
 

 

 

Adult neuroplasticity under the influence of vocal motor skill 

practice and sex hormones: new findings and new tools 

 

 

Doctoral thesis for obtaining the 

academic degree Doctor of Natural Sciences 

 

 

 

submitted by 

Diales da Rocha, Mariana 

 

 

 

 

at the University of Konstanz 

Faculty of Sciences, 

Department of Biology 

 

 

 

 

Konstanz, 2019 

Konstanzer Online-Publikations-System (KOPS) 
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-2-1u3sydij242mm8



 

 

 

 

 

 

 

 

  

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Date of the oral examination: 21 October 2019 

1. Reviewer: Prof. Dr. Giovanni Galizia 

2. Reviewer: Prof. Dr. Manfred Gahr  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

Table of contents 

 

Summary .............................................................................................................................................. 1 

Zusammenfassung ............................................................................................................................ 2 

General Introduction ............................................................................................................................ 4 

The songs of songbirds .................................................................................................................... 5 

Brain plasticity in the song system and beyond ............................................................................. 12 

Sex hormones as key modulators of adult neuroplasticity and behavior ....................................... 15 

Sex hormones and singing canaries ............................................................................................... 16 

Cellular mechanisms of sex hormone activity ............................................................................... 17 

Thesis outline ................................................................................................................................. 19 

Chapter I ............................................................................................................................................. 23 

Abstract .......................................................................................................................................... 24 

Introduction .................................................................................................................................... 25 

Results ............................................................................................................................................ 26 

Discussion ...................................................................................................................................... 37 

Materials & Methods ..................................................................................................................... 42 

Acknowledgments .......................................................................................................................... 48 

Supplementary Figures .................................................................................................................. 49 

Chapter II ........................................................................................................................................... 55 

Abstract .......................................................................................................................................... 56 

Introduction .................................................................................................................................... 57 

Results & Discussion ..................................................................................................................... 58 

Materials & Methods ..................................................................................................................... 63 

Acknowledgements ........................................................................................................................ 66 

Chapter III .......................................................................................................................................... 67 

Abstract .......................................................................................................................................... 68 

Introduction .................................................................................................................................... 69 

Materials & methods ...................................................................................................................... 70 

Results ............................................................................................................................................ 71 

Discussion ...................................................................................................................................... 74 

Acknowledgements ........................................................................................................................ 76 

Supplementary Material ................................................................................................................. 77 

Chapter IV .......................................................................................................................................... 80 

Abstract .......................................................................................................................................... 81 

Introduction .................................................................................................................................... 82 

Materials & methods ...................................................................................................................... 83 

Results ............................................................................................................................................ 84 

Discussion ...................................................................................................................................... 88 

Acknowledgments .......................................................................................................................... 90 

Supplementary Material ................................................................................................................. 91 

 



 

General Discussion ............................................................................................................................ 96 

Lasting changes accompanying hormone-induced vocal motor skill practice .............................. 97 

Exploring the song system connectome in unprecedented detail ................................................ 101 

Conclusion ................................................................................................................................... 103 

References ........................................................................................................................................ 104 

Acknowledgements .......................................................................................................................... 130 

Author Contributions ....................................................................................................................... 133 

 

 

 

 

 



1 

 

Summary 
 

Remarkable plasticity is one of the hallmarks of the central nervous system. The vertebrate brain 

remains plastic throughout the animal’s life, and constantly reshapes itself in response to the 

animal’s environment, experiences, and physiology. Adult neuroplasticity can be exploited to help 

patients recover from stroke and traumatic brain injury, while abnormal plasticity is associated with 

many pathologies, including Alzheimer’s and Parkinson’s diseases. Thus, understanding the 

mechanisms behind adult neuroplasticity has the potential to help develop better clinical 

applications to help patients suffering from such disorders. However, adult neuroplasticity processes 

are rather complex, and can be influenced by many factors, such as stress, seasonal variations, 

hormonal effects, learning, and memory formation. 

Two such factors are motor learning and sex hormones. We use adult female canaries as a model 

system to investigate the processes involved in brain circuit changes in structure and function 

brought about by sex hormone-induced vocal motor learning experience. Adult female canaries can 

be induced to produce song, a complex motor skill, by testosterone implantation, which will also 

trigger the reshaping of the brain regions responsible for song learning and production. We 

implanted female canaries with testosterone and examined the development of their vocal motor 

skills over many months, followed by a period when singing practice was abolished by implant 

removal, and a subsequent period of sex hormone-induced vocal motor skill relearning. 

We found manifold lasting changes brought about by a first testosterone-induced vocal motor skill 

learning experience. Singing experience elicited the formation of vocal motor skill memory, as even 

after long periods when practice was abolished, the rate of vocal motor skill relearning was up to 7x 

faster than the initial learning. This was accompanied by the optimization of the song premotor 

circuits, with brain nucleus HVC undergoing a remarkable dendritic spine pruning, posing the 

excitatory synapses within this nucleus as a likely neural correlate for vocal motor skill memory. 

Once consolidated, this circuit remained stable and resisted further singing practice and sex 

hormone-induced changes. Furthermore, a first singing experience also prompted changes in sex 

hormone responsiveness. Female canaries can only be induced to sing by implantation with DHT, a 

testosterone metabolite, if they had previous testosterone-induced singing experience. This last 

finding hints at experienced-induced changes in the activation of hormonal receptor-activated 

signaling cascades, which might be key to preserve previously optimized circuits. 

Finally, our findings left open questions that needed detailed large volume investigations of the 

songbird brain circuits with cell type specificity, which were previously unavailable for songbird 

brain tissue. Thus, we invested in developing such tools and successfully applied tissue clearing and 

expansion microscopy in combination with light sheet imaging to songbird brain tissue for the first 

time. Combined with the use of viral vectors for fluorescent protein expression, these techniques 

make the exploration of large tissue volumes at high resolution possible, enabling detailed 

connectomics studies, and can also be applied to examine brain wide gene expression. We thus 

expect these techniques to help answer the questions left unresolved by the findings in this thesis.  

With the new findings and tools presented in this we work, I hope to contribute to further the 

understanding on the important mechanisms controlling motor learning- and sex hormone-induced 

adult neuroplasticity. 
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Zusammenfassung 
 

Die große Plastizität des Zentralnervensystems ist eines der bemerkenswertesten Kennzeichen der 

Wirbeltier. Das Wirbeltiergehirn bleibt während des gesamten Lebens des Tieres plastisch und 

verändert sich ständig in Reaktion auf die Umgebung, die Erfahrungen und die Physiologie des 

Tieres. Während abnormale Plastizität mit vielen Pathologien, einschließlich der Alzheimer- und 

Parkinson-Krankheiten verbunden ist, kann normale neuronale Plastizität bei Erwachsenen 

beispielsweise ausgenutzt werden um Schlaganfall-Therapien zu verbessern. Das Verständnis der 

Mechanismen hinter der Neuroplastizität bei Erwachsenen kann daher dazu beitragen, bessere 

klinische Anwendungen zu entwickeln, um Patienten mit solchen Störungen zu helfen. Die 

neuroplastischen Prozesse bei Erwachsenen sind jedoch recht komplex und können von vielen 

Faktoren beeinflusst werden, wie z. B. Stress, jahreszeitlichen Schwankungen, hormonellen 

Einflüsse, Lernvorgängen und Gedächtnisbildung. 

Zwei solche Faktoren sind Bewegungslernen und Sexualhormone. Wir  untersuchen in weiblichen 

Kanarienvögeln, welche ein Modellsystem für die die Prozesse der Veränderungen der Struktur und 

Funktion des Gehirns im Zuge des Gesangs-(und damit auch Sprach-)lernens darstellen, die 

Vorgänge der durch Sexualhormone induzierte vokalmotorische Lernerfahrung. Erwachsene 

weibliche Kanarienvögel können durch Testosteronimplantate dazu gebracht werden, Gesang zu 

produzieren, eine komplexe motorische Fähigkeit, die auch die Neugestaltung der Gehirnregionen 

auslöst, die für das Lernen und die Produktion von Gesang verantwortlich sind. Wir implantierten 

weibliche Kanarienvögel mit Testosteron und untersuchten die Entwicklung ihrer vokalmotorischen 

Fähigkeiten über viele Monate, gefolgt von einer Periode, in der die Gesangspraxis durch das 

Entfernen von Implantaten aufgehoben wurde, und einer anschließenden Periode des durch 

Sexualhormone induzierten erneuten Lernens der vokalmotorischen Fähigkeiten. 

Wir zeigen vielfältige dauerhafte Veränderungen, die durch eine erste Erfahrung mit 

Testosteron-induzierten vokalmotorischen Fähigkeiten hervorgerufen wurden. Gesangserfahrungen 

lösen die Bildung eines Gedächtnisses für vokalmotorische Fähigkeiten aus, da die Rate des 

Neulernens von vokalmotorischen Fähigkeiten sogar nach langen Perioden, in denen das Üben 

aufgehoben wurde, bis zu 7x schneller ist als das anfängliche Lernen. Dies ging einher mit der 

Optimierung der Gesangsschaltkreise im Gehirn, wobei der Hirnkern HVC einen bemerkenswerten 

Rückgang der neuronalen Dornfortsätze aufzeigt, und die erregenden Synapsen in diesem Kern 

daher wahrscheinlich das neuronale Korrelat für das vokalmotorische Gedächtnis bilden. Einmal 

gefestigt, bleibt dieser Gehirn-Schaltkreis stabil, und wird keinen weiteren gesangs- und 

geschlechtshormoninduzierten Veränderungen unterzogen. Darüber hinaus führte eine erste 

Gesangserfahrung zu Veränderungen in der Reaktion auf Sexualhormone. Weibliche Kanarienvögel 

können nur durch Implantation von DHT, einem Testosteron-Metaboliten, zum Singen gebracht 

werden, wenn sie zuvor Gesangserfahrungen durch testosteroninduziertes Singen gesammelt haben. 

Dieser letzte Befund deutet auf erfahrungsbedingte Veränderungen bei der Aktivierung hormonell 

rezeptoraktivierter Signalkaskaden hin, die der Schlüssel zur Erhaltung zuvor optimierter 

Schaltkreise sein könnten. 

Letztendlich ließen unsere Ergebnisse jedoch offene Fragen, die nur durch detaillierte groß 

angelegte Studien der Singvögel-Hirnkreise mit Zelltyp-Spezifität möglich wären und darüber 

hinaus Methoden erfordern, welche bisher für  Singvögel-Hirngewebe nicht verfügbar waren. Wir 
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haben daher in die Entwicklung dieser Methoden investiert, und zum ersten Mal erfolgreich die 

Singvogelgehirne chemisch transparent gemacht, physikalisch expandiert und anschließend mit 

Lichtblatt-Mikroskopie kombiniert. Zusammen mit der Verwendung viraler Vektoren für die 

Expression fluoreszierender Proteine, ermöglichen diese Techniken die Untersuchung großer 

Gewebevolumina mit hoher Auflösung, wodurch nicht nur detaillierte Verscchaltungs-Studien 

möglich werden, sondern auch Untersuchung zur gehirnweiten Genexpression. Wir erwarten daher, 

dass diese Techniken dazu beitragen, die Fragen zu beantworten, die die Ergebnisse dieser Arbeit 

offen lassen. 

Mit den neuen Erkenntnissen und Werkzeugen, die in dieser Arbeit vorgestellt werden, möchte ich 

zu einem besseren Verständnis der wichtigen Mechanismen zur Steuerung der motorischen Lernen- 

und Sexualhormon-induzierten Neuroplastizität bei Erwachsenen beitragen.



 

 

 

 

 

 

 

General Introduction 
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The central nervous system is remarkably plastic. The vertebrate brain will continuously reshape 

itself throughout an animal’s life in response to the animal’s experiences, physiology, and hormonal 

state, and so enable animals to learn and adapt their behavior to the challenges imposed by their 

environment. Understanding the mechanisms involved in the functional remodeling of the brain is 

not only fascinating, but also has great potential to further the development of better forms of 

treatment to help those affected by brain damage. New forms of therapy are currently being 

explored that manipulate neuroplasticity to enhance rehabilitation after stroke or brain injury, in 

order to allow patients to regain lost function (for review see Dimyan and Cohen, 2011; Kleim and 

Jones, 2008). 

 

In the scope of this thesis, we use songbirds as a model system to explore adult neuroplasticity in 

response to motor learning experience under the influence of sex hormones. The brain circuits 

responsible for birdsong learning and production are sensitive to sex hormones, which are key 

modulators of adult neuroplasticity in both birds and mammals. Birdsong requires the tight 

coordination of complex motor sequences, being akin to complex human activities such as playing a 

musical instrument. The practice of these complex vocal motor skills will induce the optimization 

of the plastic brain circuits responsible for birdsong, but the mechanisms behind this optimization 

are still not fully understood. I aimed at further understanding the complex interplay between sex 

hormones and vocal motor skill practice in reshaping the adult songbird brain. In addition to this, as 

I was faced in this endeavor with a lack of the necessary tools for the detailed exploration of 

songbird brain circuits, we adapted novel tools to enable large volume explorations of songbird 

brain tissue at sub-cellular resolution, which will enable future investigations into the open 

questions left unanswered by this thesis. 

 

 

 

The songs of songbirds 

 

“Man has an instinctive tendency to speak, as we see in the babble of our young children, whereas 

no child has an instinctive tendency to bake, brew, or write.”, observed Charles Darwin. As men 

will instinctively speak, so do songbirds have an instinctive tendency to sing. These instincts are 

enabled by their shared vocal learning ability – a form of self-reinforced auditory-guided motor 

learning defined as the capacity to modify vocal output based on auditory input. Vocal imitation is a 

rare trait exclusively found in only a few other mammalian (whales and dolphins, seals and sea 

lions, elephants, and bats, but interestingly not in non-human primates), and avian species (parrots 

and hummingbirds), besides, as already mentioned, songbirds and humans (Bolhuis and Wynne, 

2009; Hauser et al., 2002). 

 

Birdsong typically consists of a defined sequence of song syllables, which are discrete acoustic 

elements separated by intervals of silence. Syllables can be further divided into acoustically distinct 

notes, the most basic unit of song. The repetition of the same syllable within a song is termed a 
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phrase, while a repeated sequence of various syllables within one singing bout is called a motif 

(figure 1). The complexity of birdsong varies widely across songbird species, from the relatively 

simple songs of zebra finches (Taeniopygia guttata), who as adults repeatedly sing just one song 

with little variation across renditions, to the astonishing variety observed in the stunning songs of 

nightingales (Luscinia megarynchos), who can sing more than 100 different songs. 

 

 

Figure 1. Birdsong terminology. Exemplary spectrograms showing recordings of song portions of 

two of the most widely studied songbird species, the zebra finch (A) and the canary (Serinus 

canaria) (B). (A) The zebra finch song starts with introductory notes (i), and a series of motifs 

follows. Motifs within a singing bout can also be incomplete, termed truncated motifs. (B) The 

songs of canaries are composed by sequences of phrases, or trills, consisting of rapid manifold 

repetitions of the same syllable. The dark scale bar along the 0 kHz line corresponds to 0.5 sec. 

[Modified from Williams, 2004.] 

 

In songbirds, song is distinguished from other innate simpler vocalizations (calls) by its relatively 

higher complexity, as well as its specific function – mate attraction and territory defense. In many 

songbird species, including zebra finches and canaries, only males are naturally capable of singing 

while females will usually only produce simpler innate calls. Juvenile male songbirds will learn 

their songs by imitating the songs of their fathers and/or other available male conspecifics, termed 

tutors. Similar to humans, who after early adolescence will struggle to produce the sounds of a new 

language in comparable competence to that of a native speaker (Hurford, 1991), so do songbirds go 

through developmental sensitive periods for song learning. Birds raised in isolation will produce 

abnormal songs, and will be unable to recover species-typical song structures if exposed to song at a 

later stage (Konishi, 1965). 

 

Juvenile songbirds will first memorize the vocal information in the song of their tutors (template 

song) during the sensory phase, and then progress to the, in some species partially overlapping, 
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sensorimotor phase, when juveniles repeatedly practice their songs, progressively improving their 

vocal motor skills, and try to match the memorized template song. The first vocalizations produced 

by juvenile birds, known as subsong, will be simpler, ‘noisy’, and disorganized, akin to human 

babbling. As the bird practices its song, it will progressively become more structured and 

incorporate some recognizable elements of the tutor song, while remaining highly variable across 

renditions – this stage is known as plastic song. Finally, plastic song will continuously be refined 

and eventually become more stereotyped, with little variation across renditions, becoming the bird’s 

stable ‘crystallized’ song (Tchernichovski et al., 2001). In some songbird species, such as the zebra 

finch, once song is crystallized, which in zebra finches occurs at around 90 days of age, it will 

become fixed, and under normal conditions, the same song will be sung throughout their lives. Such 

species are called age-limited learners. On the other hand, open-ended learners, like canaries, will 

retain the ability to modify their songs throughout adulthood (figure 2). Canaries will start 

producing canary-like songs at around 60 days of age, but their first fully developed crystallized 

song will only emerge at around 240 days post-hatch (Nottebohm et al., 1986). Unlike zebra 

finches, opportunist breeders originating from mainland Australia who sing year-round, seasonally 

breeding canaries will generally be silent during the autumn molting period, and undergo a vocal 

learning phase each year. As the breeding season approaches, adult canaries will practice their 

plastic song and might incorporate new syllables that were not sung the year before (Leitner et al., 

2001b; Nottebohm et al., 1986). 

 

 

Figure 2. Song learning stages. Zebra finches, as age-limited learners, will memorize their tutor’s 

song during a sensory phase, then practice singing during a partially overlapping sensorimotor 

phase, until their song becomes crystallized, after which their songs will not be further altered. 

Open-ended learners, like canaries, will retain the ability to modify their songs after a fist song 

crystallization. Each year, as the breeding season approaches, canaries will practice and produce 

songs with new elements. [Modified from Brainard and Doupe, 2002.] 
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The singing brain 
 

The astonishingly varied and complex vocal behaviors produced by numerous songbird species as a 

result of self-reinforced vocal imitation hint at the complexity of the dedicated brain circuits 

enabling vocal learning.  

 

The songbird brain encompasses a network of interconnected anatomically discrete brain nuclei 

responsible for song perception, learning, and production, the so called song system (figure 3). The 

song system receives input from both auditory and reward centers, both required to shape the 

produced vocalizations, and projects to motor neurons controlling respiration as well as the syrinx, 

the vocal organ in birds, thus controlling vocal output. Furthermore, the song system is subdivided 

into two major pathways, the song motor pathway (SMP), required for song production, and the 

anterior forebrain pathway (AFP) that is essential for song learning. SMP includes two song nuclei, 

HVC (proper name) and RA (robust nucleus of the arcopallium), which directly and indirectly 

projects to respiratory and syrinx motor neurons (Wild, 2004), and so coordinates the patterned 

breathing and precise vocal muscle activity required for singing. The AFP includes the projection 

from pallial nucleus HVC, which is part of both pathways, to the basal ganglia nucleus Area X. 

Area X projects to the thalamic nucleus DLM (medial nucleus of the dorsolateral thalamus), which 

in turn projects to pallial nucleus LMAN (lateral magnocellular nucleus of the anterior 

nidopallium), which projects back to Area X, thus closing this pallial-basal ganglia-thalamic loop 

(Doupe et al., 2004; Nottebohm et al., 1976). The tentative roles in song production and learning of 

the various song nuclei based on the current knowledge are discussed in further detail below. 

Nonetheless, conclusions on the specific functions of these distinct nuclei should be taken into 

consideration with some caution, as pinpointing the localization of specific functions within the 

various nodes of feedback loops is notoriously difficult. 
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Figure 3. Neural substrates for vocal learning in songbirds: the song system and its pathways. 
The song motor pathway (SMP, in red) arises from neurons in HVC that project directly to RA 

(HVCRA neurons). RA in turn controls song motor output by projecting to both syringeal motor 

neurons in nXIIts, as well as premotor neurons controlling expiration in PAm, and inspiration in 

RAm, the combination of the last two comprises the ventral respiratory group (VRG). RA also 

projects to DM (dorsomedial intercollicular nucleus) in the midbrain, which also innervates both 

nXIIts and VRG, and plays a role in generating innate calls. The anterior forebrain pathway (AFP; 

in black) emerges from a distinct neuron population of the cortical nucleus HVC (HVCX neurons) 

that innervate Area X in the basal ganglia. Area X receives dopaminergic input from VTA (ventral 

tegmental area), and makes inhibitory synapses onto neurons in the thalamic nucleus DLM, which 

in turn makes excitatory synapses on neurons in cortical LMAN that project back to Area X, so 

closing the pallial-basal ganglia-thalamic loop of the song system. LMAN additionally innervates 

RA in the SMP, providing direct output from the AFP into the SMP. Thus, the SMP and AFP arise 

from distinct pools of HVC projections neurons and innervate the same RA song premotor neurons. 

[Modified from Mooney, 2009]. 

 

 

RA – the output center 

 

RA, the motor cortex analog in songbirds, receives input from the SMP population of HVC 

projection neurons as well as from LMAN of the AFP, and combines it to form the song system’s 

vocal output, as it coordinates the vocal and respiratory musculature required for singing. RA is 

necessary for song production, and complete bilateral lesions of this nucleus will lead to song 

abolition, while unlearned vocalizations remain intact (Nottebohm et al., 1976; Simpson and 

Vicario, 1990). 
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RA’s precisely timed activity during singing is uniquely associated with note identity (Yu and 

Margoliash, 1996), and RA’s projection neurons control both the frequency aspects of song, 

through its output into the syrinx motor neurons, as well as the temporal and amplitude aspects of 

song thorough its control of the respiratory nuclei. RA innervates nXIIts (tracheo-syringeal portion 

of the hypoglossal nerve nucleus), which controls the musculature of the syrinx (Nottebohm et al., 

1976; Wild, 1997), both directly as well as indirectly through the midbrain nucleus DM 

(dorsomedial nucleus intercollicularis (Vicario, 1991b; Wild, 1993). RA also projects directly and 

indirectly to the expiratory nucleus RAm (retroambigualis) and to the inspiratory nucleus PAm 

(paraambigualis) of the rostral medulla (Reinke and Wild, 1998; Wild, 1993). Additionally, a small 

population of RA projection neurons projects back to HVC, possibly sending a copy of the 

produced output back into the song system (Roberts et al., 2008). 

 

 

HVC – song sequence control in between two pathways  

 

HVC sits at the apex of the song system, the site where the song system’s two pathways 

intermingle, and is considered as the songbird vocal premotor cortex analog. HVC is sometimes 

called the ‘master nucleus’, as it functions as an autonomous pattern generator, coding for the 

temporal sequence of all song components (Hahnloser et al., 2002). 

HVC is composed of three main populations of neurons – local inhibitory interneurons, and two 

projection neuron populations projecting to either Area X of the AFP, or RA in the SMP controlling 

vocal output (Dutar et al., 1998). Additionally, HVC also has a smaller population of neurons that 

project to auditory nucleus Avalanche (Av; Roberts et al., 2017). HVC receives input from mMAN 

(medial portion of the magnocellular nucleus), from Uva (uvaeform nucleus) in the midbrain, from 

auditory nucleus NIf (nucleus interfacialis), from dopaminergic sources through PAG 

(periaqueductal gray), and a motor output copy from RA (Akutagawa and Konishi, 2010; Mooney, 

2014; Nottebohm et al., 1982; Roberts et al., 2008, 2017; Tanaka et al., 2018). 

Nucleus HVC is a major hub for information integration for vocal learning guidance that is essential 

for both song learning in juveniles as well as production in adults. HVC has been shown to be 

involved in tutor song memorization (Roberts et al., 2012), and complete lesions of this nucleus will 

lead to song abolition (Nottebohm et al., 1976; Simpson and Vicario, 1990). HVC’s activity during 

singing is uniquely associated with syllable identity (Yu and Margoliash, 1996), and many HVC 

neurons also show auditory responses, which are selectivity tuned for learned acoustic parameters 

of the individual bird’s own song (for review see Margoliash, 1997). 

 

 

LMAN – motor variability generator 

 

Some variability in vocal output is essential for song learning. Subtle variations across vocalization 

renditions are exploited by singing birds for trial and error vocal practice. Variability in 

vocalizations across vocal trials can be evaluated through auditory feedback, with renditions that 

better match the desired vocal output being reinforced, in order to enable the strengthening of the 
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specific motor circuit responsible for ‘better’ vocal output. LMAN is the song nucleus thought to be 

responsible for driving exploratory vocal behavior in songbirds (Kao et al., 2005; Ölveczky et al., 

2005, for review see Woolley and Kao, 2015), through its direct projection into RA. Thus, LMAN is 

essential for song learning (Scharff and Nottebohm, 1991), while also playing a role in inducing 

vocal plasticity in song production (Brainard and Doupe, 2000; Kao et al., 2005). LMAN receives 

input from DLM, and innervates both Area X and RA, providing the output of the AFP into the 

SMP. Interestingly, LMAN’s input into RA, unlike the less clearly organized input that RA receives 

from HVC, seems to be topographically organized (Johnson et al., 1995). 

 

 

Area X – vocal performance conductor 

 

An essential nucleus for song learning (Bottjer et al., 1984; Scharff and Nottebohm, 1991), Area X 

plays an essential role in vocal performance evaluation (Gadagkar et al., 2016; Hoffmann et al., 

2016). Area X receives dopaminergic input from VTA, which encodes for reward prediction error. 

Auditory feedback guides brain computations to calculate the difference between actual and 

expected vocal output. If vocal output is better than expected, dopaminergic neurons in VTA that 

project to Area X will fire, providing a reinforcement signal that will strengthen connections for the 

motor program that produced the desired output. To put it simply, a bird will hear its own song and 

VTA neurons projecting to Area X will tell the vocal motor circuits if the vocalizations the bird has 

just produced were ‘bad’, and should be eliminated, or ‘good’, meaning the responsible circuit 

should be strengthened. Hence, Area X, which also receives cortical input from both HVC and 

LMAN, is the song system center that guides reinforcement-driven vocal plasticity, relaying vocal 

performance information through its inhibitory innervation of DLM (Nottebohm et al., 1976). 

Area X’s involvement in reward prediction error has recently gained added attention, although the 

details of Area X’s local circuitry remain unknown. Area X includes five types of GABAergic 

neurons: medium spiny neurons (SNs), pallidal neurons (GPi and GPe – internal and external 

globus pallidus), and other interneurons (FSI and LTS – fast-spiking and low-threshold spiking 

interneurons). Furthermore, Area X contains cholinergic interneurons (CINs), as well as recently 

discovered glutamatergic neurons (Budzillo et al., 2017). It is known that Area X’s GABAergic SNs 

and glutamatergic neurons both receive dopaminergic input and innervate GPi neurons, which 

project into DLM, and that both SNs and GPi neurons receive cortical input. The connectivity of 

FSI, GPe, LTS, and CIN neurons, however, is currently unknown, including whether they receive 

dopaminergic or cortical inputs (for review see Woolley, 2018). 

 

 

DLM – relay station between the cortex and basal ganglia  

 

DLM is thought to be a relay station transmitting information from the basal ganglia to the avian 

cortex – Area X projects to DLM neurons, which in turn project to LMAN, thus potentially enabling 

Area X to exert an effect on LMAN firing (Boettiger and Doupe, 1998; Bottjer, 2005). Furthermore, 



12 

 

DLM also receives input from RA, introducing a further cortical motor information source to 

modulate LMAN activity (Goldberg and Fee, 2012; Vates et al., 1997; Wild, 1993). 

DLM is known to play an essential role in juvenile vocal variability and babbling (Aronov et al., 

2008; Goldberg and Fee, 2011), and DLM neurons show song-locked activity during subsong 

production, which seems to be driven by RA neurons projecting to DLM, and independent from 

Area X input (Goldberg and Fee, 2012). 

 

 

 

Brain plasticity in the song system and beyond 

 

Remarkable plasticity is one of the hallmarks of the song system connectome, and indeed of 

vertebrate brains in general. Brain circuits are perpetually changing in structure and function 

throughout an animal’s lifetime (Lillard and Erisir, 2011). Neuroplasticity is most striking during 

juvenile development, as the brain grows and matures according to both set developmental 

programs, as well as in response to the developing animal’s environment and experiences. In early 

life the juvenile brain is still growing, with different anatomical regions growing at different rates, 

as neural circuits are fine-tuned with both longer-range connections and local circuits being refined 

through processes of neurogenesis, axonal and dendritic growth, myelination, synaptogenesis, 

neuron death, pruning, and synaptic modification (for review see Tau and Peterson, 2009). 

 

Different brain areas will undergo refinement during different developmental stages, commonly 

starting with an initial stage of axonal and dendritic growth and branching and proliferous 

synaptogeneis, the formation of new synapses. This is then followed by the elimination of 

superfluous axon, dendrites, and synapses, a process called pruning that is often both 

experience-dependent and essential for the correct functional fine-tuning of neural circuits. In the 

mammalian visual system, for example, pruning is essential for the development of binocular 

vision, which depends on visual experience, with sensory deprivation disrupting the normal 

development of this circuit (Wiesel and Hubel, 1965). The correct differentiation of ocular 

dominance columns in the visual cortex will occur under the influence of patterns of neuronal 

activity originating in both retinas, with connections from one eye being stabilized, whereas weaker 

synapses from contralateral afferents are eliminated (Hooks and Chen, 2006). 

 

Likewise, the song system connectome will undergo remarkable restructuring during juvenile 

development, as it will drastically reshape itself under the influence of auditory experience and 

singing practice. During early juvenile development, the projections between song nuclei are still 

being established. In juvenile zebra finch males, LMAN will innervate RA when birds are 15 days 

old, and Area X will already be innervated by both LMAN and HVC at 20 days. HVC axons 

projecting to RA will initially gather along RA’s dorsal border, and will start establishing 

connections within RA at around 20-23 days post hatch (Foster and Bottjer, 1998; Iyengar et al., 

1999; Mooney and Rao, 1994), shortly before birds start producing subsong. Later on, the song 
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system will undergo further refinement as song learning progresses. The transition from subsong to 

plastic song is accompanied by a decrease in the proportion of RA neurons projecting to nXIIts 

(Johnson and Sellix, 2000), and axonal arbors projecting from DLM to LMAN are pruned as song 

learning progresses in juvenile zebra finches (Iyengar and Bottjer, 2002). The balance between 

LMAN and HVC input into RA will also be restructured, with RA synapses originating from 

LMAN decreasing in number, while HVC synapse number increases, with both stabilizing as the 

closure of the sensory phase for song learning approaches (Herrmann and Arnold, 1991). 

 

A crucial role in guiding the juvenile song system plasticity is played by auditory experience. 

LMAN will undergo dendritic spine pruning as song learning progresses, and the initially coarse 

topographic projection from LMAN to RA undergoes refinement during the early stages of song 

learning. However, both LMAN’s dendritic spine pruning and the organization of its RA projections 

are dependent on auditory experience and will be delayed in deprived juveniles (Iyengar et al., 

1999; Wallhäusser-Franke et al., 1995). Experience of tutor song also plays a key role in refining 

HVC’s local connectivity, with initial tutor song exposure leading to a rapid stabilization, 

accumulation and enlargement of dendritic spines in HVC (Roberts et al., 2010), as well as to the 

elimination of excitatory synapses and the insertion of inhibitory synapses (Huang et al., 2018). The 

imbalance between excitation and inhibition in HVC generated by tutor exposure, with inhibitory 

synapses increasing in number while excitatory synapses decrease, will, nonetheless, be eliminated 

during subsequent song maturation, as inhibitory synapses also get pruned (Huang et al., 2018). 

 

As brains mature, they also become more stable. Processes such as the death and generation of new 

neural cells and synaptic plasticity are reduced in the healthy adult brain. Nonetheless, the adult 

brain is far from being fixed.  The reshaping of mature brains can occur through manifold 

processes, such as gross anatomical changes encompassing whole brain areas, alterations in neuron 

morphology and brain vascularization, the rewiring of neuronal connectivity, the death and 

generation of new neurons, glia, and endothelial cells, as well as physiological and biochemical 

modifications (for review see Fuchs and Flügge, 2014). 

 

Seasonal neuroplasticity of form and function, for example, is a common feature of adult brains 

across all vertebrate groups, particularly in seasonally breeding species (Lehman et al., 2002; 

Takami and Urano, 1984; Tramontin and Brenowitz, 2000). Brain gene expression will vary across 

seasons in some fish species (Okuzawa t al., 2003; Pouso et al., 2010), whereas the volumes of 

certain brain regions will undergo seasonal variation in toads (Takami and Urano, 1984) and lizards 

(Wade and Crews, 1991). The volume and neuronal incorporation into the hippocampus will 

increase during the fall in a food-caching songbird, the black-capped chickadee (Barnea and 

Nottebohm, 1994; Smulders et al., 1995). Seasonal changes in neuron size, neuronal incorporation, 

and neuropeptide levels will occur in various brain regions in multiple rodent species (Forger and 

Breedlove, 1987; Hermes et al., 1990; Huang et al., 1998). Even the human brain is subject to 

seasonal variation in serotonin and dopamine levels (Eisenberg et al., 2010; Praschak-Rieder et al., 

2008). 
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Remarkable seasonal plasticity is also a characteristic of the song system of seasonal birds. 

Seasonal changes in singing behavior (Nottebohm et al., 1987; Voigt and Leitner, 2008) are 

accompanied by the restructuring of the song system connectome. HVC, RA, X, and nXIIts were 

found to change in volume by up to 200%, HVC neuron numbers will fluctuate, and the dendritic 

arborization, synaptic morphology and firing rate of RA neurons will differ across seasons (for 

review see Brenowitz, 2014; Tramontin and Brenowitz, 2000). There has been some controversy 

regarding the reliability of the findings giving support to some of these seasonal changes, namely in 

song nuclei volume. Initial findings of striking seasonal growth and regression of song nuclei 

volume in canaries were based on nuclei delineation in Nissl-stained tissue (Nottebohm, 1981). 

These findings have since been contested using different methods to establish the anatomical 

boundaries of song nuclei (Gahr, 1990a; Gahr, 1997). Nevertheless, even though the striking 

seasonal changes seen in Nissl-stained tissue might not correspond to changes in actual nuclei 

volume, they do hint at seasonal cytoarchitectural changes, and thus do provide further evidence for 

seasonal neuroplasticity in the song system. 

 

Plasticity in the adult brain seems to play an important role in enabling animals to adapt in response 

to their environment. Synaptic plasticity, in particular, is a crucial process in adult 

experience-dependent plasticity, with dendritic spines and axonal boutons being de novo generated 

and retracted in response to the animal’s experiences. Dendritic spine and synapse densities will 

increase in response to environmental enrichment (Beaulieu and Colonnier, 1987; Greenough, et al., 

1985), and sensory stimulation (Knott et al., 2002) or deprivation (Hofer et al., 2009; Zuo et al., 

2005). Synaptic plasticity is also essential to enable learning and memory formation (for review see 

Bruel-Jungerman et al., 2007), with changes in synapse number reported with various learning 

paradigms. Increases in spine density in the rat hippocampus follow training on spatial learning 

tasks (Eyre et al., 2003; Moser et al., 1994, 1997). And associative memory formation due to 

eye-blink conditioning increases spine density and multisynaptic boutons number, and induces 

changes in spine morphology in the mammalian hippocampus (Geinisman et al., 2000, 2001; 

Leuner et al., 2003). 

 

Synaptic plasticity has also been implied as a key brain feature enabling motor learning. Motor 

learning is the process of acquiring and improving motor skills through repeated practice, which 

will lead to motor skill consolidation. The consolidation of motor skills will promote the formation 

of muscle memory, which enables the faster reacquisition of similar motor skill performance levels 

to those previously acquired through practice, even after long periods of time when practice was 

interrupted. Although the name might me misleading, muscle memories are primarily encoded in 

the brain areas responsible for respective motor performance. Increases in the number of synaptic 

contacts per neuron with motor skill training have been reported in the rat motor cortex and the 

cerebellum (Kleim et al., 1996, 1998), while training mice in a forelimb reaching task rapidly 

induces the growth of new dendritic spines in the motor cortex, which are preferentially stabilized 

by training repetition (Xu t al., 2009). 

 

Finally, a further key role in regulating adult neuroplasticity is played by various hormones. Thyroid 

hormones are involved in regulating learning-associated neuroplasticity (for review see Calzà et al., 
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1997; Raymaekers and Darras, 2017). Stress hormones are likely mediators in the manifold effects 

of stress on adult neuroplasticity, such as the stress-induced changes in spine density, dendritic 

length and branching, and neurogenesis in brain regions such as the hippocampus, prefrontal cortex, 

and amygdala (for review see McEwen, 2007). The clear direct effects of stress hormones are seen 

in the treatment of adult mice with glucocorticoids, which leads to higher dendritic spine turnover in 

multiple cortical areas, whereas chronic glucocorticoid treatment leads to an abnormal loss of stable 

spines that were established early in life (Liston and Gan, 2011). Lastly, sex hormones, which are 

responsible for guiding the sexual differentiation of brain and behavior during development, are 

also further key modulators of adult neuroplasticity (see for example Gahr, 2004; Galea et al., 2008; 

and discussed in further detail below). 

 

Nevertheless, even though plenty of factors capable of inducing adult neuroplasticity have been 

found, and great progress has been made to gain knowledge on their effects in reshaping brain 

structure and function, the complex mechanisms behind adult neuroplasticity processes remain 

poorly understood. A better understanding on how the factors mentioned above can trigger 

neuroplastic changes, as well as in the detailed processes leading up to the emergence of these 

changes in brain structure and function, and of the interactions of different factors promoting 

plasticity are all still needed in order to enable their exploitation for therapeutic applications. 

 

 

 

Sex hormones as key modulators of adult neuroplasticity and behavior 

 

Sex hormones will act throughout the entire brain of most vertebrates, altering the structure and 

function of neural systems, and influencing behavior. In the adult rodent hippocampus, estradiol 

promotes cell proliferation (Tanapat et al., 1999), and testosterone favors cell survival (Hamson et 

al., 2013; Spritzer and Galea, 2007) and synaptogenesis in both males and females (Leranth et al., 

2003; Lewis et al., 1995), whereas estradiol is able to induce synaptogenesis in females only 

(Woolley et al., 1990). The effects of estradiol on hippocampal neuroplasticity have been related to 

behavioral effects, as estradiol improves hippocampus-dependent memory in both rodents and 

humans (Bayer et al., 2015). In striking contrast to estradiol’s effects in the hippocampus, estradiol 

treatment was reported to decrease cell proliferation in the subventricular zone and newborn cell 

numbers in the olfactory bulbs of adult female mice (Brock et al., 2010). Further estradiol effects 

include increases in dendritic spine density in cortical neurons of adult female rats (Chen et al, 

2009), and dopamine activity modulation (Becker, 1999; Becker and Hu, 2008; Mermelstein et al., 

1996), which likely underlies the modulation of effort-based decision making in female rats by 

estradiol (Galea et al., 2008). In rodents, testosterone regulates amygdala volume (Cooke et al., 

1999), dendritic length and soma size of adult motor neurons (Kurz et al., 1986), and the density of 

dendritic spines in the male preoptic area, a brain area involved in the control of sexual behaviors 

(Garelick and Swann, 2014). 
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The songbird brain is also known to undergo remarkable sex hormone-induced changes. In fact, 

some of the first studies providing evidence for the role of sex hormones in modulating adult 

neuroplasticity came from studies of the song system. The songbird brain can undergo remarkable 

sex hormone-induced changes in the volumes of whole brain nuclei, in synaptic densities and 

dendritic branching, as well as modifications in neuron spacing, neuron number and recruitment, 

and vascularization (reviewed in Chen et al., 2013; Gahr, 2004). Seasonal changes in the structure 

of the male canary song system, which are accompanied by changes in singing behavior 

(Nottebohm et al., 1987; Voigt and Leitner, 2008), were correlated to circulating testosterone levels 

(for review see Brenowitz, 2014; Tramontin and Brenowitz, 2000). Also in canaries, a remarkable 

sexual dimorphism of the song system was found, which, in turn, relates to a dimorphism in 

behavior: male canaries sing while females are usually limited to simpler vocalizations. Under 

natural conditions, female canaries very rarely sing, and at best will produce very soft unstructured 

song (Pesch and Güttinger, 1985). Females canaries also have smaller overall volumes for HVC, 

RA, Area X, LMAN and nXIIts, a reduced number of neurons in HVC, smaller and less complex 

dendritic arborizations of HVC and RA neurons (for review see Ball, 2016). 

 

 

 

Sex hormones and singing canaries 

 

Interestingly, non-singing female canaries can be induced to sing when treated with testosterone, as 

well as by a combination of both its active metabolites, DHT and estradiol. Adult females implanted 

with a high dose of testosterone will start to produce subsong within 3 days, and will continue to 

practice to produce song of male-like quality, albeit with fewer syllable types (figure 4; Vallet et al., 

1996; Vellema et al., 2019). Sex hormones seem to play a key role in modulating singing behavior 

in canaries. Canary males will produce songs with different syllable repertoires across different 

seasons, and the spring breeding season repertoire, when plasma testosterone levels are increased, 

will include more potentially attractive syllable types, when compared to the autumn non-breeding 

season (Leitner et al., 2001; Voigt and Leitner, 2008). 

 

Furthermore, the testosterone-induced alterations in the singing behavior of female canaries are 

accompanied by the masculinization of the song system, with sex hormone treatment inducing 

dramatic changes in the songbird brain. Testosterone, DHT, and estradiol can all lead to increases in 

volumes of HVC, RA, and Area X (Tramontin et al., 2003), as well as in neuron numbers in HVC 

(Yamamura et al., 2011), and induce dendritic growth in RA (DeVoogd and Nottebohm, 1981). 

Distinct effects of these hormones have, however, also been found. Estradiol has neuroprotective 

properties, reducing neuron turnover and enhancing the survival of new neurons in HVC (Hall and 

MacDougall-Shackleton, 2012; Hidalgo et al., 1995; Soma et al., 2004). DHT, on the other hand, 

was shown to reduce the migration of new neurons into HVC (Hall and MacDougall-Shackleton, 

2012). 
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Figure 4. Canary song. Exemplary spectrograms showing recordings of song portions of a canary 

male during the breeding season (A) and a testosterone-treated female canary (B). 

 

 

 

Cellular mechanisms of sex hormone activity 

 

The role of sex hormones as modulators of adult neuroplasticity can be exploited for clinical 

applications. Estradiol, for example, has neuroprotective effects, with injections of this hormone 

after a stroke or traumatic brain injury shown to both enhance neurogenesis to generate replacement 

neurons, as well as decrease cell death, promoting neural regeneration (Brown et al., 2009; Zheng 

et al., 2013). In order to provide better treatment outcomes, a better understanding of the complex 

mechanism underlying sex hormone-induced neuroplasticity is, nonetheless, essential. 

 

Sex hormones can have different origins and can act on the brain through many cellular and 

molecular processes, which need to be disentangled in order to understand the mechanisms 

modulating neuroplasticity. Sex hormones can be synthesized in the gonads, estradiol in the ovaries 

and testosterone in the testes, and enter the blood circulation, from where they are distributed to all 

organs, including the brain. Additionally, sex hormones can also be produced locally in the brain 

from cholesterol (Diotel et al., 2018). Furthermore, circulating testosterone can be converted in the 

brain into its metabolites, through enzymatic action: into DHT (5α-dihydrotestosterone), a potent 

androgen, by 5α-reductase; into 5β-DHT (5β-dihydrotestosterone), an inactive metabolite, by 

5β-reductase; or into estradiol (17β-estradiol), via the enzyme aromatase. 

 

Sex hormones can act on the brain via multiple processes. The classical mode of action, the 

so-called genomic mechanisms, alters gene expression by binding to nuclear receptors that activate 

the transcription of target genes (Carson-Jurica et al. 1990). The classical receptors include the 

androgen receptor (AR), which binds testosterone and DHT but not 5β-DHT, with DHT being a 

stronger agonist than testosterone (Grino et al. 1990); and the two types of estrogen receptors (ERα, 
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ERβ) that have high affinity to estradiol (Brzozowski et al., 1997). Non-genomic mechanisms are a 

second mode of sex hormone action that leads to direct rapid alterations of neuronal properties via 

special membrane receptors or classical receptors located in extra-nuclear compartments (for review 

see Levin and Hammes 2016). 

 

In the context of sex hormone-induced neuroplasticity of the song system to modulate singing 

behavior, the slow onset of most androgen- and estrogen-induced song development behaviors are, 

however, characteristic of genomic mechanisms of sex hormone action, and hence these have been 

more extensively studied in the songbird brain (for review see Frankl-Vilches and Gahr, 2017). 

Androgen receptors were found in HVC, RA, and LMAN of all thus far studied songbird species, as 

well as in auditory nucleus NIf in canaries and zebra finches, and in brainstem respiratory areas and 

syringeal motor neurons. In canaries and zebra finches, androgen receptors can also be found in 

Area X, but only in some individuals for unknown reasons (figure 5; for review see Frankl-Vilches 

and Gahr, 2017; Gahr, 2004). In contrast, within the song system, estrogen receptors can only be 

found in HVC, close to which an aromatase-rich region within the avian nidopallium can be found 

(figure 4; Gahr et al., 1993; Metzdorf et al., 1999). Estrogen receptor activation by estradiol, 

typically considered a ‘female’ hormone, seems to play an important role in male singing behavior, 

as it seems to be required in canaries for the production of songs with high syllable repetition rates 

(Rybak and Gahr, 2004), an important parameter for the sexually attractiveness of song in this 

species (Vallet and Kreutzer, 1995). Moreover, female canaries cannot be convinced to sing by 

treatment with either DHT or estradiol alone, which seems to indicate a need not only for androgen, 

but also for estrogen receptor activation to induce singing. Further proof of the essential role of 

estrogen receptor activation in testosterone-induced singing in female canaries is provided by 

studies that have shown that blocking brain aromatase leads to abnormal song (Fusani et al., 2003), 

and that intracerebral testosterone implants will only elicit song when placed close to the 

nidopallium’s aromatase rich region (Brenowitz and Lent, 2001, 2002). Furthermore, 

testosterone-induced song is not universal to all non-singing songbird females. Adult female zebra 

finches, also a sexually dimorphic species, will not be induced to sing by testosterone-implantation 

(Arnold, 1980). To induce singing in female zebra finches a further step is required, namely 

estradiol treatment during juvenile development, which when followed by testosterone at a later 

age, will readily induce song output (Gurney and Konishi, 1980). 

 

Sex hormones modulate both singing behavior as well as song system neuroplasticity, which in turn 

is also modulated by the songbird’s experiences. The specific distinct and synergetic contributions 

of sex hormones and singing experience to shape the song system connectome remain, however, 

poorly understood. Female canaries provide a relevant model system, as they enable us to convert 

their song system from a non-singing to a singing state, simply by testosterone implantation, thus 

providing a relevant model system for neuroscientists to explore the interplay between sex 

hormones, vocal motor skill learning, and adult neuroplasticity. 
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Figure 5. Mechanisms of sex hormone action. (A)  Testosterone (T) can be converted in the brain 

into DHT by 5α-reductase, or into estradiol (E2) by aromatase; both T and DHT can bind to 

androgen receptors (AR), while E2 binds to estrogen receptors (ER). (B) AR (blue dots) and ER (red 

triangles) distribution in the canary song system. [Modified from Frankl-Vilches and Gahr, 2017]. 

 

 

 

Thesis outline 

 

To date, most studies investigating sex hormone-dependent neuroplasticity of the song system have 

focused on short-term (up to 4 weeks) hormonal effects in brain and behavior. Using 

testosterone-treated singing female canaries, the birdsong community has been particularly 

concerned with the effects of testosterone triggering song production, with many ensuing findings 

on brain masculinization processes. Nonetheless, more detailed knowledge on the mixed effects of 

sex hormones and vocal motor skill practice in female canaries treated with testosterone for longer 

periods, as these birds potentially progress in their vocal motor abilities, was so far lacking. How do 

the sex hormone-induced vocal motor skill learning and repetitive practice reshape the song system 

circuitry? Is this reshaping permanently plastic or are some circuit changes permanent once initially 

established? Does the experience of sex hormone-induced vocal motor behaviors alter the effects of 

sex hormones to influence neuroplasticity? 

 

In order to try to answer these questions, we treated female canaries with testosterone for longer 

periods of up to 6 months, inducing singing practice throughout this period, followed by a period 

when singing was abolished by testosterone implant removal, and by a subsequent second song 

practice period, when testosterone was reapplied. This led to interesting findings in terms of the 
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long-term effects of testosterone treatment and retreatment in vocal behavior, brain connectivity, 

and the modulation of hormonal effects. We found that previous singing experience significantly 

accelerates the re-acquisition of vocal motor skills, even after a long period when singing practice is 

extinguished. Additionally, we demonstrate that vocal practice is accompanied by a pronounced 

dendritic spine pruning in HVC, a reduction that is not reversed when birds stop singing (chapter I). 

Finally, we discovered that previous vocal practice experience modulates the responsiveness to sex 

hormones in female canaries. We confirmed that naïve females cannot be convinced to sing by 

implantation with DHT, and found that, in contrast, females that previously experience 

testosterone-induced singing can indeed be induced to sing by DHT implant alone (chapter II). 

Taken together, these findings show that testosterone-induced singing experience induces changes 

in the song system synaptic circuitry and sex hormone responsiveness, leading to a lasting 

optimization of the song system circuit in adult female canaries. 

 

In order to investigate synaptic changes in the song system, we used the classic Golgi technique to 

fully stain a random subset of neurons in the songbird brain (chapters I and II). However, this and 

other techniques previously applied to study the neuroanatomy of the songbird brain, such as 

electron microscopy or immunohistochemistry in combination with confocal microscopy (Kornfeld 

et al., 2017; Kosubek-Langer et al., 2017) suffer from certain problematic shortcomings, which 

hindered our ability to reach a detailed understanding of the circuitry changes following 

testosterone-induced singing practice. First, they do not allow us to gain knowledge on the specific 

neuron populations involved in the synaptic plasticity we observed. Second, these techniques only 

permit the exploration of small volumes of brain tissue. As the song system is comprised by a 

complex system of interconnected brain nuclei located throughout the songbird brain and involving 

a large variety of neuron populations, cell population-specific investigations across large volumes of 

tissue are essential in order to understand its function. 

 

Techniques enabling such investigations have long been in use for other model species such as 

mice, but had been surprisingly lacking for songbird tissue. Namely, the use of tissue clearing and 

light sheet microscopy, which have made it possible to investigate large tissue volumes at 

micrometer resolution, was not previously successfully applied to songbird brain tissue. These 

techniques turn opaque brain tissue transparent, enabling fluorescent imaging of large tissue 

volumes (Richardson and Lichtman, 2015). Brain tissue is constituted by high-refractive index (RI) 

molecules, lipids and proteins, embedded in a low RI medium, water. This mismatch leads to 

heterogeneity in light scattering across different molecules, and consequently turns tissue opaque. 

Hence, tissue clearing methods in general try to reduce the RI mismatch by either substituting water 

by a higher RI medium or by removing or modifying the optical properties of the dry components. 

Since the first description of a clearing protocol by Spalteholz in 1914, tissue clearing has 

flourished into several variants, with different chemical procedures, and distinct advantages and 

disadvantages. 

 

Tissue clearing protocols can be divided into two main groups: solvent-, and aqueous-based 

techniques (for review see Ariel, 2017; Richardson and Lichtman, 2015, 2017; Silvestri et al., 

2016). Organic solvent protocols usually involved a dehydration step, followed by replacement of 
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water by a higher RI solvent. The original Spalteholz protocol (Spalteholz, 1914) is included in this 

group, and so are BABB (Dodt et al., 2007), 3DISCO (Ertürk et al., 2012a, 2012b), iDISCO (Renier 

et al., 2014), and ECi (Klingberg et al., 2017).  Aqueous-based clearing methods can be subdivided 

into three groups: simple immersion, hyperhydration, and hydrogel embedding. For passive 

immersion, as used for example in the SeeDB (Ke et al., 2013) and ClearT (Kuwajima et al., 2013) 

protocols, samples are immersed in higher RI solutions to match the tissue and allowed to gradually 

clear. Hyperhydration methods usually involve lipid removal followed by protein hyperhydration, 

and include the Scale (Hama et al., 2011) and CUBIC (figure 6A and B; Susaki et al., 2014, 2015; 

Tainaka et al., 2014) protocols. Finally, the hydrogel embedding group pioneered by CLARITY 

(Chung et al., 2013), involves the cross-linking of proteins to a gel mesh for stabilization before the 

tissue is further treated, and has since multiplied into other variations like PACT/PARS (Yang et al., 

2014), and SWITCH (Murray et al., 2015). Furthermore, the Expansion Microcopy protocol (figure 

6C-E; Chen et al., 2015) has combined hydrogel embedding with hyperhydration in order to not 

only clear but also expand tissue, allowing for higher resolution. 

 

We set out to develop the techniques that would enable us to reach the desired detail to investigate 

plastic changes in the song system circuit. We successfully applied the iDISCO+ and CUBIC 

protocols (chapter III), as well as Expansion Microcopy (chapter IV) to songbird brain tissue. 

Additionally, we successfully combine these protocols with viral vectors, for fluorescent protein 

expression in specific neuron populations, as well as with light sheet microscopy, enabling fast 

image acquisition of large tissue volumes at high resolution. We expect these techniques to open 

new venues of investigation into the song system connectome, and foresee that they will help 

answer the multifold questions regarding the interplay of sex hormones, behavior experience, and 

adult neuroplasticity left open by this thesis.  
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Figure 6. CUBIC and Expansion Microscopy pipelines. (A) CUBIC protocol. A fixed whole 

brain (from a 6-month-old mouse) was treated with reagent 1 to remove lipid components for up to 

7 days, followed by washing with PBS. The sample was then treated with reagent 2 for 2–7 days to 

adjust the refractive indices of the tissue and reagent. (B) Light sheet microscopy-acquired image of 

a CUBIC-cleared Thy1-YFP-H Tg mouse brain (2 month-old mouse). [Z stack: 10 mm step 3696 

planes, with 0.3 s 3 two illuminations. A, anterior; P, posterior; R, right; L, left; D, dorsal; 

V, ventral. Ventral view is shown.] (C) Schematic illustration of expansion microscopy. 

(D and E) Confocal fluorescence images of a Thy1-YFP mouse brain slice stained with presynaptic 

(anti-Bassoon, blue) and postsynaptic (anti-Homer1, red) markers, in addition to antibody to GFP 

(green) – pre- (D) vs post-Expansion (E). Scale bars (E) 2.5 mm; (G) 2.5 mm (10.0 mm) [Modified 

from Chen et al., 2015; Chozinski et al., 2016; Susaki et al., 2014)]. 
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Abstract 

 

Complex motor skills take considerable time and practice to learn. Without continued practice the 

level of skill performance quickly degrades, posing a problem for the timely utilization of skilled 

motor behaviors. Here we quantified the recurring development of vocal motor skills and the 

accompanying changes in synaptic connectivity in the brain of a songbird, while manipulating skill 

performance by consecutively administrating and withdrawing testosterone. We demonstrate that a 

songbird with prior singing experience can significantly accelerate the re-acquisition of vocal 

performance. We further demonstrate that an increase in vocal performance is accompanied by a 

pronounced synaptic pruning in the forebrain vocal motor area HVC, a reduction that is not 

reversed when birds stop singing. These results provide evidence that lasting synaptic changes in 

the motor circuitry are associated with the savings of motor skills, enabling a rapid recovery of 

motor performance under environmental time constraints. 
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Introduction 

 

Complex motor skills, such as singing or playing an instrument, are not inherently determined but 

need to be acquired through repetitive practice. Many specialized skills are used only incidentally 

however, and skill performance degrades during intermittent periods of non-use. This means that 

skills need to be re-acquired each time the need arises. For example, trained human surgeons need 

to re-acquire their surgical proficiency after a period of absence (Crewther et al., 2016), Capuchin 

monkeys need to acquire manipulative foraging skills to retrieve difficult-to-access, seasonally 

available food items (Eadie, 2015), and songbirds need to re-develop high-quality songs to attract a 

mate after wintering or long-distance migration (Slagsvold, 1976). Whereas learning novel motor 

skills is generally a lengthy process, the short-term availability of suitable mates and food items 

imposes a considerable time pressure on the re-acquisition of such specialized skills. 

 

Birdsong, an established model system for vocal motor learning (Brainard and Doupe, 2013) is 

characterized by a high degree of complex and rapid acoustic modulations. The fine motor skills 

that are necessary to produce such complex, high quality vocalizations are thought to advertise an 

individual’s quality through performance-related characteristics such as song complexity and/or 

production rate (Byers et al., 2010; Draganoiu et al., 2002; Holveck and Riebel, 2007; Podos, 1997). 

When juvenile songbirds are one to two months old they start singing noisy, unstructured 

‘subsongs’ akin to human babbling (Doupe and Kuhl, 1999), which gradually develop into variable, 

but recognizable species-specific ‘plastic songs’ (Marler and Peters, 1982b; Mori et al., 2018; 

Nottebohm et al., 1986; Tchernichovski et al., 2001). With extensive vocal rehearsal the songs 

slowly consolidate into high performance ‘crystallized songs’, a process that can take up more than 

five months in some songbird species (Nottebohm et al., 1986). For adult songbirds that annually 

need to re-acquire their songs this process of juvenile song development greatly exceeds the time 

that is available to attract a mate during the early breeding season. Thus, adult songbirds must 

considerably speed-up song re-acquisition to quickly produce songs of adequate quality to impress 

conspecifics. It is currently unclear how songbirds cope with the seasonally imposed time pressure 

on song development, and what mechanisms may be involved to ensure reproductive success under 

such time constraints in nature. 

 

The seasonal development and degradation in vocal performance are highly correlated with changes 

in testosterone levels (Nottebohm et al., 1987; Smith et al., 1997; Tramontin and Brenowitz, 2000; 

Voigt and Leitner, 2008), and are often accompanied by gross anatomical and cytoarchitectural 

restructuring of the brain areas involved in song production (Balthazart et al., 2008; Gahr, 1990a; 

Kafitz et al., 1999; Kirn et al., 1994; Nottebohm, 1981; Thompson and Brenowitz, 2005; Vellema et 

al., 2014). Thus testosterone-regulated adaptations of the songbird brain may play an important role 

in optimizing song performance. In this study we used adult female canaries (Serinus canaria) to 

investigate how a periodically acquired motor behavior attains a high performance level under 

developmental time pressure. Although female canaries rarely sing spontaneously, and never 

produce high quality songs under natural conditions (Pesch and Güttinger, 1985), the systemic 

application of testosterone leads to the development of high-performance song with male-typical 
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features (Leonard, 1939; Shoemaker, 1939; Vallet et al., 1996). This trait provides us with a 

well-defined behavioral baseline, and allows us to manipulate in detail the onset and offset of song 

development through repeated testosterone treatments.  

 

Here we demonstrate that during a protracted testosterone treatment, adult female canaries 

gradually develop stable, species-typical songs through a process of song crystallization similar to 

what is known for naturally-raised juvenile male canaries (Mori et al., 2018). Re-treatment with 

testosterone several months after birds have stopped singing, leads to a rapid recurrence of song 

performance with song features that strongly resemble those after the first treatment. We propose 

that once developed, vocal motor memories are retained for an extended period of time, enabling 

adult animals to recover song performance quickly at a later time, a process termed ‘savings’ 

(Ebbinghaus, 1913). We further demonstrate that neurons in the songbird’s premotor nucleus HVC 

(proper name), a central nucleus in the brain circuitry that controls song production (Nottebohm et 

al., 1976), irreversibly loses a significant number of dendritic spines during the initial 

testosterone-induced development of vocal skills. This state of reduced spine density is 

subsequently maintained over long periods in which testosterone levels are low and vocal skills are 

not used. The observed lasting synaptic pruning could play an important role in the formation of 

vocal skill savings, enabling birds to rapidly re-acquire song performance within a restricted time 

period. 

 

 

 

Results 

 

Testosterone-induced song development in female canaries 

 

To study the development of vocal skills in adult female canaries we recorded and analyzed the 

entire song ontogeny in acoustically separated animals (5.6 ± 0.6 million song syllables per bird), 

while manipulating song output by consecutively implanting, removing, and re-implanting birds 

with testosterone implants. 

 

Whereas no songs were observed prior to treatment, the systemic application of testosterone (T1+) 

stimulated birds to start singing their first songs after three days (3.22 ± 0.46 days). The phases of 

female song development were similar to those previously reported for male canaries (figure 1) 

(Mori et al., 2018; Nottebohm et al., 1986; Weichel et al., 1986). The first subsongs were produced 

in an irregular fashion and consisted of unstructured syllables with few distinctive features. Songs 

gradually developed into plastic songs in which different phrases of repeated syllables could be 

clearly distinguished, albeit with variation between syllables of the same type. During the following 

six months, female canary songs continued to develop, gradually crystallizing into the 

species-typical stable songs. Although structurally similar to male canary songs, female songs had 
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relatively small syllable repertoires (6.2 ± 1.1 syllable types), consistent with previous reports 

(Fusani et al., 2003; Hartog et al., 2009; Vallet et al., 1996). 

 

 

Figure 1. Song in juvenile male and adult female canaries progresses through the same stages 

of development. (A) Schematic of natural song development in juvenile males. (B) Example 

spectral derivative spectrograms illustrating the different song developmental stages of a male 

canary. Subsong was recorded at 45 days of age, plastic song at 120 days of age and stable song at 

1 year old. (C) Schematic of song development in adult female canaries during a first testosterone 

treatment (T1+), after removal of testosterone (T1-), and during a second testosterone treatment 

(T2+). (D) Example spectral derivative spectrograms from an adult female canary illustrating 

subsong after 3 days of testosterone treatment, plastic song after 30 days of treatment, and stable 

song after 200 days of treatment. Lowercase letters indicate different phrases of repeated syllables. 

 

 

 

Re-application of testosterone triggers an accelerated re-acquisition of song performance 

 

To investigate the birds’ abilities to re-acquire song performance after a period without vocal 

practice we withdrew testosterone (T1-) from the animals, completely abolishing singing behavior 

in approximately three days (3.14 ± 0.63 days). After 2½ months of no song production birds were 

treated for a second time with testosterone (T2+), inducing song output after three days (3.14 ± 0.74 

days). No subsongs were observed after the second testosterone treatment, and all birds were able to 

produce plastic songs from the first day of singing. 
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We first compared the development of temporal song features during the 1st and 2nd testosterone 

treatments (figure 2, figure 2 – figure supplement 1, and figure 2 – figure supplement 2). 

Particularly the speed at which subsequent syllables are repeated, the syllable repetition rate (SR), 

has been strongly associated with individual performance (Podos, 1996, 1997) and has been shown 

to increase the attractiveness of the song to conspecifics (Vallet et al., 1998; Vallet and Kreutzer, 

1995). We observed that during the first two weeks of testosterone-induced female song 

development, all syllables were typically produced at a similar rate (SR: 10.3 ± 1.3 Hz). While 

practicing the song, different syllables were gradually sung at different rates, becoming more 

distinct towards song crystallization (figure 2A). Once crystallized, syllables could be distinguished 

as fast syllables (SR: 21.7 ± 1.0 Hz), medium-speed syllables (SR: 11.9 ± 1.1 Hz), and slow 

syllables (SR: 4.9 ± 0.7 Hz). A similar distribution of syllable rates redeveloped during a 2nd 

testosterone treatment. The observed range of syllable rates was similar to what has previously been 

reported for wild-living male canaries (Leitner et al., 2001a). 

 

To determine how fast this syllable rate pattern emerged during subsequent testosterone treatments 

we took crystallized song from the last week of the first testosterone treatment as a reference 

pattern, and calculated the correlation coefficient (CC) between this reference and each day of song 

development and re-development (figure 2B and C). While syllable repetition rates gradually 

developed and stabilized over the course of 160 ± 8 days during the 1st testosterone treatment, stable 

rates were obtained more than 7 times faster, within 22 ± 2 days, during the 2nd treatment (figure 

2D; paired t-test: P < 0.001). In addition the maximum daily increase in similarity (dmax) was also 

significantly higher during song re-development than during initial song development (figure 2E; 

dmax: 0.021 ± 0.005 for T1+, and 0.078 ± 0.012 for T2+; paired t-test: P < 0.05), indicating a much 

accelerated development of song performance in birds with previous singing experience. 

 

Since syllable rate is a compound feature that is determined by both syllable duration and the 

interval between subsequent syllables, we analyzed syllable durations and pause durations 

separately. Syllable durations developed slowly during the initial song acquisition (T1+), reaching 

stable values after 153 ± 19 days, while pause durations stabilized in 82 ± 13 days (figure 2 – figure 

supplement 1 and figure 2 – figure supplement 2). Both temporal features re-emerged more quickly 

during song re-acquisition (T2+) than during the first song developmental phase (duration: 4.8 ± 1.3 

days; paired t-test: P < 0.001; pause: 10.7 ± 2.2 days; paired t-test: P < 0.01; figure 2 – figure 

supplement 1). 
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Figure 2. Syllable repetition rates develop faster in birds with prior singing experience. 
(A) Syllable rate histogram from a female canary during two subsequent testosterone treatments. 

Color scales indicate the number of daily syllables produced for each discrete syllable rate. Curves 

were fitted through the most occurring syllable rates and are shown in red. (B) The correlation 

coefficient (CC) between the stabilized distribution of syllable rates at the end of the 1st testosterone 

treatment and each other day during the development and re-development of song in the same bird 

as shown in A. (C) The mean syllable rate correlation plot for all animals. Grey bars indicate the 

SEM. (D) Group statistics of all studied birds demonstrating that stable syllable rates were achieved 

more quickly during a 2nd testosterone treatment (red bars) than during the 1st treatment (blue bars). 

(E) The peak day-to-day increase in the syllable rate CC (dmax) was higher during a 2nd testosterone 

treatment than during the 1st treatment. (F) Example spectral derivative spectrograms from one bird 

and corresponding bar graphs illustrating syllable rates at 15, 70, and 200 days after a 1st 

testosterone treatment and 30 days after a 2nd treatment. Columns in D-E represent the mean ± SEM 

and open circles indicate individual data points (* P < 0.05, *** P ≤ 0.001, paired t-test, n = 6 

animals). Columns in F represent the mean ± SEM (a, b, c: P ≤ 0.001, ANOVA; n=100 syllables).  
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To determine the bird’s ability to recover spectral song patterns we analyzed the recurring patterns 

of frequency modulation (FM), amplitude modulation (AM), bandwidth (BW), mean frequency 

(MF) and Wiener entropy (E) during song acquisition and re-acquisition. Similar to temporal song 

features, spectral features were more quickly established during song re-acquisition (T2+) than 

during the initial song development (T1+) (figure 3, figure 3 – figure supplement 1, figure 3 – figure 

supplement 2). All spectral features developed gradually over more than 110 days before reaching 

stable values. After a period in which the birds did not produce any song, testosterone-induced song 

re-acquisition led to a rapid stabilization of spectral patterns within 16 days (figure 3, figure 3 – 

figure supplement 1; paired t test: P < 0.01). Thus both temporal and spectral song features were 

acquired significantly faster by experienced birds that had developed singing skills once before. 

 

 

 

The absence of song practice causes selective deterioration of song features 

 

Whereas song re-acquisition in female canaries resulted in a rapid recurrence of stable temporal and 

spectral patterns, not all song features re-developed in the same way. Most notably, some song 

features demonstrated a clear deterioration in the absence of vocal practice, while other song 

features remained stable despite the absence of vocal practice (figure 3G and H). 

 

Of the studied temporal song parameters, syllable durations did not show any deterioration in the 

period that birds did not sing (T1-) and thus also did not need to be re-acquired (figure 2 – figure 

supplement 1A-C; figure 2 – figure supplement 2A). Both the syllable rate and the pause duration 

between syllables did deteriorate however, and a short phase of re-development was required to 

recover the originally developed patterns (figure 2, figure 2 – figure supplement 1D-F, and figure 2 

– figure supplement 2B). The accelerated re-acquisition of syllable repetition rates thus appears to 

be driven by the need to re-optimize the timing between syllables rather than syllable lengths. 

 

Of the spectral syllable features that were studied, the FM and AM patterns deteriorated when birds 

stopped singing (T1-), but were re-acquired during a short developmental phase after a 2nd 

testosterone treatment (T2+) (figure 3A-C, figure 3 – figure supplement 1A-C, and figure 3 – figure 

supplement 2A and B). BW, MF, and E did not need to be re-acquired, but maintained strong 

similarities with the initial acoustic patterns despite the absence of song production in the 

intermittent period (T1-) (figure 3D-F, figure 3 – figure supplement 1D-I, and figure 3 – figure 

supplement 2C-E). Thus song re-acquisition can be characterized by recalling a combination of 

sound features that immediate can be reproduced and sound features that require a short phase of 

redevelopment.  
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Figure 3. Differential re-development of song features. (A) Mean correlation plot for all animals 

illustrating the development of the frequency modulation (FM) distribution in the song during the 

development (T1+) and re-development (T2+) of song. The correlation plot illustrates a gradual FM 

development during T1+, followed by a short phase of FM re-development during T2+. (B) Group 

statistics demonstrating that the stabilization of the FM distribution in the song took less time 

during a 2nd testosterone treatment (red bars) than during the 1st treatment (blue bars). (C) The peak 

day-to-day increase in the FM CC (dmax) was significantly higher during a 2nd testosterone treatment 

than during the 1st treatment. (D) Mean correlation plot for the syllable bandwidth showing a 

gradual development during a 1st testosterone treatment (T1+), followed by an immediate recovery 

of syllable bandwidth during a 2nd treatment (T2+). (E) Group statistics demonstrating that stable 

syllable bandwidths were achieved more quickly during a 2nd testosterone treatment (red bars) than 

during the 1st treatment (blue bars). (F) The peak day-to-day increase in the syllable bandwidth CC 

(dmax) for T1+. Dmax could not be calculated for T2+, as we observed no developmental increase of 

this song feature during the 2nd testosterone treatment. (G) Deterioration in the distribution patterns 

of all analyzed song features during absence of song production (T1-), and (H) subsequent recovery 

of song features during testosterone-induced re-development of song (T2+). Grey bars in A and D 

indicate the SEM. Columns in B, C, and E-H represent the mean ± SEM and open circles indicate 
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individual data points (* P < 0.05, ** P < 0.01, *** P ≤ 0.001, paired t-test (B, C, E, F) and 

one-sample t-test (G, H), n = 6 animals). 

 

 

 

Song similarity during subsequent testosterone treatments 

 

The songs that reappeared during the second testosterone treatment were strikingly similar to those 

that developed after the first treatment (figure 4). Visual inspection of the song spectrograms 

revealed no differences in syllable repertoire when comparing crystallized songs during the 1st and 

2nd testosterone treatment (figure 4A and B; 6.2 ± 1.1 syllable types for both treatments). In addition 

both temporal and spectral song features demonstrated a strong similarity in their distribution 

patterns between subsequent testosterone treatments (T1
xT2), with correlation coefficients above 

0.82 for all studied song features (figure 4C). These values were not significantly different from the 

correlation coefficients obtained by cross-correlating distribution patterns from consecutive days 

during the first treatment period (T1
xT1) for any of the measured song features (figure 4C), 

indicating that the song patterns that developed during the 1st and 2nd testosterone treatment are 

similar in structure. 

 

To determine the similarity of syllables produced during the 1st and 2nd testosterone treatments we 

calculated for each bird the Euclidean distance across all eight analyzed temporal and spectral 

features within and between syllable types (figure 4 – figure supplement 1). The Euclidean distance 

between two syllables provides a measure of similarity where a syllable is represented as a point 

with coordinates that correspond to the eight analyzed sound features. The distance between 

syllables with similar sound features and thus similar coordinates is low, while the distance between 

syllables with differing sound features is high. The mean Euclidean distances between syllables of 

the same type across the 1st and 2nd testosterone treatment (T1
xT2) were no different from the 

Euclidean distances between syllables from subsequent days during the 1st testosterone treatment 

(T1
xT1: d = 0.73 ± 0.04, T1

xT2: d = 0.76 ± 0.06; Tukey’s HSD: P = 0.99). The mean Euclidean 

distances between syllables of different types across the two treatment periods were significantly 

larger than those between syllables of the same type (T1
xT2

ext: d = 2.12 ± 0.23; Tukey’s HSD: 

P < 0.001). These results indicate that for a given syllable the sound features that redeveloped after 

the 2nd testosterone treatment fell within the range of variation observed during the 1st testosterone 

treatment for that same syllable type, but were clearly distinguishable from the sound features of 

other syllable types. 

 

To investigate if the sequential structure of the song was different between the two testosterone 

treatments we analyzed the probability that specific phrase transitions occurred in the songs 

(figure 4 – figure supplement 2). Because the syllable repertoire is relatively small in testosterone 

treated female canaries, the number of possible phrase transitions is also small. Nevertheless, on 

average only 8.7% of all possible phrase transitions were used in the songs. Thus whereas the song 

sequences are not fixed as in e.g. zebra finches, the song sequences are not random either, following 

a limited subset of possible transitions similar to what has been observed in male canaries (Daou 
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et al., 2012; Tchernichovski et al., 2000). The percentage of phrase transitions that made up the 

songs during the 1st and 2nd testosterone treatments were not different (T1+: 9.2 ± 4.5 %; T2+: 8.3 ± 

4.2 %; paired t-test: P = 0.59), and the probability distribution of these transitions were visually 

similar between treatments (figure 4 – figure supplement 2A and B). The linearity, consistency, and 

entropy of song phrase transitions did not differ significantly between the songs from the 1st and 2nd 

treatment periods (figure 4 – figure supplement 2C). 

 

Together these data strongly suggest that testosterone-induced song re-acquisition in canaries is 

driven towards the previously acquired song pattern. 
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Figure 4. Similarity of time and frequency parameters after subsequent testosterone 

treatments. (A, B) Example spectral derivative spectrograms of stable song from two animals 

during the 1st (T1+) and 2nd (T2+) testosterone treatment illustrating a strong similarity in song 

structure. (C) Similarity analysis between stable song patterns from the 1st and 2nd testosterone 

treatment periods (T1xT2, red bars) demonstrated a high level of correlation of more than 80% for all 

analyzed song features. Correlation coefficients between songs from T1+ and T2+ were not 

significantly different from the CCs obtained when cross-correlating song patterns within the T1+ 

period (T1xT1, blue bars). Columns in C represent the mean ± SEM and open circles indicate 

individual data points (NS, paired t-test, n = 6 animals). 
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Singing-related pruning of neuronal dendritic spines 

 

The finding that the re-acquisition of song performance progresses considerably faster than the 

initial acquisition and leads to the production of highly similar song patterns suggests that singing 

skills are retained during intermittent silent periods. Motor learning and memory are generally 

considered to rely on the maturation and consolidation of the synaptic connections within the neural 

circuitry that drives the behavior in question (Changeux and Danchin, 1976; Hoshiba et al., 2017; 

Yu and Zuo, 2011). To investigate changes in synaptic connectivity during vocal motor 

development we quantified the number of neuronal dendritic spines in the forebrain motor nucleus 

HVC and the robust motor nucleus of the arcopallium (RA) before, during, and after the acquisition 

of vocal motor skills (figure 5).  

 

Excitatory projection neurons in the HVC of testosterone-treated, singing female canaries displayed 

a more than 30% reduction in dendritic spine density compared to untreated, non-singing control 

birds (C: 0.95 µm-1, T1+: 0.64 µm-1; Dunnett’s test: P < 0.01), indicating a significant synaptic 

pruning during the first acquisition of singing skills (figure 5B). Compared to non-singing control 

birds, spine densities remained significantly lower in birds that stopped singing for 2.5 months after 

testosterone removal (C: 0.95 µm-1, T1-: 0.69 µm-1; Dunnett’s test: P < 0.01). Thus, the synaptic 

pruning in HVC associated with testosterone-induced song acquisition is not reversed when birds 

stop singing, but instead the pruned state is maintained in periods in which the birds do not sing 

(figure 5B). In contrast, we did not observe any changes in dendritic spine densities in RA across 

the different experimental periods (figure 5C; ANOVA: P = 0.857). 

 

Strong differences were observed in the density of dendritic spines between different spinous 

neurites in HVC (range: 0.15 to 2.14 spines/µm). To investigate which neurite types were associated 

with the observed spine pruning we calculated the probability distribution of neuronal dendrites in 

HVC based on their spine density (figure 5D-F). We observed a marked shift in the distribution of 

dendrites from more densely-spined dendrites in control birds towards less densely-spined dendrites 

in the testosterone treatment (T1+) and removal groups (T1-), reflecting a global decrease in spine 

density. The strongest reduction was detected in the range of dendrites with more than 0.8 spines 

per µm, which halved in number in both testosterone-treated, singing birds (T1+), and testosterone-

removed, non-singing birds (T1-) compared to non-singing controls (C: 0.64 ± 0.06, T1+: 0.28 ± 

0.05, T1-: 0.33 ± 0.06; ANOVA: P < 0.01). The total density of both spinous and aspinous neurites 

in HVC did not significantly differ between the treatment groups (ANOVA: P > 0.36), suggesting 

that changes in dendrite densities were not caused by specific cell death. 

 

These data suggest that the observed vocal motor acquisition is accompanied by a lasting synaptic 

pruning specifically in nucleus HVC, providing a possible anatomical site for motor memory that 

could facilitate the observed rapid re-acquisition of previously established song patterns. 
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Figure 5. Lasting synaptic pruning in the forebrain motor nucleus HVC. (A) Photomicrographs 

of dendrite segments from non-singing control animals (C), singing female canaries sacrificed after 

five months of testosterone treatment (T1+), and non-singing individuals sacrificed 2.5 months after 

testosterone withdrawal (T1-). (B) Compared to naïve control birds (C), spine densities were 

significantly reduced in testosterone-treated, singing birds (T1+), and remained significantly 

reduced up to 2.5 months after birds stopped singing by withdrawing testosterone (T1-). (C) No 

significant differences in spine densities were observed in RA between the experimental periods. 

(D-F) The probability distribution of dendrites with different spine densities in HVC demonstrated 

a shift towards more dendrites with fewer spines in testosterone treated (T1+), singing birds and 

testosterone removed (T1-), non-singing birds compared to non-singing control birds. Columns in 

B-F represent the mean ± SEM and open circles indicate individual data points (a, b: P < 0.01, 

ANOVA, n=6 animals). Scale bars = 100 µm.  
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Discussion 

 

The ability to learn new skills enables one to adapt to changes in the surrounding environment. 

Whereas learning new skills requires time and effort, the survival of many species relies on their 

capacity to utilize specialized skills in a timely fashion, capitalizing on the short-term availability of 

foods, mates, and other environmental factors (Prendergast et al., 2002). Such a capacity is 

biologically relevant for numerous skills in a multitude of species, ranging from periodic foraging 

skills in dolphins (Patterson et al., 2016), bats (Clarin et al., 2013), and monkeys (Boinski and 

Fragaszy, 1989) to courtship displays in crabs (Mowles et al., 2017) and songbirds (Ota et al., 

2015). As the use of these specialized skills is interrupted over longer periods, e.g. during long-

distance migration or hibernation (Prendergast et al., 2002; Slagsvold, 1976), such skills need to be 

re-acquired quickly to maximize survival and reproductive success. In this study we establish the 

repeated, hormone-driven acquisition of vocal motor performance in female canaries as a model 

system for studying motor savings. Using this model, we show that while the initial development of 

specialized motor skills can be a lengthy process, motor performance can quickly be re-acquired at 

a later time, even after extended periods of non-use (figure 2 and 3). The accelerated song re-

acquisition observed in this study indicates that acquiring a motor skill for the first time follows a 

different developmental trajectory than re-acquiring the same skill at a later time. This is both 

evident from the accelerated consolidation of song performance during song re-development (figure 

2 and 3), and the observation that birds skip the subsong phase of song development when 

re-acquiring their songs. Our data further suggest that songbirds have the ability to retain previously 

developed singing skills through a process of selective pruning of the neural circuitry (figure 5), 

enabling them to rapidly recover songs of adequate quality to attract a mate before breeding 

opportunities disappear.  

 

Several song parameters were maintained across a period in which birds did not sing, while other 

song features demonstrated clear deterioration (figure 3G and H). Birds were able to recover those 

deteriorated song features with renewed vocal practice. At the peripheral level, song performance 

depends on the accurate control of the respiratory system, the sound producing organ (the syrinx), 

and the upper vocal tract. Interestingly, those song features that required a phase of re-development 

to be optimized seem primarily associated with motor constraints in syrinx function (Geberzahn and 

Aubin, 2014; Podos, 1997). Online modulation of frequency and amplitude requires active 

contractile modulation of syringeal muscles (Elemans et al., 2008; Goller and Suthers, 1996). 

Syllable repetition and the inter-syllabic interval also depend on how rapidly syringeal abductor and 

adductor muscles can open and close the syringeal aperture. The upper vocal tract may act as a 

tunable acoustic filter of the sounds produced by the syrinx (Beckers et al., 2003; Nowicki, 1987; 

Riede et al., 2006) and play a more important role in establishing the bandwidth, entropy and mean 

frequency of song syllables. Thus song parameters linked to vocal tract modulation may be 

preserved after birds stop singing, while song parameters linked to contraction speed of syringeal 

muscles appear to deteriorate.  
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Whereas male canaries are known to annually re-organize their songs, even when deafened (Mori et 

al., 2018), no such modifications were observed in our study. It is not clear to what extent annual 

changes in male canary song structure are due to relearning or are driven by a selection process 

from a previously learned collection of syllable types during juvenile development. Considering 

that the female canaries in our study were acoustically separated during the testosterone-induced 

development of song suggests that the emerging song patterns are either for a large part innate 

(Gardner et al., 2005; Mori et al., 2018), or are limited to a memorized collection of syllable types 

that they heard earlier in life (Belzner et al., 2009; Kiefer et al., 2014; Marler and Peters, 1981, 

1982a; Prather et al., 2010). The initial song acquisition may thus rely on an innate or memorized 

auditory template, while the accelerated song re-acquisition may be driven by a motor memory 

trace of what the birds learned to produce during the first song acquisition phase. The syllable 

repertoires of our female canaries were much lower than what is common for males. Such a small 

vocabulary would limit the possibilities to re-arrange or replace syllables without compromising 

song complexity, and thus few modifications to female songs can be expected.  

 

During juvenile brain development in humans, mammals, and birds, synaptic connections are 

initially overproduced, followed by protracted, activity-dependent synapse elimination during 

puberty (Huttenlocher, 1990; Nixdorf-Bergweiler et al., 1995; Petanjek et al., 2011; Rakic et al., 

1986; Zuo et al., 2005). By selectively stabilizing functional synapses while pruning away inactive 

synapses, brain circuits are thought to reduce neuronal plasticity, consolidating newly learned 

information and reducing unnecessary redundancy (Changeux and Danchin, 1976). The lasting 

spine pruning observed in the forebrain song control area HVC (figure 5) could reflect such a 

structural modification facilitating the long-term memorization of vocal patterns. Optical imaging 

studies have demonstrated a rapid accumulation and stabilization of neuronal dendritic spines in 

HVC during developmental song learning in zebra finches (Roberts et al., 2010). In the mouse 

cortex, morphological modifications to dendritic spines have been observed that lasted well beyond 

the learning experience that caused the spine modifications (Hofer et al., 2006, 2009; Xu et al., 

2009; Yang et al., 2009), strongly suggesting that long-term memory retention of previously 

acquired skills is facilitated by stably maintained synaptic connections. Despite such 

learning-related circuit modifications, the large majority of dendritic spines in the mammalian brain 

are stably maintained in adulthood (Grutzendler et al., 2002; Petanjek et al., 2011; Rakic et al., 

1986; Xu et al., 2009; Yang et al., 2009; Zuo et al., 2005). In contrast we observed a strong spine 

reduction in fully adult birds (figure 5), suggesting that the observed synaptic pruning in the adult 

canary HVC during song acquisition may reflect a developmentally delayed, activity-dependent 

consolidation of the neural motor circuitry. 

 

A recent study in zebra finches has shown that singing prevention during juvenile development can 

also avert developmental spine pruning in the robust motor nucleus of the arcopallium (RA) 

(Hayase et al., 2018). In addition, auditory input during sensorimotor learning may play an 

important role in circuit consolidation, and auditory deprivation has been shown to delay the natural 

juvenile maturation of HVC in zebra finches (Huang et al., 2018). It is not known how long such 

developmental processes can be postponed, but we did not observe delayed synaptic pruning in RA 

upon song acquisition in adult female canaries (figure 5C), suggesting that the time-window for 
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large-scale spine pruning in RA may be more limited than in HVC. The developmentally delayed 

maturation of HVC (figure 5B) is consistent with our observation that the delayed, 

testosterone-induced development of song performance in adult female canaries follows a juvenile 

male-like developmental trajectory (figure 1). Thus, in the absence of singing behavior, parts of the 

vocal motor circuit may remain plastic in adult female canaries, only consolidating once neural 

activity within the circuitry increases to drive testosterone-induced song output. 

 

Testosterone-induced song development in adult female canaries has previously been associated 

with changes in other neural attributes in HVC as well, including an increase in volume, neuron 

numbers (but not densities), increased vascularization, and changes in cellular structure (Gahr and 

Garcia-Segura, 1996; Hartog et al., 2009; Louissaint et al., 2002; Nottebohm, 1980; Rasika et al., 

1994; Vellema et al., 2014). Many of the observed modifications to the song system follow an 

annually changing pattern in seasonally breeding male songbirds (Kirn et al., 1994; Nottebohm, 

1981; Nottebohm et al., 1986; Smith et al., 1997), indicating that in males these modifications are 

not maintained outside the breeding season when birds no longer sing high performance song. In 

addition, withdrawing testosterone from male Gambel’s white-crowned sparrows, another 

well-studied seasonal singer, resulted in a rapid regression in HVC size, neuron number, and neuron 

size (Thompson et al., 2007), indicating that these neural modifications are reversible and unlikely 

to reflect long-term memorization of vocal patterns. The lasting synaptic pruning that we observed 

in HVC is to our knowledge the first report of a song-related modification to the adult songbird 

brain that persists after the behavior itself is no longer expressed. 

 

HVC is at a central position between the motor circuitry that controls song output and a forebrain-

basal ganglia circuit, analogous to the mammalian cortico-basal ganglia (CBG) circuit, which feeds 

back on the motor circuitry for song production (Brainard and Doupe, 2013; Nottebohm et al., 

1976). Firing patterns in HVC neurons that project to RA are closely associated with millisecond 

precision of syllable timing (Amador et al., 2013; Hahnloser et al., 2002; Yu and Margoliash, 1996), 

suggesting that HVC is directly involved in maintaining time-related features of song performance. 

Burst patterns in RA neurons on the other hand are more closely associated with intrasyllabic 

structure (Chi and Margoliash, 2001; Yu and Margoliash, 1996). However, slowing down brain 

processes by local cooling of HVC has also been shown to change the intrasyllabic structure 

(Alonso et al., 2015; Long and Fee, 2008), indicating that both HVC and RA activity play a role in 

maintaining the fine temporal structure within syllables. The acquisition of song syllables in zebra 

finches is accompanied by increased timing accuracy of inhibitory neural firing within the HVC 

microcircuitry, suggesting that precisely-timed inhibition may play an important role in shaping 

song-related premotor sequences (Kosche et al., 2015; Vallentin et al., 2016). The lasting synaptic 

reorganization in HVC during song acquisition may be guided by such inhibitory activity and 

provide a neural scaffold for both intra and intersyllabic timing. RA-projecting HVC neurons are 

continuously replaced in the adult songbird brain (Alvarez-Buylla et al., 1990), providing a base for 

ongoing variability in syringeal muscle control. A permanently maintained HVC network may guide 

dynamically changing circuits in HVC and RA during subsequent periods of singing, quickly 

driving song features towards previously acquired patterns. 
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Neurons from HVC that project to the avian basal ganglia Area X are not replaced in adulthood, 

providing a permanent subpopulation of HVC neurons (Alvarez-Buylla et al., 1988; Gahr, 1990a). 

Although we could not specifically distinguish between neuron types in our study, we observed the 

strongest reduction of 50% in the number of densely-spined dendrites in HVC after birds developed 

song. Previous studies have shown that those HVC neurons that project to Area X predominantly 

consist of neurons with densely-spined dendrites (Benton et al., 1998; Fortune and Margoliash, 

1995; Kornfeld et al., 2017; Kubota and Taniguchi, 1998; Mooney, 2000; Mooney and Prather, 

2005; Nixdorf et al., 1989). Thus our observed synaptic pruning may be related to a major 

reorganization within the HVC to Area X connection, a reorganization that could reflect the 

long-term memorization of vocal skills. CBG-like circuits have been strongly implicated in the 

learning and long-term retention of motor skills in humans (Albouy et al., 2008; Coynel et al., 2010; 

Debas et al., 2010; Lehericy et al., 2006; Poldrack et al., 2005), mammals (Barnes et al., 2005; 

Pasupathy and Miller, 2005; Sheth et al., 2011; Yin et al., 2009), and birds (Andalman and Fee, 

2009; Aronov et al., 2008; Bottjer et al., 1984; Brainard and Doupe, 2000; Charlesworth et al., 

2012; Kao et al., 2005; Ölveczky et al., 2005, 2011; Scharff and Nottebohm, 1991; Sober and 

Brainard, 2009). Vocal exploration is driven by activity in the avian CBG circuit (Kao et al., 2005), 

which may guide synaptic modifications in plastic motor circuits (Mehaffey and Doupe, 2015), 

even in adulthood. Although selective elimination of X-projecting HVC neurons did not appear to 

alter the song structure of adult zebra finches (Scharff et al., 2000), altered expression of FoxP2 in 

Area X of adult male zebra finches has been associated with changes in vocal performance 

(Murugan et al., 2013; Teramitsu and White, 2006; Thompson et al., 2013). In addition neurotoxic 

lesions in Area X lead to changes in singing tempo and syllable sequencing in adult zebra finches 

(Kubikova et al., 2014), suggesting that the HVC to Area X connection continues to play a role in 

the long-term maintenance of vocal sequences.  

 

The mechanisms behind learning-related, selective stabilization and elimination of dendritic spines 

remain largely unknown. Sex hormones may play an important role in the stabilization of such 

synaptic connections during the development of motor skills. Many of the brain areas that are 

involved in song learning and production express high numbers of androgen receptors (Arnold et 

al., 1976; Balthazart et al., 1992; Gahr and Metzdorf, 1997; Metzdorf et al., 1999; Nastiuk and 

Clayton, 1995), and X-projecting HVC neurons express estrogen receptors (Gahr, 1990a) that can 

be activated after conversion of testosterone into estradiol. Furthermore, changes in neuronal 

dendritic growth and synaptic morphology in the songbird RA have been observed to accompany 

testosterone-induced song development in female canaries (Canady et al., 1988; Devoogd et al., 

1985; DeVoogd and Nottebohm, 1981). In addition, Frankl-Vilches et al. (2015) recently observed 

that 85% of the seasonally and testosterone upregulated genes in the canary HVC are related to 

neuron differentiation, axon, dendrite and synapse organization. In the brain of birds and mammals, 

sex hormones are known to upregulate the expression of brain-derived neurotrophic factor (BDNF; 

Dittrich et al., 1999; Rasika et al., 1999; Sohrabji et al., 1995), which in its turn contributes to the 

stabilization of synapses through the interaction with tyrosine receptor kinase B (TrkB; Koleske, 

2013). Furthermore, BDNF has been shown to be essential during testosterone-induced song 

development in female canaries (Hartog et al., 2009), providing a likely pathway by which sex 

hormones can consolidate motor skills by stabilizing synapses. 
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Testosterone levels and song consolidation are tightly linked, and it is difficult to determine if brain 

anatomical changes in our and other studies are caused by testosterone, singing activity or both. 

Interestingly, local intracerebral testosterone implants close to nucleus RA did not cause anatomical 

changes in this androgen receptor-rich brain area (Brenowitz and Lent, 2002), suggesting that 

modifications in RA are driven by singing-related, activity-dependent input from HVC. Whether or 

not testosterone, vocal practice, or both play a role in the observed synaptic pruning in HVC, the 

vocal circuitry demonstrated synaptic changes that persisted though several months in which 

testosterone levels were low and birds did not sing, potentially enabling the birds to quickly 

re-acquire their previously developed song patterns. 

 

Sex hormones can be regulated by both environmental and social factors (Goymann et al., 2007; 

Oliveira, 2004; Wingfield et al., 1990), thereby providing a timed cue for the consolidation of 

behavioral output and the underlying brain circuitry. Such a cue could facilitate the timely 

formation and recall of long-term memories of relevant sensory and motor information. Our study 

suggests that lasting, hormone-driven synaptic pruning of related brain circuitries could form a basis 

for such long-term memories, enabling a quick recovery of previously acquired skills. The ability to 

respond quickly to environmental and social cues through such primed hormone-sensitive control 

mechanisms would constitute an important adaptation to ensure competitive proficiency and 

maximize reproductive success under environmental restrictions. The results obtained from this 

study may have implications not only across different animal groups, but may generally apply to 

different motor, sensory, and motivational systems that rely on a rapid recall of previously learned 

information. 
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Materials & Methods 

 

Subjects 

 

For this study adult domesticated canaries (Serinus canaria) were either purchased from a local 

breeder in Antwerp or taken from the breeding colony of the Max Planck Institute for Ornithology, 

Seewiesen. All animals were raised and kept under local natural daylight conditions, until the day 

length reached 11 hours in early March. Birds were subsequently housed individually in sound 

attenuating chambers for song recordings. Experimental procedures were conducted according to 

the guidelines of the Federation of European Animal Science Associations (FELASA) and approved 

by the Ethical Committee on animal experiments of the University of Antwerp. 

 

 

Hormone treatment 

 

To stimulate song production in naïve female canaries, birds were subcutaneously implanted (T1+) 

with 8 mm silastic tubes (Dow Corning, Midland, MI; ID: 1.47 mm) filled with crystalline 

testosterone (Sigma-Aldrich Co., St. Louis, MO). During the hormone treatments a light cycle of 11 

hours light, and 13 hours darkness was maintained to exclude photoperiodic effects on song 

production. This light cycle was chosen because under natural conditions it corresponds to a phase 

of testosterone up-regulation and physiological sensitivity to hormone fluctuations in canaries 

(Nottebohm et al., 1987). After consolidation of song we removed the hormone implants (T1-) to 

end song production, and changed the daylight conditions to 8 hours light and 16 hours dark, 

inducing a molting phase of approximately 1.5 months. Once the molt was finished, the day length 

was gradually returned to 11 hours over the following month. Subsequently, the song-experienced 

birds received a second testosterone treatment (T2+), and were sacrificed 5 weeks after 

implantation.  

 

 

Hormone analysis 

 

Blood samples were collected from the birds’ right wing veins using heparinized haematocrit 

capillaries (Brand, Wertheim, Germany). Directly after blood collection, samples were centrifuged 

at 3000 RPM for 10 min to separate cells from plasma, and stored at -80ºC for later analysis.  

Testosterone concentrations in the blood plasma were determined by radioimmunoassay (RIA) after 

extraction and partial purification on diatomaceous earth (glycol) columns, following the 

procedures described previously (Goymann et al., 2001, 2008).  

 

Briefly, plasma samples were extracted with dichloromethane (DCM) after overnight equilibration 

of the plasma with 1500 dpm of 3H-labeled testosterone (Perkin-Elmer, Rodgau, Germany). After 
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separation of the organic phase, the extracts were re-suspended in 2 x 250 µl 2% ethylacetate in 

isooctane and fractioned using columns of diatomaceous earth:propylene glycol:ethylene glycol 

(6:1.5:1.5, w:v:v). Collected testosterone fractions were dried, re-suspended in phosphate-buffered 

saline with 1% gelatin (PBSG), and left to equilibrate overnight at 4º C. Extraction of plasma 

testosterone with dichloromethane resulted in 86 ± 11% (mean ± sd) recovery. Hormone samples 

were incubated with antisera against testosterone (Esoterix Endocrinology, Calabasas Hills, CA), 

and after 30 minutes 3H-labeled steroids (13500 dpm) were added and left to incubate for 20 hours 

at 4ºC. Free steroids were separated from the bound fractions by absorption on dextran-coated 

charcoal, centrifuged, and decanted into scintillation vials to be counted.  

 

Testosterone concentrations in the plasma samples were measured in one assay. The lower detection 

limit of the RIA was 0.33 pg/tube, and all measured plasma levels were above the lower detection 

limit. The intra-assay variation of a chicken plasma pool as control sample at the beginning and end 

of the assay was 6.7%. Pooled plasma levels of testosterone for all birds during the different 

consecutive hormone treatments are shown in Table 1. Mean detected hormone levels were within 

range of physiological plasma levels in nest-building male canaries (range: 360 – 7970 pg/ml; n=6) 

and previously reported values for other small passerines (Apfelbeck and Goymann, 2011; 

Kempenaers et al., 2008; Wingfield and Hahn, 1994). 

 

treatment T levels (pg/ml) Significance* 

control 238 ± 65  

T1+ 6486 ± 488 P<0.001 

T1- 138 ± 30 NS 

T2+ 7279 ± 1249 P<0.01 

 

* P-values of comparisons between different hormone treatments against control values (ANOVA 
with Dunnett’s t correction for multiple comparisons against 1 control). 

 

Table 1. Plasma levels of testosterone (T) during different hormone treatments. 

 

 

Song recording 

 

To monitor the entire song ontogeny during consecutive testosterone treatments randomly selected, 

naïve female canaries (n=6) were kept individually in sound attenuating chambers during 

testosterone treatment (T1+), testosterone removal (T1-) and testosterone re-treatment (T2+), while 

song output was continuously recorded. This approach resulted in a song database of 5.6 ± 0.6 

million song syllables per bird, recorded over the course of approximately 1 year. 

 

The vocal activity of each bird was recorded using Sound Analysis Pro 2.0 (Tchernichovski et al., 

2000). Omnidirectional condenser microphones (TC-20; Earthworks, Milford, NH) connected to a 

multi-channel microphone preamplifier (UA-1000; Roland, Los Angeles, CA) were used to acquire 
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and digitize all sounds produced within the sound attenuating boxes with a sampling frequency of 

44.1 kHz. The incoming signal was filtered online using an amplitude and Wiener entropy threshold 

to exclude background noises, and saved in 60 second waveform audio files (16-bit PCM format). 

 

 

Song analysis 

 

Vocalizations were segmented into individual syllables with the fully automated Feature Batch 

module in Sound Analysis Pro by applying an amplitude threshold to the sound wave. Because the 

distance from perch to microphone ranged between 10 and 20 cm only, little variation in recorded 

amplitude levels can be expected. The amplitude threshold was selected once manually to assure 

reliable segmentation, and was kept constant during the analyses of all sound phrases within birds.  

To filter out non-song vocalizations, syllables were only included when produced within a song 

bout of at least 750 ms. A song bout was defined as a sequence of sounds traversing the amplitude 

threshold with an interval of no more than 100 ms. We used Sound Analysis Pro to measure 

duration (d), pause duration (i), syllable rate (SR), frequency modulation (FM), amplitude 

modulation (AM), syllable bandwidth (BW), mean frequency (MF) and Wiener entropy (E) for each 

syllable and stored these syllable features in MySQL 5.1 tables (Oracle, Redwood Shores, CA). 

Bandwidth was calculated for each syllable by subtracting the minimum peak frequency from the 

maximum peak frequency. The syllable rate was defined for each syllable as: SRa = (da+ia)
-1, where 

da is the duration of syllable “a”, and ia is the interval between the end of syllable “a” and the 

beginning of the consecutive syllable within the same song bout, irrespective of syllable type. For a 

detailed computational description of how Sound Analysis Pro calculates the different sound 

features we refer to the accompanying publication (Tchernichovski et al., 2000) and the online 

manual (http://soundanalysispro.com).  

 

To investigate the dynamic change of song features over the course of the experiment, daily 

histograms were obtained from the entire dataset by rounding individual values to the nearest 

integer, and plotting the number of times those integers occurred each day. To determine the SRs 

that were most commonly used at the onset and crystallization of song development a non-linear 

exponential curve (1) was fitted through the peak values of each SR histogram.  

 

(1) 𝐹(𝑥) = 𝑎 +
𝑏

1+𝑒(
𝑐−𝑥

𝑑
)
 

 

Further developmental correlation plots for all temporal and spectral song features were produced 

by calculating the Pearson product-moment correlation coefficient (CC) between a 7-day average of 

the histogram pattern at the time of song stabilization and all other recorded days. This calculation 

resulted in a value between -1 and 1 for each recorded day, and was used as a measure of similarity 

where 1 describes an absolute copy of the stable song pattern, and -1 describes the absolute inverse 

of the stable song pattern. A non-linear exponential curve (1) was fitted through the CC values and 

song parameters were considered stable as soon as the daily increase in similarity dropped below 

http://soundanalysispro.com/
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0.001. For each song feature we used the fit curve to determine the duration between testosterone 

implantation and feature stabilization, and to determine the maximum daily increase in similarity 

(dmax). Dmax could only be calculated for birds and song features that demonstrated a developmental 

increase in similarity, and was only used for statistical purposes if 3 or more birds demonstrated 

such an increase. Mean CC plots combining all analyzed birds were calculated by averaging the raw 

(non-fitted) CC values that were calculated for each bird and for each day. We aligned song 

development in the different birds based on the first day where we detected song. 

 

Spectrograms of the original sound files were visually inspected on syllable-like sound structures to 

determine the syllable repertoire of each bird and the first occurrence of song after testosterone 

treatments. To assess syllable similarity during consecutive testosterone treatments we calculated 

the Euclidean distance between each of 100 randomly selected syllables for each syllable type from 

stable songs during both the T1+ and T2+ periods. The Euclidean distance between two syllables 

“a” and “b” with coordinates c = SR, d, i, FM, AM, BW, MF, E was defined as: 

 

To give all analyzed temporal and spectral features equal weight in the analysis, each feature was 

normalized by dividing its value by its global median value from all syllable produced by all birds 

recorded in this study.  

 

First, for each syllable type the mean Euclidean distance between 100 syllables of the same type 

during T1+ (T1
xT1) was calculated to determine how much baseline variation existed between 

syllables of the same type. Lower values indicate a higher similarity between syllables. Secondly, 

we calculated the mean Euclidean distance between 100 syllables of the same type from the T1+ and 

T2+ (T1
xT2) periods to determine if syllables produced during the 2nd testosterone treatment were 

similar to those produced during the 1st testosterone treatment. Finally, we calculated the mean 

Euclidean distance between 100 syllables of the same type from the T1+ period with each of 100 

syllables from all other types of syllables that a bird produced (T1
xT2

ext) to provide a measure of 

dissimilarity between syllables of different types. All observed syllable types were included in this 

analysis with the exception of single transitional syllables connecting two song phrases.  

 

To assess similarity of song syntax between subsequent testosterone treatments we determined the 

probability of song phrase transitions during the T1+ and T2+ periods for each bird. On average 

794.3 phrase transitions per bird were used for the analysis. From the resulting transition probability 

distributions we calculated the sequence linearity, consistency and entropy as previously described 

(Daou et al., 2012; Scharff and Nottebohm, 1991). In short, sequence linearity is expressed as the 

number of syllable types divided by the number of transition types and addresses the way phrases 

are ordered in a song. Sequence consistency is expressed as the sum of common phrase transitions 

divided by the sum of total transitions and addresses how often the same sequences are produced. 

Common phrase transitions were defined as transitions that make up at least 5% of all phrase 
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transitions. The entropy (S) of the transition probability distribution with transition type Ti is a 

measure of the spread of that distribution and was calculated as: 

 

 

 

Specimen preparation 

 

To estimate spine densities and dendrite densities in motor nucleus HVC and RA, brains were 

collected from a control group of adult female canaries that did not receive any testosterone 

treatment (C: n=6), a group of birds that was sacrificed five months after testosterone treatment 

(T1+: n=8), and a group of birds that was sacrificed at least 2.5 months after testosterone withdrawal 

(T1-: n=6). All experimental birds were raised and kept in group aviaries together with other male 

and female canaries throughout the experiment to assure similar social and auditory conditions. 

Birds were transferred to sound attenuating chambers for two weeks after testosterone treatment to 

assure that birds were singing, and prior to sacrifice. Individuals were randomly allocated to the 

different treatment groups. All birds were maintained on a light cycle of 11 hours light, and 13 

hours darkness and were between 2.5 and 3 years old at the time of sacrifice. Brains were processed 

for Golgi-Cox staining using the FD Rapid GolgiStain kit (FD NeuroTechnologies, Columbia, MD). 

After overnight fixation in a 4% formaldehyde solution in phosphate-buffered saline (PBS; 10 mM; 

pH 7.4), brains were stored in PBS with 0.05% sodium azide at 4oC until further processing.  

Brain hemispheres were separated with a razor blade and left hemispheres were immersed for two 

weeks in an impregnation solution consisting of equal amounts of FD solutions A and B in total 

darkness at room temperature. Following three days of incubation in FD solution C, brains were cut 

into 30 µm sagittal sections using a sliding microtome (Leica Microsystems GmbH, Wetzlar, 

Germany), which were stored in PBS with 0.05% sodium azide at 4oC. 

 

Sections with a regular interval of 180 µm were mounted on SuperFrost glass slides (Menzel 

GmbH, Brauschweig, Germany), developed in a solution of two parts distilled water, one part FD 

solutions D, and one part FD solution E for ten minutes, and rinsed in distilled water before 

embedding in CC/Mount tissue mounting medium (Sigma-Aldrich). Slides were incubated at 70oC 

until the mounting medium had hardened, cleared in xylene, and further embedded in Roti-Histokitt 

II (Carl Roth, Karlsruhe, Germany) before coverslipping. 

 

 

Spine and dendrite quantification 

 

For each bird, z-stacks were obtained from three brain sections of nucleus HVC and two sections of 

nucleus RA with a Nikon Eclipse Ti microscope (Nikon, Tokyo, Japan), equipped with a 60x oil 

immersion lens (CFI Plan Apo VC 60x Oil). The outline of HVC and RA in each section was 
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delineated in ImageJ (http://rsb.info.nih.gov/ij/), and 100 µm2 non-overlapping regions of interests 

(ROIs) were randomly placed within the boundaries of the target nucleus prior to the 

quantifications. Considering the relatively uniform distribution of X-projecting HVC neurons and 

RA-projecting HVC neurons (Fortune and Margoliash, 1995), this approach should result in a 

homogenous sampling across treatment groups. 

 

Neuronal dendritic spine densities were estimated for each brain section by checking ROIs in 

random order until five ROIs were located that contained spinous dendrite segments (15 ROIs per 

animal for HVC and 10 ROIs for RA). The individual dendrite segments within the ROIs were 

traced in ImageJ to measure the length, and the number of visible spines that originated from the 

traced segment was manually counted. Spine densities were calculated as the number of visible 

spines per µm of dendrite. All visible spine types were included in the quantifications, including 

filopodia, long, thin, stubby, mushroom and branched spines (Risher et al., 2014). For branched 

spines, each spine head was counted separately.  

 

To further obtain a density measure of spinous dendrites we counted the total number of spinous 

dendrite segments in all ROIs examined, and divided the number of observed dendrite segments 

with the number of ROIs, giving an estimation of the number of spinous dendrites per ROI. 

Neuronal dendrites were further binned into categories containing 0-0.2, 0.2-0.4, 0.4-0.6, 0.6-0.8, 

0.8-1.0, 1.0-1.2, 1.2-1.4, 1.4-1.6, 1.6-1.8 spines per µm. The probability distribution of neuronal 

dendrite segments was then obtained by dividing the observed number of spinous dendrites per ROI 

in each bin with the total number of spinous dendrites per ROI.  

 

To obtain a density measure of aspinous neurites in HVC, the number of visible spine-less neurite 

segments were counted in ten new non-overlapping ROIs that were randomly placed within the 

boundaries of HVC. We refer to these projections as neurites, because we were unable to distinguish 

between aspinous dendrites and axons in our tissues.  

 

All quantifications were conducted by an experimenter that was blind to the experimental condition 

of the animals. 

 

 

Statistical analysis 

 

Statistical analyses were performed in SAS 9.3 (SAS Institute, Cary, NC). No sample sizes were 

calculated prior to the experiments. A technical replication was defined as a repeated measurement 

of the same individual, and biological replications constitute the number of sampled individuals (n). 

Differences in spine and dendrite densities between treatment groups were tested with a one-way 

analysis of variance (ANOVA) with Dunnett’s correction for multiple comparisons against one 

control value (untreated birds). Changes in hormone levels were determined using a repeated 

one-way ANOVA with Dunnett’s correction. Differences in syllable similarity and syllable rates of 

http://rsb.info.nih.gov/ij/
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individual syllable types were tested with one-way ANOVAs, and when significant, Tukey's HSD 

test was used to analyze differences between time points. Song pattern similarities between the 1st 

and 2nd hormone treatment were established by comparing the average CC from 7 consecutive days 

of stable song during the 1st treatment with the average CC from 7 consecutive days of stable song 

production during the 2nd treatment. Paired-samples t-tests were used to compare CC’s, sequence 

parameters, and developmental time parameters between subsequent hormone treatments. To 

determine song feature deterioration we calculated the difference between the average CC from the 

last 7 days of stable song production during the 1st testosterone treatment and the average CC from 

the first 2 days of song production during the 2nd treatment. Feature recovery was determined by 

subtracting the average CC from the first 2 days of song production from the average CC from the 

last 7 days of stable song production during the 2nd testosterone treatment. One-sample t-tests were 

used to determine if feature deterioration and recovery significantly exceeded zero. Measurement 

values in the text are given as means ± SEM, unless stated otherwise. No outliers or data were 

excluded from analysis. 
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Supplementary Figures 

 

 

 

Figure 2 – figure supplement 1. Differential re-development of temporal song features. (A) 

Mean syllable duration correlation plot for all animals showing a gradual development during a 1st  

testosterone treatment (T1+), followed by an immediate recovery of syllable duration during a 2nd 

treatment (T2+). (B) Group statistics demonstrating that stable syllable durations were achieved 

more quickly during a 2nd testosterone treatment (red bars) than during the 1st treatment (blue bars). 

(C) The peak day-to-day increase in the syllable duration CC (dmax) for T1+. Dmax could not be 

calculated for T2+, as we observed no developmental increase of this song feature during the 2nd 

testosterone treatment. (D) Mean correlation plot for the pause duration between subsequent song 

syllables. Pause durations stabilized relatively fast during a 1st testosterone treatment (T1+), and 

required a phase of re-development during a 2nd treatment (T2+). (E) Group statistics demonstrating 

that stable pause durations were achieved more quickly during a 2nd testosterone treatment (red 

bars) than during the 1st treatment (blue bars). (F) The peak day-to-day increase in the pause 

duration CC (dmax) was significantly higher for T2+ than for T1+. Grey bars in A and D indicate the 

SEM. Columns in B,C,E,F represent the mean ± SEM and open circles indicate individual data 

points (* P < 0.05, ** P < 0.01, *** P ≤ 0.001, paired t-test, n = 6 animals). 
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Figure 2 – figure supplement 2. Development and re-development of temporal song features. 
Example song feature histograms from one individual illustrating the gradual acquisition during a 

1st testosterone treatment (T1+) and the rapid recurrence during a 2nd treatment (T2+) for 

(A) syllable duration, and (B) pause duration. (C, D) Example spectral derivative spectrograms 

from 2 different birds illustrating a slower syllable rate with longer pause durations at the onset of 

song production during the 2nd (T2+ 3) testosterone treatment compared to stable songs during the 

1st (T1+ 200) and 2nd (T2+ 30) treatment.  
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Figure 3 – figure supplement 1. Differential re-development of spectral song features. 

(A) Mean amplitude modulation (AM) correlation plot for all animals. The AM distribution 

demonstrated a gradual consolidation during the 1st testosterone treatment (T1+), and displayed a 

short phase of re-development during a 2nd testosterone treatment (T2+) (B, C). Both mean 

frequency (D-F) and wiener entropy (G-I) demonstrated a gradual development during the 1st 

testosterone treatment (T1+) followed by an immediate recovery during a 2nd treatment (T2+). 

Dmax could not be calculated for T2+ in F,I, as we observed no developmental increase of these song 

features during the 2nd testosterone treatment. Grey bars in A, D and G indicate the SEM. Columns 

in B,C, E,F, and H,I represent the mean ± SEM and open circles indicate individual data points 

(** P < 0.01, *** P ≤ 0.001, paired t-test, n = 6 animal). 
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Figure 3 – figure supplement 2. Development and re-development of spectral song features. 
Development and re-development of spectral song features. Example song feature histograms 

illustrating the gradual acquisition during a 1st testosterone treatment (T1+) and the rapid recurrence 

during a 2nd treatment (T2+) for (A) frequency modulation, (B) amplitude modulation, 

(C) bandwidth, (D) mean frequency, and (E) Wiener entropy. (F, G) Example spectral derivative 

spectrograms from stable songs at 200 days after a 1st testosterone treatment (T1+ 200), plastic 

songs at 3 days after a 2nd testosterone treatment (T2+ 3), and stable songs 30 days after a 2nd 

treatment (T2+ 30).   
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Figure 4 – figure supplement 1. Syllable similarity during subsequent testosterone treatments. 

Euclidean distances are shown between syllables of the same type during a 1st testosterone 

treatment (T1
xT1, blue bars), between syllables of the same type between the 1st and 2nd testosterone 

treatment (T1
xT2, red bars), and between syllables of different types between the 1st and 2nd 

testosterone treatment (T1
xT2

ext
, green bars). (A, B) Euclidean distances between individual song 

syllables and their means within and between testosterone treatments for the two birds shown in 

figure 4. Lowercase letters correspond to the song phrases indicated in figure 4A and B. (C) Group 

statistics demonstrating a strong similarity between syllables of the same type, but not between 

syllables of different types when comparing song syllables between the two testosterone treatments. 

Columns in C represent the mean ± SEM and open circles indicate individual data points 

(a,b: P < 0.001, ANOVA, n = 6 animals). 
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Figure 4 – figure supplement 2. Similarity of song syntax during subsequent testosterone 

treatments. (A, B) Example probability distributions of song phrase transitions from two animals 

during the 1st (T1+, blue bars) and 2nd (T2+, red bars) testosterone treatment illustrating the strong 

similarity in phrase transitions between the two treatment periods. (C-E) Group statistics 

demonstrating stable consistency (C), linearity (D) and entropy (E) of phrase transitions during the 

two developmental phases. Columns in C-E represent the mean ± SEM and open circles indicate 

individual data points (NS, paired t-test, n = 6 animals).
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Abstract 

 

Sex hormones are essential modulators of birdsong. Testosterone, and its active androgenic and 

estrogenic metabolites, 5α-dihydrotestosterone (DHT) and estradiol, can re-shape the brain circuits 

responsible for song learning and production in songbirds. Testosterone and its metabolites, which 

can be produced in the brain from circulating testosterone, activate different genetic cascades in the 

brain. The detailed mechanisms of action of these three hormones during song development and 

maintenance are, nonetheless, still not fully understood. Here we demonstrate that naïve adult 

female canaries that have never previously produced song will not be persuaded to sing by DHT 

implantation alone. However, adult female canaries will produce high quality song when implanted 

with DHT if they had previous testosterone-induced singing experience. In addition, we show that 

the synaptic reorganization that accompanies vocal motor skill development initially requires more 

than DHT-induced androgen receptor activation alone. These results indicate that 

testosterone-induced vocal motor practice will persistently modify the hormone-sensitive premotor 

brain circuit responsible for song production, suggesting a mechanistic differentiation in the 

hormone-dependent regulation of initial vocal motor skill acquisition and later re-acquisition.  
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Introduction 

 

Sex hormones are critical modulators of adult neuroplasticity and behavior.  Sex hormones can 

either be produced locally in the brain or be synthesized in the gonads and reach the brain through 

blood circulation (Diotel et al., 2018). Additionally, circulating testosterone can be converted in the 

brain into its active metabolites, through enzymatic action: into DHT (5α-dihydrotestosterone) by 

5α-reductase, or into estradiol (17β-estradiol), via the enzyme aromatase. By their interaction with 

androgen and estrogen receptors in the brain, sex hormones can mold brain circuits, and thus shape 

animal behavior in complex ways (Chen et al., 2013; Diotel et al., 2018; Gahr, 2004; Galea, 2008). 

 

Birdsong, a complex motor behavior produced as a result of self-reinforced vocal imitation, with 

many parallels to human speech (Bolhuis et al., 2010), is known to be modulated by the effects of 

sex hormones in the song system, the network of interconnected discrete brain nuclei responsible 

for controlling song learning and production. Seasonal changes in the vocal performance of 

seasonal songbirds are highly correlated with changes in testosterone levels (Nottebohm et al., 

1987; Smith et al., 1997; Tramontin and Brenowitz, 2000; Voigt and Leitner, 2008). These changes 

in testosterone levels are also accompanied by gross anatomical and cytoarchitectural restructuring 

of the song system (Balthazart et al., 2008; Gahr, 1990a; Kafitz et al., 1999; Kirn et al., 1994; 

Nottebohm, 1981; Thompson and Brenowitz, 2005; Vellema et al., 2014). Furthermore, many 

songbird species are sexually dimorphic in song behavior. In many species, such as the canary 

(Serinus canaria), only males sing. Female canaries rarely sing spontaneously, and never produce 

high quality songs under natural conditions (Pesch and Güttinger, 1985). This, in turn, is 

accompanied by a striking sexual dimorphism in brain areas related to song (for review see 

Ball, 2016). 

 

Interesting sex hormone effects have been found in female canaries. These naturally non-singing 

birds can be persuaded to sing when treated with testosterone, as well as by a combination of both 

its active metabolites, DHT and estradiol – females implanted with a high dose of testosterone will 

start to produce subsong within 3 days, and will continue to practice to produce song of male-like 

quality (Vellema et al., 2019). Moreover, testosterone-induced changes in female canaries also 

include the masculinization of the song system (Nottebohm, 1980). In a previous study (Vellema 

et al., 2019) we let female canaries develop their vocal motor skills by long-term implantation with 

testosterone, followed by implant removal to cease song production, and then by a second 

testosterone treatment to investigate the re-development of vocal motor skills. We found that these 

birds showed a slow development of song features in the first treatment, with a faster re-acquisition 

during the second treatment. Furthermore, we related the maintenance of this vocal motor skill 

memory with a lasting reorganization of the song motor circuit. Testosterone-induced singing lead 

to substantial dendritic spine pruning in brain nucleus HVC of the song system, which was 

maintained after testosterone removal, whereas dendritic spine densities in another song premotor 

nuclei, nucleus RA, remained unaffected. 
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Here we further investigate the effects of sex hormones in the acquisition and re-acquisition of 

vocal motor skills in female canaries. We implanted either naïve females or females that had prior 

testosterone-induced singing experience with DHT, and looked at its effects in singing behavior and 

dendritic spine densities in HVC. We found that the synaptic reorganization of the song system 

elicited by testosterone-induced singing experience remains unaffected by DHT treatment, and is 

accompanied by a shift in hormone responsiveness. DHT implantation can only elicit song in adult 

female canaries if they had previous testosterone-induced singing experience. Put together, these 

findings provide further clues to elucidate the mechanisms behind the interplay between sex 

hormones, adult neuroplasticity, and vocal motor skill learning. 

 

 

 

Results & Discussion 

 

Singing experience shifts hormone responsiveness 

 

In order to investigate the effects of singing experience on the sex hormone-modulation of song 

behavior, we administered subcutaneous implants filled with DHT to both naïve adult female 

canaries, who had never previously experienced neither hormonal treatment nor singing, and 

experienced females that had had prior testosterone-induced singing practice, while recording their 

vocal output (figure 1A). 

 

We confirm previous reports (DeVoogd and Nottebohm, 1981), which have shown that treating 

naïve female canaries with DHT alone failed to stimulate them to start singing. Subsequent 

testosterone treatment did, however, induce song production in these individuals, confirming that 

the absence of song development during DHT treatment is not caused by an inability to produce 

song, but is due to the ineffectiveness of DHT to stimulate song production in naïve animals 

(figure 1B). Surprisingly, DHT treatment of experienced female canaries that were previously 

allowed to undergo testosterone-induced song development did, on the other hand, succeed in 

stimulating song production (figure 1C). This finding indicates that the behavioral response to DHT 

strongly depends on the hormone-induced vocal history of the bird. 

 

Additionally, the observed song patterns that emerged during DHT treatment were very similar to 

the song patterns that developed during the preceding testosterone treatment (figure 1D and E). 

Both the distribution of syllable rates (SR) and frequency modulations (FM) correlated strongly 

between the first testosterone treatment and the subsequent DHT treatment within individuals 

(correlation coefficient, CC: 0.78 ± 0.10 for SR, and 0.84 ± 0.04 for FM), with significantly higher 

CC’s than when cross-correlated between individuals (P < 0.01, paired t-test). Thus, DHT treatment 

can stimulate the development of song of similar quality as testosterone treatment, but only in birds 

that have had previous testosterone-induced singing experience. 
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Figure 1: DHT triggers song development only after prior testosterone-induced singing 

experience. (A) Experimental setup. The naïve group was treated with DHT (DHT1+) for 2 months, 

which failed to trigger song production, and subsequently treated with testosterone (T1+) to confirm 

the singing ability of the individuals in this group. The experienced group was first treated with 

testosterone (T1+) and allowed to practice singing for 6 months, after which testosterone was 

removed and song production abolished for 2.5 months (T1-), followed by DHT implantation for 

2 months (DHT2+), which eliciting singing. (B) DHT treatment of naïve female canaries (DHT1+) 

did not induce song production, while subsequent testosterone implantation (T1+) of the same 

individuals significantly increased the daily number of produced song syllables. (C) Another group 

of birds was stimulated to sing with testosterone (T1+), and ceased singing after testosterone 

withdrawal (T1-). Subsequent DHT treatment (DHT2+) of these individuals significantly increased 

the daily number of produced song syllables. (D and E) Similarity in song patterns after subsequent 

hormone treatments. Both the distribution of syllable rates (SR, D) and frequency modulations 

(FM, E) correlated strongly between T1+ and DHT2+ within individuals (green bars), and 

correlation coefficients (CC) were significantly higher than when cross-correlated between 

individuals (yellow bars). Columns represent the mean ± SEM (a, b, c: P < 0.05, Wilcoxon signed-

rank test, n = 5 for B and n = 6 for C; ** P < 0.01, *** P ≤ 0.001, paired t-test; n = 6 for D and E). 
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DHT-independent synaptic pruning 

 

In a previous study (Vellema et al., 2019) we found that testosterone-induced singing experience 

lead to a lasting dendritic spine pruning in premotor nucleus HVC, with dendritic spine densities 

remaining low as testosterone was removed and song production ceased. 

 

In order to further investigate the effects of sex hormones in HVC’s connectivity, we compared 

dendritic spine densities in Golgi-stained HVC tissue of DHT-implanted naïve (DHT1+) and 

experienced female canaries (DHT2+). We found that, contrary to testosterone treatment, DHT 

treatment of naïve females did not lead to synaptic pruning in HVC. Thus, both groups lacking 

singing experience, i. e. control untreated (C) and DHT-treated naïve birds (DHT1+), showed 

similarly high dendritic spine densities in HVC. On the other hand,  DHT-treated experienced birds 

(DHT2+), who did sing, had significantly lower dendritic spine densities, at levels comparable to the 

other two treatment groups who experienced hormone-induced song development, i. e. the 

testosterone treated (T1+) and testosterone removal (T1-) groups (figure 2). 

 

Our results show that synaptic pruning in HVC requires more than androgen receptor activation.  

Moreover, we show that, once consolidated, HVC’s synaptic circuit remains stable, and cannot be 

further rewired by varying hormone levels, nor by singing abolishment or renewed singing practice. 

The HVC of naïve birds seems to start in a more plastic state with high dendritic spine density, 

which cannot be influenced by DHT. Then, as testosterone induces song output, 

testosterone-induced singing practice leads to lasting changes. The optimization of the HVC 

circuitry, with superfluous synapses being eliminated as the circuit stabilizes, with neither 

testosterone removal and the associated abolishment of song output, nor a second DHT-induced 

singing experience being able to induce further significant changes in dendritic spine density. 
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Figure 2. The synaptic reorganization in the female canary nucleus HVC elicited by 

testosterone-induced singing experience remained unaffected by DHT treatment. 

(A) Compared to non-singing untreated control birds (C), spine densities were significantly reduced 

in testosterone-treated, singing birds (T1+), but not in non-singing DHT-treated naïve females 

(DHT1+). Spine densities remained significantly reduced up to 2.5 months after birds stopped 

singing by withdrawing testosterone (T1-), as well as after subsequent DHT-induced singing 

practice for 2 months (DHT2+). (B) Dense dendrite (> 0.8 spines per µm of dendrite) ratios further 

illustrate significant similarities between naïve groups (C and DHT1+) and birds who experienced 

singing practice (T1+, T1-, and DHT2+). [a, b: P < 0.01, ANOVA, n=6 animals. Data for groups C, 

T1+, and T1- taken from Vellema et al. (2019) with permission.]  

 

 

 

Conclusion 

 

Our findings indicate that hormone-induced behavioral experiences can lead to lasting 

modifications in the brain. A first singing experience in female canaries not only optimizes the HVC 

circuitry, but also modulates behavioral responses to DHT. Whereas DHT does not lead to synaptic 

reorganization and song output in naïve birds, here we demonstrate that in birds that have developed 

singing skills once before, DHT alone is sufficient to trigger singing. This lasting modification in 

responsiveness to DHT upon the development of vocal motor skills suggests a significant shift in 

the activity of different hormone-regulated mechanisms following vocal motor skill learning. 

 

The mechanisms of action and regulatory cascades involved in sex hormones’ manifold effects on 

brain and behavior are still not fully understood. Sex hormones can alter gene expression by binding 

to nuclear receptors that activate the transcription of target genes (Carson-Jurica et al., 1990). 

Both testosterone and DHT will bind to androgen receptors (AR), with DHT being a stronger 

agonist than testosterone (Grino et al., 1990), whereas estradiol has high affinity to the two types of 

estrogen receptors (ERα and ERβ; Brzozowski et al., 1997).  

 

It is known that either testosterone, or a combination of two of its metabolites, estradiol and DHT, is 

required to induce singing in naïve female canaries (DeVoogd and Nottebohm, 1981), or in 
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castrated male canaries (Sartor et al., 2005), suggesting that the activation of both androgen and 

estrogen receptors is needed to trigger song output. Thus, on a first singing experience, a complex 

balance needs to be maintained between the biosynthesis of estradiol and DHT from testosterone, 

the up and down regulation of androgen and estrogen receptors expression in the brain, and their 

interaction with gene-networks. Androgen receptors, have been found in many song system nuclei, 

including both song system premotor nuclei HVC (proper name) and RA (robust nucleus of the 

arcopallium), as well as in motor neurons controlling the syrinx, the avian vocal organ (for review 

see Frankl-Vilches and Gahr, 2017; Gahr, 2004). In contrast, within the song system, estrogen 

receptors have only been found in HVC (Gahr et al., 1987). 

 

Although naïve female canaries cannot be induced to sing by treatment with either DHT or estradiol 

alone (DeVoogd and Nottebohm, 1981; this publication), we found that DHT alone can indeed 

induce high performance song in female canaries who previously experienced testosterone-induced 

singing. Testosterone-induced singing experience seems to change the balanced hormone-dependent 

regulation of vocal performance. Both estrogen as well as androgen receptor activation (by either 

testosterone or its more potent metabolite DHT) are required to trigger a first singing experience. 

This seems to hint at an essential role for estrogen receptor activation for inducing singing, which 

has been further supported by studies showing the need for brain aromatase in combination with 

testosterone for song development in female canaries (Brenowitz and Lent, 2001, 2002; Fusani 

et al., 2003). In contrast, after an initial testosterone-induced singing experience, androgen receptor 

activation, by either testosterone or its more potent metabolite DHT, is sufficient to induce singing. 

 

The mechanism for this change in hormone responsiveness remains, however, unexplained. 

Although many brain regions are likely involved, nucleus HVC seems like a good candidate for an 

initial exploration, as it is the only nucleus of the song system known to express both androgen and 

estrogen receptors (Gahr et al., 1987), and many active genes in HVC contain androgen and/or 

estrogen response elements (Frankl-Vilches et al., 2015). Interestingly, androgen and estrogen 

receptors are known to be expressed in distinct cell populations in the HVC of male canaries (Gahr, 

1990b), and estrogen receptors are thought to be mainly restricted to Area X projecting neurons 

within HVC (Gahr, 1990a). This means that the activation of genetic cascades might be required in 

distinct HVC cell populations in a first singing experience when compared to subsequent song 

performance output. It would be of great value to further explore gene expression in HVC in our 

female canary model for song acquisition and reacquisition with differential hormone 

responsiveness, in order to more clearly understand the vocal history dependent-mechanisms for 

hormonal regulation of song behavior.  

 

Similar to what we have found in female canaries, there also seem to be differential roles for 

androgen and estrogen receptor activation in male canaries. Although juvenile males express high 

levels of both androgen and estrogen receptors in HVC, androgen receptor-expression persists 

throughout the breeding season, while estrogen receptor-expression is significantly down-regulated 

(Gahr et al., 1996; Gahr and Metzdorf, 1997). Thus, while both androgen and estrogen receptor 

signaling pathways are necessary during song ontogeny, once vocal skills have been acquired, 

androgen receptor pathways seem to play the more essential role in the maintenance and 
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re-acquisition of song performance. This is consistent with our finding of a persistent synaptic 

reorganization in nucleus HVC accompanying a first singing experience, which subsequently 

remains unaltered by further singing practice or the actions of sex hormones. 

 

Perhaps the song system starts in a more plastic state, being more malleable to both sex hormone 

and singing experience-induced changes. Upon experiencing testosterone-induced singing, the song 

system might undergo optimization, making further synaptic reorganization and the initiation of the 

genetic pathways triggered by estrogen receptor activation are no longer needed. Regardless of the 

exact mechanisms behind the novel findings presented here, these findings add further complexity 

to the sex hormone modulation of birdsong, and further support the female canary song system as a 

great model system to study the distinct and synergetic effects of sex hormones and motor skill 

practice on adult neuroplasticity.   

 

 

 

Materials & Methods 

 

Subjects 

 

For this study, one-year old female domesticated canaries (Serinus canaria) were taken from the 

breeding colony of the Max Planck Institute for Ornithology in Seewiesen, Germany. Experimental 

procedures were conducted according to the guidelines of the Federation of European Animal 

Science Associations (FELASA) and approved by the council for animal experimentation of the 

Danish ministry of environment and food. 

 

 

Hormone treatment 

 

In the DHT control group (DHT1+), birds were subcutaneously implanted with 8 mm silastic tubes 

(Dow Corning, Midland, MI; ID: 1.47 mm) filled with 5α-dihydrotestosterone (DHT). After 2 

months of DHT implantation, birds were either sacrificed in order to collect brains for Golgi-Cox 

processing (n=5), or DHT implants were removed for subsequent singing ability confirmation, by 

subcutaneous implantation with 8 mm silastic tubes filled with testosterone  (n=5). In the DHT re-

treatment group (DHT2+, n=6), birds were subcutaneously implanted with 8 mm silastic tubes filled 

with testosterone, which were removed after consolidation of song, approximately 6 months later. 

After 2.5 months in which birds did not produce song, a second 8 mm silastic tube containing DHT 

was implanted, and birds were sacrificed 2 months later.  
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Hormone analysis 

 

Throughout the experiments, blood samples were collected from the birds’ right wing veins using 

heparinized hematocrit capillaries (Brand, Wertheim, Germany). Directly after blood collection, 

samples were centrifuged at 3000 RPM for 10 min to separate cells from plasma, and stored at -80 

ºC, until analysis. Testosterone and DHT concentrations in the blood plasma were determined by 

radioimmunoassay (RIA) after extraction and partial purification on diatomaceous earth (glycol) 

columns, following the procedures described in Goymann et al., (2001, 2006). Plasma levels of both 

testosterone and DHT during the different hormone treatments are shown in Table 1. 

 

Treatment T levels (pg/ml) Significance1 DHT levels (pg/ml) Significance1 

control 116 ± 32  36 ± 5  

DHT1+  99 ± 12 NS 2296 ± 200 P<0.05 

DHT2+ 108 ± 18 NS 4638 ± 1052 P<0.001 

 
1 P-values of comparisons between different hormone treatments against control values (ANOVA with Dunett’s  
correction for multiple comparisons against 1 control). 
 

Table 1: Plasma levels of testosterone (T) and 5α-dihydrotestosterone (DHT) during different 

hormone treatments. 

 

 

Song recordings and analysis 

 

Birds were kept in sound attenuating chambers and the vocal activity of each bird was recorded 

using Sound Analysis Pro 2.0 (SAP, Tchernichovski et al., 2004). Vocalizations were segmented into 

individual syllables with the fully automated Feature Batch module in SAP by applying an 

amplitude threshold to the sound wave. To filter out non-song vocalizations as much as possible, 

syllables were only included when produced within a song bout of at least 750 ms. A song bout was 

defined as a sequence of sounds traversing the amplitude threshold with an interval of no more than 

100 ms. For each syllable, frequency modulation (FM), duration (d), inter-syllable interval (i), and 

syllable rate (SR) were calculated and stored in MySQL 5.1 tables (Oracle, Redwood Shores, CA; 

http://www.mysql.com). The syllable rate was defined for each syllable as: SRa = (da+ia)-1, where 

da is the duration of syllable a, and ia is the interval between the end of syllable a and the beginning 

of the consecutive syllable within the same song bout, irrespective of syllable type. 

 

To investigate the dynamic change of song features over the course of the experiment, daily 

histograms were obtained by rounding individual SR or FM values to the nearest integer, and 

plotting the number of times those integers occurred each day. Developmental correlation plots for 

both SR and FM were produced by calculating the Pearson product-moment correlation coefficient 

(CC) between the average daily histogram of 1 week at the time of song stabilization and all other 

recorded days. A non-linear exponential curve (1) was fitted through the CC values and song 

http://www.mysql.com/
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parameters were considered stable as soon as the daily increase in similarity dropped below 0.001 

CC/day. 

 

 (1)     𝐹(𝑥) = 𝑎 +
𝑏

1+(
𝑐−𝑥

𝑑
)
 

 

 

Spine and dendrite quantification 

 

Brains were collected immediately after birds were sacrificed and processed for Golgi-Cox staining 

using the FD Rapid Golgi Stain kit (FD NeuroTechnologies, Columbia, MD) as previously 

described in Vellema et al. (2019), in order to produce Golgi-stained brain sections for spine 

quantifications. For each bird, z-stacks of nucleus HVC were obtained from three brain sections 

with a Nikon Eclipse Ti microscope (Nikon, Tokyo, Japan), equipped with a 60x oil immersion lens 

(CFI Plan Apo VC 60x Oil). The outline of each HVC section was delineated in ImageJ 

(http://rsb.info.nih.gov/ij/), and 100 µm2 non-overlapping regions of interests (ROIs) were 

randomly placed within the boundaries of HVC prior to the quantifications. Quantifications were 

carried out as previously described in Vellema et al. (2019). All quantifications were conducted by 

an experimenter that was blind to the experimental condition of the animals. 

 

 

Statistical analysis 

 

To determine differences in hormone levels, data from all experiments were pooled and plasma 

values during the different hormone treatments were compared using a one-way ANOVA with 

Dunett’s correction for multiple comparisons against one control value (untreated birds). The 

average daily syllable production was compared using a Friedman test, followed by a Wilcoxon 

signed-rank test to compare time points. 

 

Song pattern similarities during the 1st and 2nd hormone treatments were established by calculating 

Pearson’s CC between the 7-day average of the SR or FM patterns from stabilized song during the 

1st treatment with the 7-day pattern average from stabilized song during the 2nd treatment, 

constituting the within-individual CC. Between-individual CCs were determined by cross-

correlating the 7-day pattern average during the 1st hormone treatment of each bird with the 7-day 

pattern average during the 2nd hormone treatment of each of the other birds. Differences between 

within-individual CCs and between-individual CCs were compared using paired-samples t-tests.   

 

All statistical tests were two-tailed, and considered significant if the coincidence interval of 95% 

was exceeded. Measurement values in the text are given as means ± SEM, unless stated otherwise. 

 

 

http://rsb.info.nih.gov/ij/
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Abstract 

 

The inherent complexity of brain tissue, with brain cells intertwining locally and projecting to 

distant regions, has made three-dimensional visualization of intact brains a highly desirable but 

challenging task in neuroscience. The natural opaqueness of tissue has traditionally limited 

researchers to techniques short of single cell resolution such as computer tomography or magnetic 

resonance imaging. By contrast, techniques with single-cell resolution required mechanical slicing 

into thin sections, which entails tissue distortions that severely hinder accurate reconstruction of 

large volumes. Recent developments in tissue clearing and light sheet microscopy have made it 

possible to investigate large volumes at micrometer resolution. The value of tissue clearing has been 

shown in a variety of tissue types and animal models. However, its potential for examining the 

songbird brain remains unexplored. Songbirds are an established model system for the study of 

vocal learning and sensorimotor control. They share with humans the capacity to adapt 

vocalizations based on auditory input. Song learning and production are controlled in songbirds by 

the song system, which forms a network of interconnected discrete brain nuclei. Here, we use the 

CUBIC and iDISCO+ protocols for clearing adult songbird brain tissue. Combined with light sheet 

imaging, we show the potential of tissue clearing for the investigation of connectivity between song 

nuclei, as well as for neuroanatomy and brain vasculature studies. 

 

mailto:mrocha@orn.mpg.de
mailto:mrocha@orn.mpg.de
mailto:mrocha@orn.mpg.de
mailto:mrocha@orn.mpg.de
mailto:mrocha@orn.mpg.de
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Introduction 

 

Recent innovations in tissue clearing, combined with advances in light sheet microscopy and big 

data analysis, are bringing the exploration of whole brain three-dimensional space at single-cell 

resolution within our reach. Brain tissue is composed of high-refractive index (RI) molecules, lipids 

and proteins, embedded in a low RI medium, water. This RI mismatch leads to heterogeneity in 

light scattering, and consequently turns tissue opaque. Tissue clearing methods, which have 

flourished into several variants, generally try to reduce the RI mismatch by either substituting water 

by a higher RI medium or by removing or modifying the optical properties of the dry components 

(for review see Richardson and Lichtman, 2015).  

 

Along with the available clearing protocols, the variety of species and tissue types examined has 

multiplied in recent years, encompassing varied species including mice, rats, rabbits, humans, 

zebrafish, Xenopus, octopus, fruit flies, and even the botanical model species Arabidopsis (Dodt et 

al., 2007; Lee et al., 2016; Palmer et al., 2015). As for avian tissue, tissue clearing has been 

commonly applied to the embryonic tissue of chicken (Botelho et al., 2017; Gómez-Gaviro et al., 

2017), and more rarely to other avian embryos (Friocourt et al., 2017). Regarding songbird adult 

tissue, tissue clearing reports are limited to the zebra finch syrinx (Faunes et al., 2017) and the 

bengalese finch brain (Fujii et al., 2016). 

 

Fujii et al. have, to our knowledge, published the only application of tissue clearing to the songbird 

brain. They applied the SeeDB (Ke et al., 2013) and ClearT (Kuwajima et al., 2013) protocols to 1 

mm-thick brain sections of both Bengalese finches (Lonchura striata var. domestica) and laboratory 

rats (Rattus norvegicus), and then compared the resulting transparency. Surprisingly, they showed 

limited success concerning the songbird brain tissue, as the finch samples became less transparent 

than the rat tissue, even though the finch sections were smaller in volume. Furthermore, no clearing 

of larger volumes of brain tissue was reported, and the capacity for imaging fluorescently labeled 

structures in the songbird brain remains unexplored. As of yet, the potential of optical clearing 

methods for research on the songbird brain remains surprisingly uncharted. 

 

Songbirds are an important model system for the study of vocal learning because juvenile birds 

learn their songs via imitation of an adult tutor (for review see Bolhuis et al., 2010). Additionally, 

they are excellent models for studies of sensorimotor control and of neural plasticity, because 

singing requires precise motor coordination and their brains are highly responsive to sex hormones 

(for review, see Gahr, 2004). 

 

The songbird brain organization shows distinct potential for the application of clearing techniques. 

Songbirds possess a dedicated brain circuit for song learning and production, the song system, 

which is organized as a network of discrete brain nuclei interconnected by brain-wide axonal 

projections, making three-dimensional explorations at cellular resolution particularly promising. 
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The exploration of the song system wiring has traditionally required segmentation into thin tissue 

sections. Whole-brain approaches have been limited to techniques lacking cellular resolution, such 

as CT or MRI (Poirier et al., 2008; Vellema et al., 2011). Interestingly, even though researchers have 

been trying to dissect the song system circuit since the 1970’s  (Nottebohm et al., 1976), new 

projections between song system nuclei and their afferents and efferents, and new projection neuron 

types have only recently been discovered (Akutagawa and Konishi, 2010; Nicholson et al., 2018; 

Roberts et al., 2017). Possibly, the loss of 3D information intrinsic to mechanical sectioning makes 

sparse projections difficult to detect.  

 

We successfully clear and image unsectioned songbird forebrains. We chose the CUBIC protocol 

(Susaki et al., 2014, 2015) for its simplicity, low cost, low toxicity, potential compatibility with 

immunostaining, and good preservation of fluorescent proteins. We combine viral vector-driven 

fluorescent protein expression with light sheet microscopy to study projections between song 

system nuclei. We take a closer look at the projection between premotor nucleus HVC (proper 

name) and its efferent nucleus RA (robust nucleus of the arcopallium). Additionally, we also tested 

the iDISCO+ protocol (Renier et al., 2016)  to compare the transparency obtained with that of a 

solvent-based method.  

 

 

 

Materials & methods 

 

Animals 

 

Zebra finches were reared in our breeding colonies in Seewiesen, Germany. Animal handling was 

carried out in accordance with the European Communities Council Directive 2010/63 EU and 

legislation of the state of Upper Bavaria. The government of Upper Bavaria, “Sachgebiet 54 – 

Verbraucherschutz, Veterinärwesen, 80538 München” approved animal experiments (record number 

55.2-1-54-2532-150-2016). 

 

 

Tissue preparation 

 

Four adult male zebra finches were intracranially injected into HVC using stereotactic coordinates, 

with either a lentivirus driving Tomato expression (n=2, 2 weeks expression time), or an AAV 

driving GFP expression (n=2, 3 weeks expression time), both under the control of the 

cytomegalovirus (CMV) promoter (n=2). Additionally, three adult male zebra finches were 

sacrificed (but not injected) to test the performance of the CUBIC protocol on a whole songbird 

brain (n=1), as well as to provide tissue for the application of the iDISCO+ protocol (n=2). 
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Birds were sacrificed by isoflurane overdose, perfused, and brains were extracted and post-fixed. 

Fixed brains where either kept whole or hemisected and trimmed to obtain forebrain hemispheres, 

because tissue clearing is known to perform better in smaller volumes. Subsequently, brain tissue 

clearing was carried out using either the CUBIC or iDISCO+ protocols (for further details see 

supplementary methods). We found that, with the CUBIC protocol, prolonging the immersion in 

reagent-1 solution to 10 days, instead of the 7 days recommended by the original protocol, helped 

improve final transparency. 

 

 

Imaging 

 

Cleared tissue was transferred to the imaging solution and images were acquired using either the 

commercial Ultra Microscope II (LaVision), or the mesoSPIM system (www.mesospim.org). Post-

processing of images was carried out using ImageJ (Schneider et al., 2012) and Imaris (Bitplane). 

For further details see supplementary methods. 

 

During clearing progress, whole brain macroscopic images were acquired using a macroscope 

(Leica Z16 APO, 0.57x zoom). These images were then used to measure forebrain/whole brain 

maximal length in the rostro-caudal axis in order to obtain a rough estimate of tissue 

expansion/shrinkage. 

 

 

 

Results 

 

Tissue clearing 

 

We successfully validated two tissue clearing methods for songbird brain tissue (figure 1). We 

obtained transparencies comparable to those reported for CUBIC and iDISCO+ protocols, enabling 

single sided light sheet penetration in imaging volumes of least half an adult zebra finch forebrain 

(figures 1 and 2, and supplementray movie S1). We observed some expansion of CUBIC-cleared 

tissue, and some shrinkage for the iDISCO+ protocol (approximately 15% increase for CUBIC and 

20% decrease for iDISCO+ in final maximal rostro-caudal length as compared to fixed tissue). 

http://www.mesospim.org/
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Figure 1. Chemical clearing of songbird brain tissue and visualization of autofluorescent 

features. (A) CUBIC pipeline. A fixed hemisphere was treated with reagent-1 to remove lipid 

components initially for 7 days, with reagent-1 immersion prolonged to a total of 10 days to 

increase transparency. Lipid removal was followed by a PBS wash, and then by reagent-2 

immersion for refractive index (RI) adjustment for 3 days. (B) CUBIC-cleared hemisphere in 

imaging solution (left), and volume rendering resulting from light sheet imaging of the same 

hemisphere (right; mesoSPIM, 1.6x zoom, no emission filter). (C) CUBIC-cleared whole brain in 

imaging solution. (D) iDISCO+ cleared hemisphere in ethyl cinnamate. (E) Volume rendering of 

autofluorescent vasculature (mesoSPIM, 1.6x zoom). (F) Two sagittal optical sections showing 

autofluorescent anatomical landmarks, including laminae, myelinated fiber tracts, and song control 

nuclei HVC, RA, Area X, and LMAN (Ultra Microscope II, 1x zoom, 10μm light sheet thickness; 

top is frontal, bottom is caudal). Scale bars in (A,B) left inset, (C,D) are 3mm; in (B) right inset, 

(E,F) are 1mm. (A–E) Dorsal view. 
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Light Sheet Imaging 

 

CUBIC tissue clearing enabled us to use light sheet imaging to visualize axonal tracts in the intact 

HVC-RA projection (figures 2A–D and supplementary movie S1), as well as individual 

fluorescently-labeled cells throughout the entire HVC (figure 2E). 

 

Additionally, imaging of autofluorescent structures allowed visualization of cerebral vasculature 

throughout the forebrain in CUBIC-cleared tissue (figures 1E, 2C and D), as well as anatomical 

landmarks in iDISCO+ cleared tissue (figure 1F). 

 

 

Figure 2. Light sheet microscopy of the cleared song system. (A) Volume rendering of the 

HVC-RA projection from a sample of a lentivirus injected bird (Ultra Microscope II, 1x zoom, 

frontal view). (B) Detail of axonal tracts from highlighted region in (A). (C) Volume rendering of a 

whole forebrain hemisphere showing the labeled HVC-RA projection with overlaid autofluorescent 

signal from vasculature (same tissue sample as in (A); dorsal view, top is caudal, bottom is frontal; 

mesoSPIM, 1.6x zoom). (D) Zoom into the highlighted region in (C), showing the HVC-RA 

projection in more detail. (E) Optical section showing labeled cells in HVC from a sample of a 

AAV injected bird (Ultra Microscope II, 3x zoom, 10μm light sheet thickness). Scale bars in (A, D) 

are 500μm, in (B, E) 100μm, in (C) 1mm. 
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Discussion 

 

Clearing the songbird brain 

 

We successfully validated the application of tissue clearing for songbird brain tissue using the 

CUBIC and iDISCO+ protocols, and demonstrate that sufficient transparency can be achieved. The 

reason for the limited transparency achieved by Fujii and colleagues is still unclear. However, both 

clearing protocols they applied had been optimized for rodent tissue, and to our knowledge no 

clearing method has been previously optimized for songbird brain tissue. Possible explanations for 

unsatisfactory transparency in songbird brain tissue could be related to different chemical 

composition, and distinct anatomical organization, particularly of myelinated tissue (Karten et al., 

2013). We found that prolonging the delipidation step in the CUBIC protocol helps achieve better 

final transparency. We also achieved good transparency using the iDISCO+ protocol, which we 

expected, because solvent-based protocols such as iDISCO+ provide the best clearing results. 

Nevertheless, with some exceptions (Schwarz et al., 2015), these protocols entail drawbacks such as 

poor fluorescent protein emission retention and the need for special dipping caps to protect 

objectives from harsh solvents. 

 

 

Clearing for anatomical landmarks and vascularization 

 

The intrinsic tissue fluorescence of cleared samples has previously been exploited for registering 

samples to a reference brain (Renier et al., 2016; Ye et al., 2016). Acquiring autofluorescence 

signals in a label-free channel can enable the creation of an average reference brain by pooling data 

from multiples samples. Subsequently, signals from labeled structures can be acquired in the 

appropriate channel and be aligned to the reference brain, enabling faster and more precise 

comparisons across treatment groups. IDISCO+ was specifically developed to optimize brain 

morphology preservation to facilitate automated registration of light sheet-imaged samples. Along 

with the chemical protocol, Renier et al. (2016) also developed ClearMap, an open-source software 

for automated mapping and analysis, including the registration of imaging data to custom reference 

atlases. 

 

We show excellent preservation of brain morphology in iDISCO+-cleared songbird brain tissue 

(figure 1F). Laminae, myelinated fiber tracts, and song system nuclei are all clearly visible. 

Anatomical landmarks in optical sections of light sheet-imaged forebrains show similar crispness to 

that of Nissl-stained thin tissue sections. Thus, clearing and light-sheet imaging show potential for 

the creation of songbird brain reference atlases. 

 

CUBIC tissue clearing showed more limited preservation of major anatomical landmarks, but the 

autofluorescence of blood vessels enabled us to visualize vasculature throughout the songbird 

forebrain (figure 1E, 2C and D). As the anatomy of major cerebral blood vessels is highly conserved 
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across individuals (Xiong et al., 2017) , with the bifurcation of the midsagittal sinus routinely used 

in various species including zebra finches as the zero-point for stereotactic works, it is not difficult 

to envision that such a reference point in vasculature could be exploited for the registration of 

CUBIC-cleared songbird brain tissue. 

 

Furthermore, specific research questions on songbird brain plasticity could benefit from 3D analysis 

of cerebral vasculature and gross brain morphology; both brain region volume and microvasculature 

structure are key features frequently quantified in sex hormone studies (for review see Chen et al., 

2013). Additionally, the anatomical landmarks we imaged in the iDISCO+-cleared tissue were 

comparable to those previously imaged in songbird brains through the use of MRI (Poirier et al., 

2008; Vellema et al., 2011). Hence, these techniques could provide an alternative to MRI for studies 

of myelination and volumetric changes, with the added advantages of higher resolution and 

compatibility with targeted fluorescence imaging. 

 

 

Visualizing the intact song system at cellular resolution 

 

Here, we focused on the projection from HVC to RA, as this is a known important projection within 

the song system. HVC sits at the apex of the song system and both HVC and RA are part of the two 

song system pathways, the anterior forebrain pathway for vocal learning and the motor pathway for 

song production. RA forms the output via its projection to motor neurons controlling the vocal 

organ. However, this is intended as a proof of principle, and we hope this pipeline will be used to 

study further pathways within the song system, as well as those connecting to its afferents and 

efferents.  

 

In rodents, these techniques have already proven their value. 3D reconstructions of axonal pathways 

obtained from light sheet datasets of cleared tissue revealed previously undocumented projections 

and topographical features (Menegas et al., 2015; Renier et al., 2016; Ye et al., 2016). Likewise, a 

precise mapping of the wiring of the song system could improve our understanding on how auditory 

input entering the songbird brain is processed in order to produce the accurate motor output for 

imitating tutor song. Important contributions to this endeavor are already being fulfilled by the use 

of other promising techniques for precise 3D reconstructions at subcellular resolution, such as serial 

block-face light and electron microscopy (Kornfeld et al., 2017; Oberti et al., 2011) and expansion 

microscopy (Chen et al., 2015; for a first application of expansion light sheet microscopy to 

songbird brain tissue we refer to our other publication in the same research topic: Düring et al., 

2019). Nonetheless, the main advantage of the combination of tissue clearing and light sheet 

microscopy is its simplicity and speed. Imaging an adult zebra finch forebrain hemisphere in one 

channel at sufficient resolution to follow axonal tracts is feasible in about 10 min. This makes these 

techniques excellent tools for investigations of long-range axonal projections within the songbird 

brain. Furthermore, projections in this complex system are known to respond to vocal learning 

experience and sex hormones. In combination with automated analysis tools, these techniques can 
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make large-scale comparisons of long-rage axonal projections across different treatment groups 

feasible, and so enable more precise investigations into how this system rewires itself. 

 

 

Conclusion 

 

We have shown the feasibility and discussed the potential applications of tissue clearing combined 

with light sheet microscopy for the visualization of intact long-range projections, vasculature, and 

anatomical landmarks in the songbird brain. We hope our findings will encourage the use of these 

techniques in order to advance our knowledge on the song system connectome, and lead to a better 

understanding on the anatomical basis of the neural mechanisms underlying vocal learning. 
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Supplementary Material 

 

Supplementary Movie S1. Intact HVC-RA projection in 3D. Animation of the 3D rendering of 

the HVC-RA projection labeled by CMV-tomato-lentivirus injection into HVC (Ultra Microscope 

II, 1x zoom; same as shown in figure 2A). 

Available online at: www.frontiersin.org/articles/10.3389/fnana.2019.00013/full#supplementary-

material 

 

 

 

Supplementary methods 

 

Tissue preparation 

 

Zebra finches (Taeniopygia guttata) were sacrificed by isoflurane overdose, and perfused with 30 

mL of 10 U/mL heparin in PBS, followed by 30 mL 4% paraformaldehyde (PFA) in PBS (pH 7.4, 

ice-cold). Brains were then extracted and post-fixed in 4% PFA at 4º C overnight. 

 

 

Tissue clearing 

 

Brain tissue (n=5) was cleared following the CUBIC protocol (Susaki et al., 2014, 2015). Briefly, 

reagent-1 (mixture of 25 wt% final concentration urea, 25 wt% final concentration Quadrol 

(Tetrakis (2-HP)) ethylenediamine), 15 wt% final concentration Triton X-100, and distilled water) 

and reagent-2 (mixture of 25 wt% final concentration urea, 50 wt% final concentration sucrose, 10 

wt% final concentration triethanolamine, and distilled water) solutions were prepared and degassed. 

Fixed intact brains or whole forebrain hemispheres were first washed twice in PBS/0.01% (wt/vol) 

NaN3 at room temperature (RT) for at least 1 hour each, then immersed in 50% diluted reagent-1 

solution at 37º C for 6h, and then transferred to undiluted reagent-1. Tissue was left in reagent-1 for 

10 days at 37º C, with the solution being replaced every 2 days. We found that prolonging the 

immersion in reagent-1 solution (delipidation step) to 10 days, instead of the 7 days recommended 

by the original protocol, helped improve final transparency. At day 11, tissue was washed three 

times in PBS/0.01% (wt/vol) NaN3 at RT until the next day. Finally, samples were degassed, 

immersed in 50% diluted reagent-2 for 24h at RT, and transferred to undiluted reagent-2 for 2 days 

of incubation at 37º C (reagent-2 solution refreshed after first 24h). 

 

Additionally, four fixed forebrain hemispheres (n=2) were cleared following the iDISCO+ protocol 

(Renier et al., 2016; latest protocol version from December 2016 obtained from the iDISCO official 

website, www.idisco.info), while omitting the use of antibodies. 

 

http://www.frontiersin.org/articles/10.3389/fnana.2019.00013/full#supplementary-material
http://www.frontiersin.org/articles/10.3389/fnana.2019.00013/full#supplementary-material
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Cleared brain tissue was transferred to the imaging solution (1:1 silicon oil and mineral oil mix for 

CUBIC-cleared tissue, ethyl cinnamate (Klingberg et al., 2017) for iDISCO+-cleared tissue) 

overnight before imaging. 

 

For storage between imaging sessions samples, CUBIC-cleared samples were first washed with 

PBS/0.01% (wt/vol) NaN3 at RT for at least 1h, then immersed in 30% (wt/vol) sucrose in 

PBS/0.01% (wt/vol) NaN3 with shaking at RT overnight. When the samples sinked to the bottom, 

they were immersed in O.C.T. compound (Tissue-Tek) and immediately stored at -80 °C. 

To re-image, samples were first gradually thawed at RT, washed with PBS/0.01% (wt/vol) NaN3 at 

least twice for 1h each to remove sucrose and O.C.T. compound, and transferred to the imaging 

solution (1:1 silicon oil and mineral oil mix) overnight. 

 

 

Light sheet imaging 

 

Imaging was carried out in sagittal orientation (lateral side up) using either the commercially-

available Ultra Microscope II (LaVision Biotec), or the mesoSPIM system (www.mesospim.org). 

 

Cleared tissue (CUBIC-cleared: n=2 CMV-tomato-lentivirus injected birds, n=2 

CMV-AVV-injected birds; and n=2 iDISCO+-cleared birds) was initially imaged on the Ultra 

Microscope II (LaVision Biotec) up to two weeks after the clearing process was completed. 

Samples were first glued (using standard super glue) to the sample holder, and inserted into a quartz 

imaging chamber filled with the corresponding imaging solution, where they were left for at least 

one hour to reduce imaging artifacts caused by air bubbles. The Ultra microscope II used was 

equipped with a bidirectional triple light sheet (laser lines: 488 and 561 nm), a 2x objective lens 

(Olympus MVPLAPO 2x), a 0.63x-6.3x zoom body (Olympus MVX-10 Zoom Body), and a 

scientific CMOS (sCMOS) camera (Andor Neo). 

 

Imaging with the mesoSPIM (mesoscale selective plane illumination microscopy) system (n=2 

CUBIC-cleared CMV-tomato-lentivirus injected birds) was carried out 4 weeks after the clearing 

process was completed. Samples were glued to a small weight and loaded into a quartz cuvette, then 

submerged in imaging solution (1:1 silicon oil and mineral oil mix) overnight, and imaged using a 

home-built microscope (mesoSPIM). The microscope consists of a dual-sided excitation path using 

a fiber-coupled multiline laser combiner (405, 488, 515, 561, 594, 647 nm, Omicron SOLE-6) and a 

detection path comprising an Olympus MVX-10 zoom macroscope with a 1x objective (Olympus 

MVPLAPO 1x), a filter wheel (Ludl 96A350), and a sCMOS camera (Hamamatsu Orca Flash 4.0 

V3). For imaging Tomato, 561 nm excitation and a 561 longpass filter (RazorEdge LP 561 LP, 

AHF) were used, and for autofluorescence 647 nm excitation and a QuadLine Rejection band 

(ZET405/488/561/640, AHF). The excitation paths also contain galvo scanners (GCM-2280-1500, 

Citizen Chiba) for light-sheet generation and reduction of streaking artifacts due to absorption of the 

light-sheet. In addition, the beam waist is scanned using electrically tunable lenses (ETL, Optotune 

EL-16-40-5D-TC-L) synchronized with the rolling shutter of the sCMOS camera. This axially 

http://www.mesospim.org/
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scanned light-sheet mode (ASLM) leads to a uniform axial resolution across the field-of-view 

(FOV) of 5-10 µm (depending on zoom & wavelength). Further technical details of the custom 

SPIM will be described elsewhere (www.mesospim.org). 

 

 

Image processing 

 

Images were processed using ImageJ (Schneider et al., 2012) and Imaris (Bitplane). ImageJ was 

used to combine z-stacks obtained from the acquisition of different channels from the same sample 

in the mesoSPIM. Imaris was used to generate figures 1B right inset, E, and F, all panels in figure 2, 

and supplementray movie S1 (other than adjusting the histogram no further processing of the 

images was carried out). 

 

http://www.mesospim.org/
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Abstract 

 

Expansion microscopy and light sheet imaging (ExLSM) provide a viable alternative to existing 

tissue clearing and large volume imaging approaches. The analysis of intact volumes of brain tissue 

presents a distinct challenge in neuroscience. Recent advances in tissue clearing and light sheet 

microscopy have re-addressed this challenge and blossomed into a plethora of protocols with 

diverse advantages and disadvantages. While refractive index matching achieves near perfect 

transparency and allows for imaging at large depths, the resolution of cleared brains is usually 

limited to the micrometer range. Moreover, the often long and harsh tissue clearing protocols hinder 

preservation of native fluorescence and antigenicity. Here we image large expanded brain volumes 

of zebra finch brain tissue in commercially available light sheet microscopes. Our expansion light 

sheet microscopy (ExLSM) approach presents a viable alternative to many clearing and imaging 

methods because it improves on tissue processing times, fluorophore compatibility, and image 

resolution. 
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Introduction 

 

Since the advent of modern neuroscience, diverse imaging techniques have allowed us to see the 

brain’s microstructure and have fueled our endeavor to understand its function. With the inherent 

desire to see even the smallest relevant cellular building blocks, the preservation of detailed 

topographic information within entire neural circuits becomes challenging. Recent advances 

demonstrate the feasibility of large volume high-resolution imaging with light (Kleinfeld et al., 

2011) or electrons (Kasthuri et al., 2015). 

 

The desire to image entire intact volumes of tissue, a daunting task (Marblestone et al., 2013), is 

mirrored in the recent explosion of tissue clearing protocols (Richardson and Lichtman, 2015, 

2017).  

 

Clearing protocols strive for deeper light penetration by homogenizing light refraction throughout 

the sample. These protocols make use of diverse chemical approaches from simple immersion to 

organic solvent-based delipidation (Susaki and Ueda, 2016). Nearly all clearing protocols 

sufficiently increase transparency for imaging multiple millimeters deep into tissues. However, 

targeted fluorescence imaging remains challenging because genetically expressed fluorescent 

proteins tend to lose their fluorescence and their antigenicity during tissue clearing. Recent progress 

in clearing protocols have led to better preservation of fluorescence (CUBIC; Susaki et al., 2015) or 

to improved post-immunostaining (CLARITY; Chung and Deisseroth, 2013; Tomer et al., 2014); 

and iDISCO; Renier et al., 2014), but current protocols are either time consuming and/or resource 

intense, technically challenging and/or impractical. For excellent overviews, see Richardson and 

Lichtman (2015, 2017) and (Silvestri et al. (2016), who conclude that no single protocol is superior 

to all others. 

 

One technique that could address many of the aforementioned shortcomings is expansion 

microscopy (ExM). In ExM, samples are first incubated with DMSO to introduce acryloyl groups. 

Then, the proteins (including fluorophores) are cross-linked to a polymer grid. After a protein 

digestion step, the sample is physically expanded through hyper-hydration (Chen et al., 2016; 

Chozinski et al., 2016; Tillberg et al., 2016). The increase in resolution resulting from expansion has 

pushed the limits of confocal microscopy and enabled the investigation of subcellular structures that 

previously have been difficult to resolve by light microscopy, such as the synaptonemal complex in 

Drosophila (Cahoon et al., 2017).  Further, expansion microscopy has proven to be useful in clinical 

settings by enhancing the resolving power of microscopes (Bucur et al., 2016; Zhao et al., 2017). 

Although the clearing potential of the expansion protocol and its use for larger specimens have been 

emphasized (Chen et al., 2015; Karagiannis and Boyden, 2018; Richardson and Lichtman, 2015), to 

date ExM has only been applied to tissue samples < 200 µm thick from mice and humans. 

 

When large volumes of tissue are to be imaged, preferably with multiple wavelengths, image 

acquisition times, system stability, and photo bleaching become increasingly problematic (Silvestri 

et al., 2016). One recent technological revival in fluorescence microscopy, the light sheet 
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microscope, alleviates some of these challenges. By illuminating entire planes of tissue and 

capturing all image pixels at the same time, imaging is fast and fluorophores show little bleaching 

(Stelzer, 2015).  

 

Here we combine expansion microscopy of large tissue volumes with light sheet microscopy, 

termed ExLSM. We demonstrate the feasibility of ExLSM in a small passerine, the zebra finch, and 

point out some advantages over other clearing methods.  

 

Zebra finches are a well-established model for vocal learning with parallels to human speech 

acquisition (Bolhuis et al., 2010). Furthermore, the organization of the song system, responsible for 

song learning and production in songbirds, as an interconnected network of discrete brain nuclei 

makes it particularly well suited for the analysis of cerebral sub-volumes (Vicario, 1991a). Song 

system nuclei are known to adapt in response to song learning and practice (Huang et al., 2018), 

making the application of large tissue ExLSM particularly promising within this field, as discrete 

nuclei can be dissected and expanded to further analyze connectivity changes in detail. We focus on 

two nuclei of the song system, HVC (proper name), which drives vocal sequences (Hahnloser et al., 

2002), and Area-X, which plays an essential role during vocal learning (Scharff and Nottebohm, 

1991). 

 

 

 

Materials & methods 

 

Tissue preparation 

 

Five adult male zebra finches have been intracranially injected into either HVC or Area-X with 

adeno-associated viruses (AAVs) that express GFP in the cytoplasm of neurons. After isoflurane 

overdose and transcardial perfusion with phosphate-buffered saline, hemispheres were either 

sectioned into 60-100 μm thick sections (n = 2 birds) using a microtome (Leica Microsystems, 

Germany), sectioned into 300-800 μm thick sections containing HVC using a vibratome (n = 2), or 

were handled to surgically remove entire HVCs (n = 1). 

 

Animal handling was carried out in accordance with the European Communities Council Directive 

2010/63 EU and legislation of the state of Upper Bavaria. 

 

The government of Upper Bavaria, “Sachgebiet 54—Verbraucherschutz, Veterinärwesen, 80538 

München” with the record number 55.2-1-54-2532-150-2016 approved animal experiments. 
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Expansion and Clearing 

 

We performed the protein retention expansion protocol (proExM) available at 

expansionmicroscopy.org with minor modifications to accommodate large tissues. In brief, the 

activation step needs to be adjusted according to tissue volume. Custom gelation chambers can be 

constructed by sectioning a 1ml pipette tip according to size and placing them on a parafilm 

wrapped object slide for easy handling. Immediately after digestion any movement of the sample 

should be minimized or avoided. Expansion should be performed in the final imaging container if 

possible. Large gels can be secured with 3% low melt agarose around the corners of the gel. Small 

gels or hanging gels can be embedded in 1% low melt agarose. For further details and handling 

recommendations see supplementary materials. 

 

 

Imaging 

 

Images were acquired in commercially available light sheet microscopes, either the Ultra 

Microscope II (LaVision Biotec GmbH, Germany) or the Z.1 (Carl Zeiss AG, Germany). Image 

analysis was performed using Imaris (Bitplane, Great Britain). With exception of the image in 

figure 2F, which has been deconvolved using Huygens Pro (Scientific Volume Imaging B.V., 

Netherlands), none of the data has undergone any image preprocessing prior to analysis as is 

common practice in light based imaging. 

 

 

 

Results 

 

We successfully cleared and expanded adult zebra finch brain tissue of diverse volumes ranging 

from 60 μm thick sagittal brain sections to [2500 × 2000 × 1200] μm3 tissue volumes encapsulating 

an entire HVC (figures 1A–F). 

 

Samples were subsequently imaged in two different light sheet microscopes, first a low-

magnification system for overview and integral volume analysis, and, second, a system with a 

smaller working range but higher magnification. 
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Figure 1. Clearing, expansion, and imaging of large intact volumes of brain tissue. Top two 

rows show the typical clearing and swelling progress of the expansion microscopy protocol. A large 

piece of brain tissue containing HVC is embedded in a polymer gel (A), and is neither expanded nor 

transparent at this point. Immediately after taking the gel out of the protein digestion solution (B), 
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the tissue is already fully transparent and slightly expanded in volume by a factor of two. At this 

stage, the tissue can be kept in PBS for either imaging, further processing, or storage. Subsequent 

exchanges of deionized water (C–F) lead to a final 4-fold expansion (64 times in volume). Bottom 

two rows show volume renderings of brain tissue imaged with the LaVision Ultra Microscope II. 

(G) Shows the entire volume of a gel containing a piece of tissue with pre-expansion dimensions of 

[2500 × 1800 × 800] μm3, including a large part of HVC. Somata of neurons and even some sub-

cellular structures such as nuclei (arrows) are readily visible at a low-magnification setting of 2.5x. 

Even though the light sheet leads to a slight reduction in axial resolution as seen in the xz-projection 

view in (H), individual neurons can still be discriminated. A digital zoom into the dataset (I) reveals 

some axonal and dendritic processes. The entire dataset was imaged as a single TIFF stack with a 

z-step size of 3 μm. Imaging at slightly higher magnification of 6.4x allows for the identification of 

spiny dendrites (arrows, J, K). Scale bars (A-F) 1mm, (G, H) 250μm, (I) 150μm, (J) 75μm, (K) 

50 μm. Scale bars in (G-K) correspond to pre-expansion dimensions. 

 

 

Ultramicroscope II for Large Samples 

 

Figures 1G–I and supplementary movie S1 show a volume rendering of a tissue block with 

pre-expansion dimensions of [2500 × 2000 × 800] μm3. Somata of HVC neurons are easily 

identifiable and axonal structures can be recognized even at low magnification (supplementary 

figure S2). Under increased magnification, fine structures such as spines can be discerned (figures 

1J and K). 

 

 

Z.1 for High Resolution Imaging 

 

For analysis requiring higher resolution, we turned to a system that is equipped with regular 

microscope objectives. Images acquired with a 20x objective distinctly show surface structures of 

somata and dendrites in both spiny (figure 2A) and aspiny (figure 2B) neurons, which can be easily 

discriminated. Digitally zoomed-in maximum intensity projections of diverse dendrite fragments 

clearly reveal spines (figures 2C and D) of distinct morphologies (figure 2E). General morphology 

and a spine density of 0.70 ± 0.09 (n = 6) per μm dendrite length match previous descriptions of 

HVC-X projecting neurons using EM (Kornfeld et al., 2017). 

 

Post-expansion staining with DAPI shows exceptional details of the nucleus (figure 2F) with image 

quality exceeding that of cell cultures imaged with gSTED (Okada and Nakagawa, 2015). We 

typically imaged 3 mm punch-outs of expanded sagittal brain sections of Area X (figures 2G 

and H). 
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Figure 2. High resolution imaging of spiny and aspiny neurons. Top row shows a spiny (A) and 

an aspiny (B) neuron in Area X. Higher magnifications reveal distinct spine morphologies (C, D) 

that can be automatically quantified using the IMARIS filament tracer (E). A brief post-expansion 

DAPI staining (F) resolves cellular nuclei with labeled chromatin structures. We imaged 3 mm 

punch-outs (G, H) of 4-fold expanded, 60-100 μm thick (pre-expansion) sagittal brain sections 

containing almost the entire Area X. All images are produced with a 20x, 1.0 NA water dipping 

objective. Scale bars (A, B) 10μm, (C–F) 5μm, (G, H) 1mm. Scale bars in (A–F) correspond to 

pre-expansion dimensions. 
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Discussion 

 

We demonstrated the clearing capacities of our expansion protocol and showed that ExLSM allows 

for imaging of large volumes of brain tissue at subcellular resolution. In the following, we compare 

our approach to other clearing approaches. For a more in-depth review of cleared-sample imaging, 

we refer to (Richardson and Lichtman, 2015, 2017) and to (Silvestri et al., 2016); for a focus on 

clearing of songbird tissue, we refer to our other publication in the same research topic (Rocha et 

al., 2019). 

 

 

Transparency and Large Volume Imaging 

 

A general limitation of light-based imaging techniques such as confocal microscopy is the increase 

in light scattering with tissue depth when imaging non-cleared specimens. The increase in 

background noise makes imaging at depths larger than 50 μm impractical. Homogenization of 

refractory indices (RIs) across sample, embedding medium, and imaging medium is one common 

goal to all clearing methods (Silvestri et al., 2016). With ExLSM, commonly no tissue outlines are 

visible and gels themselves are completely transparent in water, which hints toward a near perfect 

match of RIs throughout the optical path. High tissue clarity is suggested by the extremely low 

levels of background light. Another advantage of water as imaging medium over solutions with 

different RIs is compatibility with imaging objectives, because no additional corrections in the 

imaging path are necessary. 

 

Although we demonstrated the unobstructed imaging of cleared gel blocks of roughly one cubic 

centimeter, we emphasize that our gels contained biologically relevant data within only 2 mm3 

pre-expansion. Whether the expansion and excellent clearing of much larger volumes is feasible 

remains to be tested. 

 

Another factor to consider when imaging cleared tissue in a light sheet microscope is the color of 

the fluorophore. Because light of longer wavelength is less affected by scattering, the use of red 

fluorophores is generally advised, such as DRAQ5 as a nuclear marker instead of DAPI (Marx, 

2016). Here, we demonstrated the compatibility of ExLSM with short-wavelength fluorophores. 

 

 

Retention of Native Fluorescence and Antigenicity 

 

In general, organic solvent-based clearing methods do not preserve native fluorescence of proteins 

well, with the exception of uDISCO (Pan et al., 2016). GFP fluorescence is usually well preserved, 

but we want to draw attention to the fact that the common model for assessing fluorescence 

preservation, the Thy-1 mouse line, has an exceptionally strong GFP signal (Dodt et al., 2007; 

Silvestri et al., 2016). Many protocols are to some degree compatible with antibody staining, but 
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antibody penetration based on passive diffusion can take weeks (Richardson and Lichtman, 2015). 

Additional usage of electrophoresis such as in CLARITY (Chung and Deisseroth, 2013) or in PARS 

(Yang et al., 2014), or the use of pressure as in ACT-PRESTO (Lee et al., 2016) can accelerate 

antibody penetration, but these enhancements can be difficult to set up or expensive to use when 

turning to a commercial solution such as X-CLARITYTM (Logos Biosystems, South Korea). 

Expansion microscopy, on the other hand, allows for post-expansion staining and is readily 

compatible with a large number of genetically expressed fluorescent proteins and commercially 

available antibodies (Chozinski et al., 2016; Ku et al., 2016; Tillberg et al., 2016). 

 

To stain in expanded tissues is a potentially very powerful advantage. By stretching and unfolding, 

proteins’ epitopes may become more accessible (Alon et al., 2018), which can accelerate antibody 

penetration and increase labeling strength. 

 

 

Image Resolution 

 

One important consideration for imaging is resolution. In light sheet microscopy, axial resolution is 

directly proportional to the physical thickness of the light sheet and lateral resolution depends on 

the imaging objective. When pushing the physical limits, bessel beam-based systems and lattice 

light sheets present the current pinnacle of high axial resolution with voxel sizes of 150 × 150 × 280 

nm (Chen et al., 2014), but at the cost of smaller working distances associated with the high NA 

illumination and imaging objectives used. 

 

Desired resolution is of course dependent on the scientific question at hand. Hence, the 4-5 μm axial 

resolution that is achievable with conventional illumination lenses might be sufficient and even 

favorable for the sake of working distance. For example, considering the Nyquist criterion, isotropic 

resolution of 5 μm is enough to resolve cell bodies with a diameter larger than 10 μm, which is 

generally the case when looking at neurons. Although some clearing approaches can visualize 

dendritic spines in 2D with higher NA imaging objectives (Dodt et al., 2007), quantification of 

structure in 3D remains challenging. Even the recent addition to the CUBIC protocol, CUBIC-X 

(Murakami et al., 2018), that exploits the intermediate expansion of the protocol’s reagent-1 to 

achieve a final 2-fold increase in volume, does not seem to allow for the distinct differentiation of 

spine morphologies (compare figure 2H in Murakami et al., 2018). 

 

We demonstrate that spine morphology can be quantified with ExLSM in a Zeiss Z.1 light sheet 

microscope with results comparable to conventional slice-based confocal microscopy, with the 

advantage of increased imaging speed. Whereas, imaging a volume of [100 × 100 × 10] μm3 takes 

minutes in a confocal microscope, the same volume of [400 × 400 × 40] μm3 is imaged in seconds 

with ExLSM at a comparable resolution (supplementary figure S3). Considering a working distance 

of 2.4 mm for the 20x, 1.0 NA water-dipping objective used here, even quantification of spine 

morphologies in about 2 mm post-expansion sections is possible (corresponding to a native 

thickness of 500 μm). 
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Conclusion 

 

We have demonstrated the viability of expansion microscopy in the context of cleared large volume 

tissue imaging. The extremely short, easy, and inexpensive pre-processing in combination with 

great preservation of endogenous fluorescence, the possibility for post-staining, and its scalability 

make ExLSM a candidate for volumetric fluorescence imaging. We hope that this study encourages 

other labs to adapt our ExLSM approach to make imaging of large cleared and expanded volumes 

of brain tissue common practice in neural circuit analyses. 
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Supplementary Material 

 

Supplementary movie S1. Animation of an expanded HVC volume rendering.  

Available online at: 

https://www.frontiersin.org/articles/10.3389/fnana.2019.00002/full#supplementary-material 

 

 

 

Supplementary figure S2.  Discernibility of Somata in the Ultra Microscope II dataset. 

(A) Shows a digital section of the volume in figure 1G. (B) Shows maximum intensity projection 

around the region highlighted in (A). Somata that appear very close (C) can be easily distinguished 

by rotation of the 3D dataset (D). Scale bars (A) 250 μm, (B) 100 μm, (C and D) 50 μm.  

 

 

 

  

https://www.frontiersin.org/articles/10.3389/fnana.2019.00002/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnana.2019.00002/full#supplementary-material
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Supplementary figure S3. Comparison of ExLSM to confocal microscopy. (A) Shows a 

different rotation of the spiny dendrite in figure 2C imaged with the 20x objective in the Zeiss Z.1. 

(B) Shows a maximum intensity projection of the same neuron type imaged in a Leica SP8 confocal 

microscope. The dataset in (B) has been deconvolved with Huygens while (A) is a direct 

visualization of the raw data. Scale bars 5 μm.  

 

 

 

Supplementary methods 

 

Detailed expansion and clearing protocol  

 

For expansion and clearing of large volume brain tissue and 60-100 μm sagittal brain sections we 

generally followed the proExM protocol published on expansionmicroscopy.org with minor 

modifications and recommendations for large tissue volumes. 

 

Samples were first incubated in Acryloyl-X (AcX, Sigma-Aldrich, United States of America), 

which is dissolved in DMSO. Main purpose of the activation step is the introduction of acryloyl 

groups in the sample through AcX to allow for anchoring of the protein content to the polymer grid. 

Note, that the organic solvent DMSO is also used for delipidation in some clearing protocols, 

although in much higher concentrations (Bui et al., 2009). The duration of the activation step 

depends on thickness of the sections and was generally performed overnight (~12-15h for thin brain 

sections), with a minimum of 24h for thick (>500 μm) sections and whole HVCs. 

 

Samples were next incubated in a monomer solution for 30 minutes to allow for equal diffusion of 

the solution prior to gelation, either in 48-well plates or small eppendorf tubes according to size. 

With as little delay as possible, incubated tissues or brain slices were transferred to a gelation 

chamber for conversion to a polymer gel. The recommended gelation chamber (Tillberg et al., 

2016) works very well for sections and tissues up to 400 μm thickness by stacking up to three #1 

coverslips for a total height of ~450 μm. For larger samples we trimmed 1 ml pipette tips to roughly 

1.5 times the volume of the tissue and secured them on a coverslip wrapped in parafilm. The conical 
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shape of the chamber aids in recovering the hardened gel without damaging the embedded tissue. 

Gelation in Eppendorf tube caps as proposed by Cahoon et al., 2017) turned out impractical for 

extracting larger volumes of the hardened gel. As air impairs gelation, care should be taken to avoid 

entrapping of air bubbles when covering the chamber with parafilm. 

 

After incubating the gels for 2h in a humidified chamber at 37º C, the hardened gels were trimmed 

to blocks containing the area or tissue of interest. 

 

We generally measured expansion factors using a macroscope (Olympus, Japan). For samples 

exceeding the field of view of the macroscope expansion factors were measured by simply placing 

the gels on a millimeter grid. 

 

For post-expansion staining we added DAPI in a concentration of 1:10000 during the last washing 

step of the expansion protocol for 15 minutes just before exchanging to the final imaging medium. 

 

 

Expansion of large volumes of brain tissue and songbird tissue  

 

The expansion protocol provides a unilateral expansion of tissues as originally demonstrated in 

sections and tissue volumes up to a thickness of 200 μm. Whether larger volumes of tissue with a 

higher degree of density inequality expand uniformly remains to be quantified. For example, thick 

sections of rat brain (>200 μm) expand only partially using the standard proExM protocol 

supposedly due to the extremely dense corpus callosum. Here we show that sections and larger 

volumes of the songbird brain expand well despite its nuclear organization and heavy myelination. 

We did not observe any impartial expansions or any obvious inhomogeneity within the tissue at 

densely myelinated locations. 

 

 

Imaging in the LaVision UltraMicroscope II  

 

Expanded gels are generally fragile and transportation, movement or manipulation of the sample 

post gelation should be avoided or reduced to an absolute minimum. Expanded gel blocks were 

carefully transferred to the sample holder with a spatula and secured by placing 3% low melting 

agar at the corners or edges of the gel. Note that the fully expanded gels containing whole HVC 

exceeded the working range of the LaVision microscope stage.  

 

Imaging parameters used were single side illumination, 50-80% laser power with 488 nm 

wavelength, smallest sheet thickness of 5 μm, sheet width ranging between 30 and 60 μm, z-step 

size of 3-5 μm and dynamic focus. 
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Imaging in the Zeiss Z.1  

 

We filled small 1 ml syringes with 3% agar and trimmed it in a way that created a flat surface that 

can be positioned perpendicular to the imaging path. The expanded sample was carefully positioned 

on the flat surface and secured in place with 1% agar (figure 2G). Note that lower concentrations or 

only partially hardened agar can be insufficient to hold the sample in place.  

 

Imaging parameters used were dual side illumination, 70-80% laser power of the solid state diode 

lasers with wavelength of 405 nm and 488 nm, smallest sheet thickness of 5 μm and z-step size of 

1-3 μm.  

 

All datasets were produced with a Plan Apochromat 20x, 1.0 NA water dipping objective with a 

working distance of 2.4 mm. 

 

 

Methodological and general considerations  

(Pitfalls and recommendations)  

 

With the larger volumetric size of the tissue to expand, handling becomes increasingly difficult with 

mounting the fully expanded gel for imaging presenting the greatest challenge. During the final 

water exchange steps we observed a partial collapse of the gel block due to gravitational pull when 

outside of water. Although the gel appears generally quite strong and no obvious fracturing occurs, 

we cannot exclude the possibility of shear forces introducing artifacts on the cross-linked content of 

the hydrogel. We therefore propose to execute the final expansion steps in larger volumes of 

deionized water with container diameters close to the expected final size, and only replacing parts 

of the water always leaving the gel fully submerged. Accordingly, movement of the final gel should 

be minimized. In imaging situation where the stage with the sample itself is moved, which is the 

case in nearly all light sheet setups, inertia of the gel might cause movement in larger gels. While 

small portions of gel have been successfully mounted on sample holders with minute amounts of 

super glue, we found glue to be impractical or impossible to immobilize large gels or for vertical 

mounting approaches as in the Z1. We find that placing small amounts of up to 3% low melting 

agarose around the edges of the gel to secure it in place is sufficient. Note that fast lateral 

movements during initial inspection of the sample should be avoided in order to minimize shear 

forces. Where possible, try to execute the final steps in the imaging container itself and immobilize 

the gel by replacing parts of the water with low concentration low melting agarose or phytagel 

(Sigma-Aldrich, United States of America), or cast another acrylamide gel around the expanded 

sample like suggested by Chen et al. (2016).  

 

Although in some cases we observed wedging effects when mounting small gels by placing the agar 

right next to the gel, we did not observe this when placing the agar right onto the gel or in larger 

blocks of gel. It is possible however that the contact with the hot agar itself introduces some instant 
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shrinking artifacts at the gel-agar interfaces. This is potentially not relevant if enough excess gel is 

around the tissue. However, if setup constraints prohibit excess embedding consider quantifying the 

extent of distortion by imaging linear structures close to the tissue surface pre and post expansion. 



 

 

 

 

 

 

General Discussion
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Lasting changes accompanying hormone-induced vocal motor skill 

practice: New findings in the complex interplay between sex hormones, motor 

learning, and adult neuroplasticity 

 

The ability to change and adapt in response to the surrounding environment is a defining 

characteristic of living organisms. In adult animals, after the juvenile development programs of 

growth, maturation, and reorganization have been completed, most organs, among which the brain, 

still maintain some degree of plasticity. This plasticity allows the brain to reshape and optimize 

itself in response to many environmental, behavioral, and physiological factors. Two such factors 

are sex hormones and motor learning, both of which can modify various properties of neural 

structure and function. 

 

Motor learning of complex motor skills, like riding a bike or playing the piano, takes a long time 

and lots of practice to perfect. A lot of repetition is needed to develop precise movements and to 

consolidate their coordination in perfect timing. As we practice, our brains and muscles are working 

together to optimize the circuit that will enable the precise and reliable production of the required 

motor patters. Once optimized this circuit also seems to be stabilized in order to prevent its 

degradation across time periods when practice is suspended. We never forget how to ride a bike, 

even after years without practicing, getting back on a bike is always much easier than the first time 

we learned it. 

 

Birdsong is a further example of a complex motor skill requiring extensive practice in order to 

perfect the required precisely timed coordination between respiratory and syringeal muscles. During 

a first testosterone-induced singing experience, female canaries slowly improve their vocal motor 

skills. Copious repetitions of the vocal motor sequences required to produce song lead to the 

gradual consolidation of the muscle memory for the desired vocal patterns. In the work presented in 

this thesis (chapters I and II), we investigate vocal development in female canaries across long time 

periods for the first time. We discovered that, during a first singing experience, female canaries will 

develop their vocal motor skills slowly while progressing through subsong and plastic song stages 

leading up to stable song, similar to the first vocal learning development seen in males of the same 

species. A further novel finding of this study relates to the faster re-acquisition of these motor skills 

during a subsequent singing practice period following several months when song practice was 

abolished. The faster re-acquisition of motor performance is a process termed savings, which refers 

to a more rapid rate of re-learning compared to the rate of original learning. Savings are clearly 

present in the vocal performance of female canaries, as seen in the more than 7 times faster 

reacquisition of stable syllable repetition rates during their 2nd singing experience, when compared 

to the 1st experience. 

 

The finding of motor skill savings in female canaries, combined with the convenience of being able 

to manipulate skill practice by administrating and withdrawing testosterone, makes female canaries 

an excellent model system for studies of motor memory development, muscle memory formation, 
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and their neural basis. Savings of motor skills are crucial for re-accessing high levels of motor 

performance after periods when practice is paused in many human activities. Both mundane actions 

such as swimming or riding a bike, or highly specialized activities such as dancing, musical 

performance, or surgical skills, rely on muscle memory to maintain high levels of performance after 

periods when practice is absent. Investigations of motor skill savings and its neural basis have thus 

far mainly been carried out using simpler motor tasks such as eye lid conditioning in rabbits 

(Medina et al., 2001), food reaching in mice (Xu et al., 2009), and simple finger opposition tasks in 

humans (Muellbacher et al., 2002). Such simple motor skills pale in comparison to the complexity 

of the motor sequences seen in performance dancing or delicate surgery. Vocal performance in 

female canaries thus poses a more comparable model, as it requires complex motor control across 

respiratory, jaw, and vocal muscle groups, to produce complex vocal sequences under fast and 

precise time control. 

 

We found a likely muscle memory correlate for vocal motor skills in female canaries – the 

excitatory synapses of nucleus HVC. Extensive evidence is available to implicate 

activity-dependent synaptic plasticity as the neural correlate of memory storage (for review see 

Takeuchi et al., 2013). In adult female canaries, nucleus HVC, known to be active during singing 

(Yu and Margoliash, 1996), undergoes a more than 30% reduction in dendritic spine density after 

several months of testosterone-induced singing practice, when compared to untreated inexperienced 

females. Dendritic spine density is then maintained at similar low levels even after a period of 

various months when singing practice is abolished by testosterone removal (chapter I), as well after 

a subsequent vocal practice period induced by DHT-treatment (chapter II). The stabilization of 

excitatory synapse levels in HVC, which cannot be further disturbed by changes in sex-hormone 

levels or further singing practice, indicates this nucleus as the potential location for vocal muscle 

memory storage in the songbird brain. Further evidence supporting this idea is given by the finding 

that dendritic spines in nucleus RA, another vocal premotor nucleus, seem unaffected by 

hormone-induced vocal practice (chapter I), isolating HVC as a likely location where motor 

memory storage could occur. 

 

Nevertheless, we cannot exclude the possible involvement of further songbird brain regions, or 

indeed of other peripheral organs like the syrinx and the respiratory system, in vocal muscle 

memory storage. We found that the interruption of singing practice over long periods lead to the 

selective deterioration of song parameters linked to the contraction speed of syringeal muscles, 

namely frequency and amplitude modulation, and inter-syllabic interval duration (Elemans et al., 

2008; Goller and Suthers, 1996). These parameters required a short phase of re-development to 

reach previously acquired performance levels. Other song parameters, however, such as bandwidth, 

mean frequency, and Wiener entropy, suffered no deterioration and were maintained at similar 

levels, despite singing practice interruption. This hints at the occurrence of some degree of 

deterioration of the syrinx musculature when singing practice is abolished, whereas the performance 

levels of certain song parameters are possibly maintained stable by muscle memory storage 

elsewhere. We can, however, not exclude possible processes leading up to permanent changes in the 

syrinx, which could enable the faster re-acquisition of syrinx musculature performance levels. 
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Further open questions remain unresolved. We found that spine pruning has occurred in nucleus 

HVC after 5 months of testosterone-induced singing practice. 5 months is, however, a rather long 

time frame. It would be interesting to investigate in further detail the progress of spine pruning in 

this nucleus. At which time point after testosterone-induced singing onset does spine pruning start 

to occur? At which time point is the circuit stabilized and spine pruning ceases? How much vocal 

motor practice leads to pruning/HVC circuit stabilization? Does the HVC circuit stabilization 

coincide with the hormone-sensitivity shift enabling DHT-induced singing? To answer all these 

questions, the use of techniques such as in vivo two-photon microscopy, which has been previously 

applied to investigate song learning related changes in dendritic spine plasticity in juvenile 

songbirds (Roberts et al., 2010), could be of great value to investigate synaptic changes in HVC’s 

circuitry as individual birds practice their vocal motor skills. 

 

A limitation of the Golgi technique used in this thesis for dendritic spine density quantification is its 

lack of cell type specificity, leaving us with missing information on what specific types of synapses 

are being pruned. Dendritic spines are the postsynaptic sites of most vertebrate excitatory synapses, 

and HVC contains three major types of spiny neurons – projection neurons projection to Area X or 

RA, and a smaller population projecting to nucleus avalanche (Dutar et al., 1998; Roberts et al., 

2017). Although we could not distinguish between neuron types, we suspect that the major 

subpopulation of HVC projection neurons undergoing pruning projects to Area X. When comparing 

the frequency of dendrites with different spine densities across treatment groups, we observed that 

singing experienced stimulated the strongest reduction in densely spined dendrites. Previous studies 

have shown that the most densely spined HVC neurons are those projecting to Area X (Kornfeld et 

al., 2017). Furthermore, contrary to RA projecting neurons, which are renewed in adulthood, HVC 

neurons projecting to Area X constitute a permanent population of HVC neurons (Alvarez-Buylla et 

al., 1988; Gahr, 1990a), which could hence be involved in long-term memory storage. Finally, it 

would be interesting to know in detail what specific connections are being pruned and which are 

being strengthened. HVC receives input from various sources, including mMAN, Uva, NIf, PAG, 

and a motor output copy from RA (Akutagawa and Konishi, 2010; Mooney, 2014; Nottebohm et al., 

1982; Roberts et al., 2008, 2017; Tanaka et al., 2018). In addition, connections can also be formed 

between different HVC projection neuron subpopulations, and between projection neurons and local 

interneurons. Assuming that a reorganization of Area X projecting neurons excitatory synaptic input 

is mainly involved, which input sources to Area X projection neurons play major roles in the 

storage of vocal muscle memory? 

 

The findings presented in this thesis, showing that a first testosterone-induced singing experience 

leads to vocal motor skills savings, the synaptic reorganization of the song premotor circuit, and the 

simplification in the hormonal activation of singing behavior, all point to an experience-dependent 

optimization of the processes enabling subsequent high quality song performance. Perhaps the HVC 

of female canaries starts in a more plastic juvenile-like state requiring both androgen and estrogen 

receptor activation of gene cascades to induce cellular differentiation processes. Upon 

testosterone-induced song practice, estrogen and androgen receptor activation, as well as singing 

activity, lead to a reorganization of the HVC circuit into an optimized stable state that thus becomes 
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capable of quickly producing song at similar performance levels to those previously acquired by 

singing practice. 

 

The changes brought about by testosterone-induced singing experience cannot subsequently be 

reversed neither by further singing practice abolishment or repeated singing experience, nor by 

changing sex hormone levels. The stability of this system after optimization by a first experience, 

which becomes resistant to subsequent experience-induced changes, relates to 

experience-dependent sensitive periods studied in other model systems. The female canary brain 

seems to stay in a sensitive state awaiting testosterone-induced singing experience, with experience 

closing the sensitive period and preventing further circuit changes. Likewise, tutor song exposure 

will accelerate the closure of the sensory period of vocal learning in juvenile male birds, which is 

also accompanied by the restructuring of HVC’s synapses (Huang et al., 2018), and sensory 

exposure is essential for the proper development of the mammalian visual system circuit (Hooks 

and Chen, 2007). 

 

The synaptic reorganization of the song premotor circuit prompted by testosterone-induced singing 

is further accompanied by a shift in hormone responsiveness, constituting a novel mechanism of 

hormone-induced vocal history-dependent DHT sensitivity in female canaries (chapter II). DHT 

was found to be sufficient to induce song output only in female canaries that had previously 

experienced testosterone-induced song performance development. This adjustment in DHT 

behavioral responsiveness points to a shift away from the need for both androgen and estrogen 

receptor activation, brought about by testosterone metabolization in the brain during a first 

testosterone-induced singing experience, which leads to a subsequent state requiring androgen 

receptor activation only in order to trigger singing. Nonetheless, these findings are unable to give us 

an understanding on the mechanisms behind the shift in the ability of DHT to induce singing. What 

gene cascades are essential for a first hormone-induced singing experience but suppressed in 

subsequent hormone-induced singing? In addition, what gene cascades are common to both? How is 

sex hormone receptor activity differentially regulated in naïve and experienced animals? 

 

HVC, as the only song nucleus expressing both androgen and estrogen receptors (Gahr et al., 1987; 

Gahr and Metzdorf, 1997), seems like a good candidate to start such investigations. Previous studies 

of the female songbird HVC revealed testosterone-induced gene expression for cellular 

differentiation processes related to neuron growth and spacing, angiogenesis and neuron projection 

morphogenesis (Dittrich et al., 2014). In the male canary HVC, 85% of the seasonally and 

testosterone upregulated genes have been found to be related to neuron differentiation, axon, 

dendrite and synapse organization, while seasonal gene networks related to neuronal differentiation 

were found only in HVC, but not in RA (Frankl-Vilches et al., 2015). 

 

Interestingly, the HVC neuron population we expect to be mainly involved in the reorganization of 

HVC’s synaptic circuit during a first hormone-induced singing experience is also the cell 

population to which estrogen receptors in HVC seem to be mainly restricted (Gahr, 1990a). As 

androgen and estrogen receptors are known to be expressed in distinct cell populations in HVC 
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(Gahr, 1990b), distinct cell populations are likely differently involved in a first singing experience 

compared to subsequent ones. Estrogens are known to induce the remodeling of synapse structure 

and function (reviewed in Srivastava, 2012), so perhaps estrogen-receptor activation is responsible 

for promoting synaptic plasticity in HVCX projection neurons in a first singing experience, leading 

up the optimization of the premotor circuit for song production. Once circuit optimization is 

accomplished, the estrogen receptor-activated gene cascades that promote synaptic plasticity could 

be unnecessary or even detrimental for the preservation of the optimized circuits and are hence 

permanently switched off in order to preserve optimized circuits and stored memories. Such an 

ability to modulate the neuroplastic effects of sex hormones is probably of great value for seasonal 

species, where there is a need for distinct hormonal effects during the developmental sexual 

differentiation of brain and behavior versus seasonal hormonal effects. Furthermore, synaptic 

plasticity abnormalities are associated with many pathologies, such as Alzheimer’s and Parkinson’s 

disease (Day et al., 2006; Knafo et al., 2009; Patt et al., 1991; Spires et al, 2005), so understanding 

the mechanisms responsible for the maintenance of stable circuits could help develop clinical 

applications to treat such disorders. 

 

 

 

Exploring the song system connectome in unprecedented detail: 

New tools, possible applications, and open questions to explore 

 

In order to deepen our knowledge on the adult neuroplasticity of the song system under the 

influence of sex hormones and motor learning, new techniques that enable cell type-specific 

investigations of large tissue volumes at subcellular resolution are required. In order to understand 

the multiple links involved in this system, an understanding of the rewiring of brain-wide 

connections between song nuclei, as well as their inputs and outputs outside of the song system, is 

essential, as is detailed knowledge on the shaping of connections between the distinct cell 

populations within the song nuclei. 

 

Promising advances are being made in the songbird field for the implementation of techniques that 

allow for precise 3D reconstructions at high resolution, such as serial block-face light and electron 

microscopy (Huang et al., 2018; Kornfeld et al., 2017; Oberti et al., 2011). Nonetheless, these 

techniques entail drawbacks in terms of difficulty of their implementation and speed of data 

acquisition of large volumes of tissue. The main advantages of the techniques we have successfully 

adapted for the first time for songbird brain tissue – light sheet imaging in combination with tissue 

clearing (chapter III) and expansion microscopy (chapter IV) – are their simplicity in 

implementation, requiring just a few more chemicals than what is already commonly available in 

most histology labs, and data acquisition speed. Imaging the same tissue volume at subcellular 

resolution using expansion and light sheet microscopy will take seconds as compared to minutes in 

a confocal microscope, and light sheet imaging of a cleared adult zebra finch forebrain hemisphere 

in one channel at sufficient resolution to follow axonal tracts is feasible in about 10 min. 
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In combination with light sheet microscopy, tissue clearing makes the imaging of whole brain 

anatomical features feasible, and thus has great potential for investigating the long-range 

connections between song nuclei, by its combination with viral vectors for fluorescent protein 

expression to label specific neuron populations of interest. Moreover, the clearing and expansion of 

tissue accomplished with expansion microscopy has great potential for the detailed exploration of 

the connectivity within song nuclei. Unlike the CUBIC and iDISCO+ clearing protocols (chapter 

III), expansion microscopy has so far failed to enable whole brain investigations. This is mainly due 

to challenges in sample handling, with large post-expansion tissue volumes becoming difficult to 

handle and susceptible to damage caused by movement, as well as imaging challenges caused by 

the limited working distance of currently available light sheet microscopes. Nonetheless, we 

successfully accomplished 4x expansion of whole HVCs (chapter IV), confirming the feasibility of 

whole song nuclei expansion microscopy, making it a great tool for exploring connectivity within 

song nuclei. 

 

These new tools could potentially help answer the questions left open by our findings in chapters I 

and II. We have used the Golgi-technique to assess changes in dendritic spine densities related to 

sex hormone-induced singing, which provided interesting results. Golgi-stained tissue fails, 

however, to provide detailed information on the specific neuron populations involved in the lasting 

synaptic reorganization of nucleus HVC we have found. The use of viral vectors for the differential 

labelling of distinct neuron populations, and synaptic markers for synapse labelling, which can also 

be used to distinguish between excitatory and inhibitory synapses, in combination with whole HVC 

expansion and light sheet microscopy would enable the more detailed knowledge of the HVC 

connectome reorganization caused by hormone-induced song development. Of further relevance is 

the recent development of expansion fluorescence in situ hybridization (ExFISH; Chen et al., 2016), 

which enables super-resolution imaging of RNA location in thick brain tissue samples. ExFISH thus 

has the potential to help elucidate the genetic signaling pathways involved in the different roles of 

testosterone, DHT, and estradiol in birdsong modulation in a first singing experience vs. subsequent 

singing performance. Likewise, the iDISCO+ tissue clearing protocol has been applied to enable 

whole-mount in situ hybridization of the mouse brain to precisely locate mRNAs (Guo et al., 2018). 

The tissue clearing protocols we have successfully applied to whole songbird brains can thus also 

be used to investigate if any other lasting changes follow testosterone-induced song practice in brain 

areas outside of HVC. Gene expression, as well as long range connectivity, and other key features 

preserved in cleared tissue that are frequently quantified in songbird sex hormone studies, such as 

gross morphology and cerebral vasculature (for review see Chen et al., 2013), can all be granted a 

closer look with the use of these techniques. 
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Conclusion 

 

In this thesis, we have made a modest contribution to further the understanding of the mechanisms 

behind adult neuroplasticity guided by motor learning and sex hormones. We found lasting changes 

in singing behavior, sex hormone responsiveness, and song system circuitry prompted by a first 

testosterone-induced vocal motor learning experience. Additionally, we have adapted new tools for 

detailed large volume investigations of songbird brain tissue that could help further clarify the 

aforementioned mechanisms. We hope the contributions made by this thesis with new techniques 

and new findings will help further elucidate the mechanisms behind the role of learning and 

hormones in reshaping the adult brain’s structure and function. 
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