female bird was presented every 20

minutes for 5 minutes in front of the birds.

� PLAYBACK OF FEMALE CALLS: every 20 minutes we played back for �ve

minutes two calls every 20 seconds.

� PLAYBACK OF MALE SONGS: every 20 minutes we played back a 6 second

conspeci�c song every 20 seconds.

� NO STIMULI

At the end of this block, each time, we played back conspeci�c songs for 5 minutes (6s

songs every 20 seconds), we then presented a female for 5 minutes and ultimately we

played back conspeci�c songs while the female was present for 5 minutes2.

Thereafter birds were released from head �xation. They were individually brought to a

cage together with a female and we again measured the time it would take them to sing.

In total we did 12 training sessions.

Data was analyzed with software written in Matlab (Mathworks Inc.). Speci�cally we

wrote software that allowed to quantify how much a bird moved. Within the recorded

video we de�ned a circular region of interest (ROI) for every one bird and computed the

norm of the di�erence vector of two adjacent frames for all frames. We smoothed the

resulting signal with a gaussian. We then chose a threshold above imaging noise and

above image di�erences originating from small, insigni�cant movements of the bird, as

assessed by inspection of the video. We binned time into 1 minute bins and computed

the fraction threshold crossings within a bin in percent. The resulting measureM (t)

quanti�es the amount of movement with a 1 minute resolution.

4.1.3. Head post implantation

Birds were anesthetized with iso�urane: We induced anesthesia with 3-5 % iso�urane in

humidi�ed air while we continuously monitored the bird's breathing rate. As soon as the

breathing rate reached approximately 60 bpm we lowered iso�urane concentration to

1-3 % . We then put the bird into the stereotax. We removed the feathers from the

top of the head and applied lidocaine on the scalp. We made a small incision with a

scalpel and pushed the scalp apart. Using a dental drill we drilled a few small holes into

2Bringing experiment birds together with a female in a separate cage before and after the experiment

and deciding whether they sing was done from the second experiment day on only. It was an idea that

spontaneously came up after the �rst experiment day and later on proved to be a valuable predictor for

a birds predisposition to sing while being head-�xed, see section 4.2.
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the �rst bone layer. We lowered the head post with the aid of a micromanipulator onto

the bird's head. The post was positioned such that when later on being clamped the

bird would be allowed to stand upright with normal posture. We �lled dental cement

into the holes drilled to anchor the head post that was subsequently �xed with dental

cement to the skull. After the dental cement had dried we carefully moved the scalp

back to tightly enclose the head post. We �xed the incisions of the scalp with medical

glue. We then ceased iso�urane anesthesia, let the bird wake up and �nally moved it

back into its cage.

4.2. Results

4.2.1. Approach I - Handling birds from a young age on

We subjected three birds to 30 minutes long daily handling sessions. Birds were included

into this training program at various ages: 12 dph, 53 dph and 81 dph. We implanted

head posts when birds were 80 - 90 dph and �xed them on that post thereafter. We

assessed their habituation to head �xation and handling within head �xation sessions

and over the entire training program qualitatively and quantitatively by means of video

analysis.

Birds did not di�er substantially in their behavior even though they underwent training

regimes that started at di�erent time points in their life. Especially did the bird that

was treated from a very young age on not react with more ease to being head �xed than

the bird who did not undergo the pre-head-�xation training regime. Over the entire time

of the training program we did not observe a clear habituation to being handled and

later on head-�xed of the bird that was treated from a very young age on.

We observed however that the birds did calm down within one head �xation session,

struggling more often within the �rst 15 minutes than within the second 15 minutes.

They were also clearly more agitated when a female was present than when they were

on their own.

None of the birds ever sang while being �xed on the head post. Only the bird that was

the oldest when being implanted sang once after the training session in company of a

female in his cage. The other birds did not sing at all while being supervised in the

period of the training sessions.

In conclusion, we found no e�ect of an intensive interaction prior to head post implanta-

tion of a human experimenter with a bird. Also we found no e�ect of accustoming birds

over a few days to being held on the head. These observations were in contrast of what
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we've heard from mice training sessions in Fritjof Helmchens lab, reported by Kristina

Schulz: mice seem to accept head �xation way better after they had been accustomed

to it in training sessions in which their head was restrained more and more by the aid of

a thread knotted to the head post. Ultimately they even seem to be cooperative about

it.

Considerations about the well being of the bird

During the experiments of approach I we continuously tried to improve our training setup

and our handling strategies. We will brie�y report here what we consider are helpful

insights:

� While being �xed on the head birds will move strongly at points. It is therefore of

great importance that birds cannot harm themselves during these struggles. A

setup with no sharp edges or tips is mandatory.

� During the sessions of approach I, while still improving the setup, we closely

monitored the birds behavior and interfered by holding them quiet if we thought

they could harm themselves. This monitoring is rather time consuming. Therefore

we also developed restraining techniques: we used foam material to envelope the

birds tightly. Alternatively we used tube made from stocking cloth to only restrict

the use of their wings. Both these methods proofed to be e�ective, unlike a hood

made from transparency or cloth.

� We tested di�erent grounds for the birds to stand on. Tests with perches identi�ed

serious disadvantages about this otherwise natural ground for birds: a birds upright

position spans over a given length to which the perch was adjusted to initially.

Birds will then move at times and miss the perch after that, which leaves them in

an unnatural elongated posture. They will not try to get back on to the perch.

The ground should not be slippery for that will lead to the spreading of their legs

and the birds sitting on their bellies.

We made the best experience with a metal grid made of round about 2mm thick

wires and a dry sponge. Both grounds allowed the birds to stand solidly on their

legs in variable positions and to use their claws to grasp.

� Birds were calmest when they were entirely restricted to move their head. Partial

restraining, i.e. restraining the radius within which they were allowed to move by

89



CHAPTER 4. AWAKE ZEBRA FINCHES DO SING WHILE BEING
HEAD-FIXED

the use of a rubber thread, or when they could turn their head in the �rst setup

led to more agitated struggling.

Based on these insights we devised the setup and the training protocol used in approach

II.

4.2.2. Approach II - Fast track for motivated singers

We selected 5 birds out of 45 from our breeding colony based on their immediate singing

behavior when moved into a cage together with a female. Out of the 45 birds tested

only the 5 we picked for the experiment sang within a 2 minutes period. Actually all

5 birds sang within the �rst 30 seconds after being put into the females cage. We

conclude that immediate singing in the presence of a particular female occurs rather

sparsely. Furthermore the birds that did sing were all rather old, i.e. they were older

than 1000 dph except for one bird that was only 180 dph. None of the birds was young

adult, meaning around 90 dph. This was the age of the birds in approach I.

We implanted the birds with head posts and introduced them to the head �xation

training program described in the Methods section. Two out of the four birds sang while

being �xed on the head. One bird, p8r8, sang only once, on experiment day 11, when a

female was present in the cage and a conspe�c's song was played back. The second

singing bird, b14r3, sang on 6 of the 12 experiment days. This bird was exposed to an

adapted training program starting from experiment day 8, to investigate under what

conditions he sang most reliably, see �gure 4.1.

In all cases of singing a female bird was being presented. Apart from this insight, the

two birds that sang while being head �xed displayed behavior that distinguished them

from the two birds that did not sing. We will elaborate on these di�erences in the next

sections.

Singing before and after head �xation

The birds singing while being head-�xed also reliably sang before (100 % of cases) and

after (63 % of cases) head �xation. Singing is generally recognized as a sign of the well

being of a bird. The fact that these birds also sang within 2 minutes after head �xation,

even if they did not sing in the head �xation period (54 % of cases), indicates that the

stress the birds are exposed to is moderate.

The birds that did not sing while being head-�xed did rarely sing before (11 % of cases)

and never after the experiment.

p8r8, the bird that sang while being head �xed on the 11th experiment day, sang
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increasingly more often after head �xation over the duration of the entire training: While

he sang only once in the �rst half of the sessions he sang four times in the second half.

This suggests that there was a habituation to head �xation happening for that bird.

In summary, singing before head �xation is an valuable indicator for the probability that

a bird will sing also when being head-�xed. Singing after head �xation can possibly serve

as an indicator for the level of habituation or the level stress caused by head �xation.

Movement analysis

We inspected the movement patterns of all birds trained. A case of habituation to head

�xation could suggest that birds would move less over time. However, we do not �nd a

decrease of movement over time, neither within a training session nor over all training

sessions. Another hypothesis about habituation could suggest that birds that sing while

being head �xed feel accustomed and as a consequence also move less. This hypothesis

however, is not supported by our analysis either. Rather it appears as if singing would

also agitate birds, as birds tended to move more in periods they sang.

An interesting observation can be made in movement data nonetheless: The movement

patterns of the two birds that did not sing seemed to vary less and variations

seemed to be less dependent on the time course of the scenarios presented. The

two birds that did sing on the other hand moved more in the scenario where a

female bird was presented periodically in periods where the female was present as

compared to the periods in between when the birds were on their own. The presen-

tation of a female seems to agitate the birds, which is re�ected in the movement patterns.

Song timing

Head-�xed singing of songbirds is experimentally interesting because it would allow to

study neural processes involved in song production by the use of experimental techniques

that require head �xation, like population calcium imaging. The experimental value

however is also dependent on the number of events, i.e. songs, that can be observed.

The number of recordings of such events depends on the possibility to induce them

deliberately, i.e. in the case of birds the possibility to induce singing at a given point.

With b14r3 we had a bird in our experiment that sang already once on the �rst

experiment day and totally on 4 of the �rst seven experiment days. Because we found

that he was singing only when a female was present we wanted to investigate how we

could trigger his singing. Starting from day 8 on we exposed him to scenarios that
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should allow us to shed light on this question:

On experiment days 8 to 10 we presented a female bird for 1 minute every 5 minutes

and randomly played back a conspeci�c's song. In this scenario the bird did not sing at

all. The disturbances introduced by bringing a female into the setup every 5 minutes

might have inhibited the bird to sing. We therefore adapted the female presentation

times: On experiment day 11 we presented the female bird for 1 minute every 10

minutes. But still the bird did not sing.

On experiment days 11 and 12 the female was present in the setup all the time. There

was no song playback. Now the bird was singing again, 6 times on experiment day 11

and twice on experiment day 12, within 110 minutes.

Even though female presentation seems to be a good stimulus to use for motivating

a bird to sing, it was not possible to bring the bird to sing by presenting a female in

short succession for short time, i.e. for 1 minute every 5 or 10 minutes. b14r3 only sang

when the female was constantly present over an extended period of time. We observed

three cases of singing at the end of training sessions when the female was present for 10

minutes and three cases of singing when the female was present over the entire session.

The timing of the song within these periods varied.

4.3. Discussion

We've shown that zebra �nches do sing when being head-�xed. We took two di�erent

approaches to investigate what an optimal setting for a bird is such that he will sing

while being head-�xed. Our results suggest that the general predisposition to sing

has the strongest in�uence on whether the bird will also sing under the aggravated

conditions of being head-�xed.

We found that handling treatment from a young age on, starting weeks prior to the

implantation of the head post, had no positive e�ect, neither on a birds singing behavior

nor on the amount of movement displayed. None of the birds that was accustomed to

being handled by an experimenter and later was accustomed to being held on the head

and again later to being �xed on the head showed signs of habituation over the entire

duration of the training, nor did any of these birds sing while being head �xed.

Birds were treated for 30 minutes every day and otherwise kept in their normal social

setting with their family or conspeci�c birds. This treatment scheme did not require

a too big investment of time. However, considering that we did not �nd an e�ect of
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training, the training might have been not intensive enough, i.e. too short, and the

housing with other birds might have had a negative in�uence. We know from Claude

Wang, a former PhD student in our lab, that he had been able to raise a juvenile

zebra �nch and making it sit on his hand, basically rendering the bird hand tame. Also

there is plenty of footage on the internet that demonstrates that making birds hand

tame is feasible. We did not reach that point with our birds and our approach via ha-

bituation and taming was ultimately unsuccessful regarding our goal of head-�xed singing.

The fact that we found two birds to sing while being head-�xed in the training sessions

of our second approach questions whether the strategy of habituating birds �rst to the

experimenter before exposing them to head �xation is the optimal strategy. It seems

rather that habituating birds �rst to the experimenter is unnecessary. Nonetheless,

birds did accustom the circumstance of being head-�xed, as assessed by the amount of

singing while being head-�xed and thereafter.

Two facts point the assumption that the overall predisposition to sing is a decisive

factor for whether birds also sing while being head-�xed. First, all birds selected for

the sessions in approach II where selected on the basis of spontaneous singing when a

female was present in their cage. Only about 10 % of the birds assessed did sing within

two minutes. Second, the birds that sang while being head-�xed did also sing most

reliably before and after the training sessions. The selection of birds that sing easily is a

crucial factor.

It was di�cult however to predict when a bird sings. Even though it always needed a

female bird to be present birds sang at most once per ten minutes female presentation.

Song timing might have to be studied further, depending on the experiment in mind and

the required number of recordings necessary. Two recent studies report that testosterone

application leads to shorter latency for song production (Cynx et al., 2005) in zebra

�nches and an increase in total song duration in bengalese �nches (Ritschard et al.,

2011). Testosterone treatment might therefore also result in more frequent and faster

singing in a head �xation scenario.

Head-�xation facilitates calcium imaging of large populations of cells. And evidently

our demonstration of head-�xed singing is an important proof of principle that even

singing behavior might be approachable to the study with two-photon calcium imaging.

There are however a few more di�culties to be overcome: First, our two-photon calcium

imaging experiments were so far carried out in the dark. Fluorescence light collection is

disrupted by additional light sources. Birds however tend to fall asleep right away in the
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dark, especially when being head-�xed. Ways have to be found therefore that enable to

light the setup while imaging. A solution to this problem could be pulsed LED-lighting

of the setup restricted to the dead-time of the frame scanning process. Second, there is

a 60� head angle di�erence between the head �xation head position and the two-photon

imaging head position in our preparations so far. While the head-�xation position mainly

aimed for a natural upright position of the bird, the two-photon position allowed direct

vertical optical access. A solution will have to be found that allows to image under a

60� angle of the objective to the vertical axis while the bird is sitting upright in the

two-photon microscope. A microscope will have to be built that allows to tilt the optical

axis.
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Two-photon calcium imaging emerged over the last two decades as a powerful tool to study

neural activity of populations of cells in vivo. During this PhD thesis we demonstrated

for the �rst time that two-photon calcium imaging can also be used purposefully in a

songbird, the zebra �nch. We developed a preparation of an anesthetized zebra �nch

with which we gain optical access to the premotor pallial area HVC. We injected a

synthetic calcium indicator into HVC that allowed us to simultaneously monitor neural

activity from numerous HVC cells. We showed that calcium signals measured from

neurons re�ect their electrical activity which we simultaneously recorded by juxtacellular

electrophysiology in a few experiments. Moreover, while imaging neural activity from

populations of cells, we played back a set of auditory stimuli and assessed the response

properties recorded from individual cells. For identi�edHVCX neurons we found nice

correspondence between the response properties measured in our calcium signals and

results reported in previous studies employing electrophysiology, i.e. we found an overall

preference of the bird's own song (BOS). For the �rst time here we also assessed response

properties of astroglia cells in a songbird. Astrocytic calcium responses to auditory

stimulation were very small but positive to all stimuli presented, unlike the responses of

identi�ed HVCX neurons that were signi�cantly suppressed by white noise (WN) and

BOS played back in reverse (rBOS). Activation of astroglia by auditory stimulation

rises questions about the origin of these signals and their involvement in information

processing in HVC, during development, song learning and also adulthood. Astrocytic

contributions to neural computation and plasticity have been discussed vividly in recent

times (Eroglu and Barres, 2010). Songbirds and especially HVC have not been taken

into consideration so far, but might be a very well suited site to study glial contributions

to neuronal plasticity, due to the structural changes in neurons observed in HVC in

clearly de�ned moments of song learning (Roberts et al., 2010) and even more so due to

seasonal changes reported in canary HVC astroglia populations that accompany seasonal

changes in singing behavior (Ka�tz et al., 1999). In an electron microscopy imagestack

of a zebra �nch HVC acquired by Moritz Kirschmann we found an example of a synapse

ensheathed by an astrocyte, see Figure 5.1, a structure that was previously referred to
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CHAPTER 5. CONCLUSION

as 'tripartite synapse' to support the involvement of astrocytes in synaptic processes.

Figure 5.1.: A tripartite synapse in HVC. The con�guration of synaptic partners ensheathed by

a glia cell can also be found in HVC. InA we show a raw image of an image stack

acquired by Moritz Kirschmann using a focused ion beam (FIB) electron microscope.

The quality and resolution of this stack allowed to unambiguously identify this

structure as a tripartite synapse. InB we delineate the components in color. Blue:

presynaptic bouton, red: postsynaptic dendritic spine, green: astrocyte.

Finally, we analyzed the correlation structure in our data of simultaneously recorded

cells. We �nd that auditory stimulation decorrelates HVC activity: HVC was most

strongly synchronized during baseline, while playback of all auditory stimuli led to a

decrease of synchronization. Interestingly however synchrony decreased less during

BOS stimulation than during stimulation with rBOS and WN. This might be cause by

similar activity patterns during baseline and during BOS playback and thereby re�ect

the shaping of the HVC network for song processing. Furthermore pairwise correlations

decreased exponentially with distance and thereby revealed for the �rst time a local

organization of HVC activity.
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Neural plasticity involved in song learning in songbirds was studied by Roberts et al.

(Roberts et al., 2010; Tschida and Mooney, 2012) by monitoring structural changes of

GFP labeled neurons using two-photon microscopy. An interesting next step combining

two-photon calcium imaging and song learning induced modi�cations in HVC could be

to investigate the evolution of activity patterns while the bird is acquiring a model of

the tutor song and while he later on practices singing. A necessary requirement for the

investigation of this subject matter is a calcium indicator that enables to image over

extended periods of time. We evaluated viral constructs for the delivery of DNA of

genetically expressed calcium indicators (GECIPs). This represented a �rst step in the

direction of chronic imaging in songbirds. We found expression of GECIPs in the case of

one construct tested. However, optimization of virus transfection and DNA transcription

will have to be achieved to raise GECIP expression levels such that the study of activity

of populations of neurons becomes possible. Considering the correlation patterns we

found in our experiments it would be interesting to assess whether they exist in HVC

already prior to song learning or whether they are introduced in the process of tutor

song template acquisition.

Finally, we showed that studies of singing related neural activity could also be conducted

in head-�xed zebra �nches. We devised a training setup and a habituation protocol that

led to singing in 50 % of the birds tested. To be able to study singing related neural

activity however, the timing and frequency of singing need to be improved such that

data acquisition in a targeted fashion becomes possible.

To understand the astonishing capabilities of songbirds, and in extent also the process

of sensory-motor learning, it will require more data that sheds light on the connection

between sensory and motor processing. It has been shown that HVC is necessary for song

production and has remarkable auditory response properties. HVC thereby represents an

expemplary area of sensory-motor processing. This work contributes to our knowledge

of HVC organization and in addition extends the toolbox available to songbird research.
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