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Abstract
The question ’how is the neural system of an animal organized to enable it to
learn?’ is of high interest in neuroscience. Songbirds have been in the focus of
neuroscience for many decades now since they exhibit an illustrative learning
behavior: A juvenile male zebra finch, a small Australian songbird, learns his
songs in two phases, a first sensory phase in which he memorizes a tutor song,
usually his father, and an overlapping sensorimotor phase in which he vocalizes
himself and relies on auditory feedback to learn a precise imitation of the tutor
song. When learning is completed the zebra finch song crystalizes and remains
unchanged for the rest of the birds life. On a neural level song development is
accompanied by an increase of premotor drive of HVC, a motor cortex analog,
the highest known premotor structure for adult zebra finch song. This shift
of premotor drive is paralleled by changes within HVC, such as a lowering of
turnover rates of dendritic spines. However it remains unknown how the densities of excitatory and inhibitory synapses evolve during song learning and how
Nucleus Interfacialis of the Nidopallium (NIf), a major source of auditory input
to HVC, influences the synaptic modifications.
In adult zebra finches NIf is not necessary for production of linearly structured
zebra finch song. A study on Bengalese finches, a songbird species singing a
more complex probabilistic syllable order, showed that bilateral electrolytic lesions of NIf in adult birds lead to a loss of probabilistic syllable transitions
(Hosino and Okanoya, 2000), giving NIf the conducting role over the syllable
order. However the methodology of this study is prone to also lesion axons
passing NIf and therefore the validity of this finding is uncertain.
In the thesis at hand we give an account of two experiments. With the first
experiment we challenged the result of (Hosino and Okanoya, 2000). We bilaterally lesioned NIf of adult Bengalese finches excitotoxically to avoid unwanted
damage to passing axons and compared syllable transition probabilities pre and
post lesion. Of three birds with partial or complete bilateral lesion of NIf, the
bird with complete abolishment of NIf did not exhibit a change in the probabilistic syllable transitions. Even though the result of only one bird is not
conclusive this is evidence that the eﬀect found by (Hosino and Okanoya, 2000)
is an artefact.
In the second experiment we investigated the changes of synapse statistics in
HVC during song tutoring in the sensorimotor phase with the additional goal
to find out the impact of missing NIf input to HVC. We estimated densities of
symmetric and asymmetric synapses by means of electron microscopy in juvenile zebra finches of three experimental groups. All birds received NIf lesions
at the same age of 53 days post hatch and were perfused 6 days later. Birds of
the full-tutored group (FT) were tutored before and after the lesion. Birds of
the the post-lesion-tutored group (PLT) were tutored only after the NIf lesion
while birds of the tutor-isolate group (ISO) never had exposure to tutor song.
To our surprise we did not find a significant diﬀerence in the measured synapse
parameters between FT and ISO. However the PLT had a significantly lower
synapse density than the ISO and a significantly higher proportion of symmetric synapses than FT and ISO. An airtight conclusion about the influence of
NIf on synaptic development of HVC cannot be drawn from these results since
the diﬀerent tutor exposure times of FT and PLT could be responsible for the
diﬀerences.
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These two experiments show, that further investigations are necessary to elucidate the role of NIf and the learning-related development of HVC.

Zusammenfassung
In den Neurowissenschaften ist die Frage ’Wie sind lernfähige neuronale Systeme
aufgebaut?’ von hohem Interesse. Singvögel sind schon seit vielen Jahrzehnten im Fokus von neurowissenschaftlichen Studien, denn ihr Lernverhalten ist
sehr anschaulich: Junge Männchen der Spezies Zebrafink, einem kleinen australischen Singvogel, lernen ihr Lied indem sie sich das Lied eines Tutoren,
oft des Vaters, einprägen und anschliessend mit Hilfe von auditorischem Feedback imitieren lernen. Das Lied des Jungvogels wird im Laufe des Lernens
immer strukturierter und seine Ähnlichkeit zum Lied des Tutoren nimmt zu.
Wenn das Lernen abgeschlossen ist, bleibt das gelernte Lied für den Rest des
Vogellebens unverändert. Auf der neuronale Ebene ist die Entwicklung des
Gesangs dadurch begleitet, dass der prämotorische Antrieb von HVC, einem Motorkortexananlog, zunimmt. HVC ist das höchste bekannte Hirnareal, das den
Gesang von erwachsenen Zebrafinken antreibt. Auch nimmt die Veränderungsrate in Synapsen in HVC während des Lernens ab. Wie sich jedoch die Dichten
der exzitatorischen und inhibitorischen Synapsen während des Lernens entwickeln und wie der Nucleus Interfacialis des Nidopallium (NIf), eine wesentliche
Quelle von auditorischen Reizen für HVC, dies beeinflusst, ist nicht erforscht.
In erwachsenen Zebrafinken wird NIf nicht zum Singen des linear aufgebauten
Gesanges benötigt. Bei Japanischen Mövchen, einer Singvogelart mit variabler
Silbenreihenfolge des Gesangs, wurde in einer Studie NIf von erwachsenen Tieren
beidseitig per Elektrokaustik zerstört; die Variabilität der Silbenreihenfolge verschwand nach der Läsion (Hosino and Okanoya, 2000). Demnach würde NIf
die Silbenübergänge dirigieren. Allerdings hat diese Läsionsmethode zur Folge,
dass Axone, die nahe an NIf vorbeilaufen, ebenfalls zerstört werden, was das
Ergebnis fragwürdig erscheinen lässt.
Diese Arbeit beschreibt zwei Experimente. Mit dem ersten stellten wir das
Ergebnis von (Hosino and Okanoya, 2000) in Frage. Wir zerstörten NIf beidseitig exzitotoxisch in erwachsenen Japanischen Mövchen, um vorbeilaufende
Axone zu schonen, und verglichen Silbenübergänge vor und nach der Läsion.
Von den drei Tieren zeigte das Tier mit vollständiger beidseitiger Zerstörung von
NIf keinen Verlust der Variabilität der Silbenstruktur. Wenn auch ein einzelnes
Tier kein umfassender Beweis ist, so deutet dieses Resultat darauf hin, dass das
Ergebnis von (Hosino and Okanoya, 2000) ein Artefakt ist.
Im zweiten Experiment untersuchten wir die Veränderungen der Statistiken von
Synapsen in HVC während des Gesanglernens, mit zusätzlichem Augenmerk auf
den Einfluss von fehlendem NIf-Input für HVC. Wir schätzten die Dichten von
symmetrischen und asymmetrischen Synapsen in jungen Zebrafinkenmännchen
per Elektronenmikroskopie in drei Versuchsgruppen ab. In allen Tieren zerstörten wir NIf 53 Tage nach dem Schlüpfen und perfundierten die Tiere nach
7
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sechs weiteren Tagen. Eine Gruppe hatte vor und nach der Läsion Kontakt mit
einem Tutoren (FT), die zweite Gruppe nur nach der Läsion (PLT), während die
dritte Gruppe keinen Tutorenkontakt hatte (ISO). Überraschenderweise fanden
wir keinen signifikanten Unterschied zwischen FT und ISO. Hingegen hatte PLT
eine signifikant geringere Synapsendichte als ISO und einen signifikant höheren
Anteil an symmetrischen Synapsen als FT und ISO. Eine sichere Aussage über
den Einfluss von NIf auf die Synapsenentwicklung in HVC kann nicht gemacht
werden, denn die unterschiedlichen Zeitspannen des Tutorenkontakts könnte für
den Unterschied zwischen FT und PLT verantwortlich sein.
Diese Experimente zeigen, dass weitere Versuche nötig sind, um die Rolle von
NIf und die lernbezogenen Entwicklung von HVC zu ergründen.

Chapter 1

Introduction
We motivate in this introduction why it is highly interesting to study learning
in general and why songbirds are specially suited for such studies. Furthermore
we guide the reader into the current state of knowledge on vocal learning in
songbirds, their behavior and anatomy, and focus on one brain area, the nucleus
interfacialis of the nidopallium (NIf), which seems to play varies roles in vocal
learning and singing. In addition we will point out where our knowledge of
these roles is only faint and which experiments could be done to elucidate them
further. Finally we discuss possible methods to conduct these experiments and
we explain which questions we tried to elucidate with our experiments.

1.1 Song learning in songbirds
The capability of learning is a powerful feature of brains. Learning enables
animals to cope with their environment in an adaptive way, increasing their biological fitness far beyond the possibilities of purely innate behaviors alone. A
learned motor behavior distinguishes us homo sapiens from all other primates:
Spoken language, a finite set of symbols and rules allows us to convey information of arbitrary complexity. As children we learn to express phonemes vocally,
to combine these phonemes into words and to structure these words syntactically into sentences. This complex learned behavior is one influential reason
why we humans are so successful in our evolutionary history. To understand
the neuronal substrate of learning, and of complex vocal learning in particular,
is of high interest in the field of neuroscience.
Other non-primate animals do also exhibit learned vocal behavior: Marine mammals, parrots, hummingbirds and songbirds. Of these, songbirds have been
studied most extensively under the aspect of vocal learning. Songbirds can be
observed with relative ease in the wild and many species of them can be held and
bred in captivity. Experiments, non-conductable in humans, such as social isolation and targeted lesions of brain areas can be conducted in songbirds. Many
ethological, neural and genetic parallels were found between song learning in
avian species and speech learning in humans, as reviewed by (Doupe and Kuhl,
1999). Two important similarities are the developmental processes in human
language learning and birdsong learning and the syntactical structure of the
vocalizations.
9
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The following section will review the behavior of song learning and production
in songbirds with special focus on the two species which were used for this study
– the zebra finch (Taeniopygia guttata), a small Australian songbird, and the
Bengalese finch (Lonchura striata domestica), a domesticated strain of a wild
species, the white-rumped munia, of Southeast Asia.

Figure 1.1: Male zebra finch: Note the characteristic eponymous black and
white stripes.
Only male zebra finches (Fig. 1.1) learn song. The vocalization of females is restricted to short innate calls which both sexes share to communicate (e.g. ’Join
me!’, ’I am here!’, ’Come to me!’) (Zann and Bamford, 1996). The function of
song seems to be restricted to solicitation of mating behavior.
The learning process of the males is divided into two phases (Immelmann, 1969).
In the initial sensory phase a young bird (15 to 60 days post hatch (dph)) receptively listens to a tutor and memorizes the tutor song, also called template.
If the bird grows up in isolation or is raised by non-singing birds, such as females, he will later sing according to his innate template (Williams, Kilander,
and Sotanski, 1993) and diﬀerent birds of the same species share species-typical
characteristics of innate template (Marler and Sherman, 1985). In the overlapping sensorimotor phase (25 - 90 dph), the bird starts to vocalize himself
and requires auditory feedback in order to imitate the tutors song successfully
(Fig. 1.2) (Konishi, 1965). The vocalization gradually develops during the sensorimotor phase from unstructured babbling, also called subsong, to plastic song
increasingly resembling the template (Fig. 1.3) (Marler, 1970). However, the
resemblance does not increase linearly over time. A daily rhythm in the quality
of vocalization was discovered in a study which exposed juvenile birds to a tutor song only after the beginning of their sensorimotor phase (Derégnaucourt et
al., 2005): Song structure deteriorates following each night of sleep and recovers
during the first hours in the morning. The similarity to tutor song also increases
over the first hours of the day and plateaus in the afternoon. Interestingly the
juveniles with greater nightly deterioration of similarity ultimately seem to learn
the tutor song with higher accuracy.
At around 90 dph the song crystallizes and remains the same for the rest
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Figure 1.2: Timeline of zebra finch song learning. Adapted from (Brainard and
Doupe, 2000).

Figure 1.3: Sonograms of an adult zebra finch song (top) and of his son’s developing vocalizations through his sensorimotor phase to christallized song. Adapted
from (Bolhuis and Gahr, 2006).
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of the bird’s life. Auditory feedback is still needed for the maintenance of
the song as it was found that crystallized song of birds deafened, slowly deteriorates on the timescale of days to months (Nordeen and Nordeen, 1992;
Tschida and Mooney, 2012).
Similar to human speech zebra finch song and Bengalese finch song are composed of small components, so called syllables or notes. The song of a zebra finch
is linear in the sense that the order of the syllables is fixed (Okanoya, 2004).
On average a song is composed of about 10 syllables with a total duration of
0.5 - 1 second (Zann and Bamford, 1996). The division of song into syllables
is not merely descriptive but also functional which was first shown by exposing
singing zebra finches to strong bursts of light (Cynx, 1990). The birds stopped
singing in response to the optic stimuli mostly between syllables. Zebra finches
typically sing in bouts. These bouts consist of a variable number of repeated
songs, which can be led by introductory notes in some birds. This relatively
simple behavior of singing only one stereotyped song makes studying song learning in zebra finch easy compared to other species with bigger repertoires and or
more variable, complex songs.
One of these species is the Bengalese finch. Its song syntax is not linearly fixed.
From 2 to 5 syllables are combined to a song and the transitions from one
syllable to the next are determined only in a probabilistic manner (Fig. 2.1)
(Honda and Okanoya, 1999). The syllables and transition probabilities have
been described utilizing Markov models (Okanoya, 2004; Katahira et al., 2011;
Jin and Kozhevnikov, 2011). The higher degree of syntactic complexity makes
Bengalese finch an excellent model to study generation of syntax and its neural
substrate.

1.2 The song system and its motor pathways
This section introduces the part of songbird neuroanatomy which was found to
underlay learning and production of song.
In contrast to the layered mammalian cortex, the avian pallium is divided in
nuclei. Nuclei are comprised by neurons that group together in dense clusters.
Despite the apparent diﬀerence in structure between these diﬀerent types of
brains, many functional and molecular biological parallels were found between
subregions of cortex and avian pallium and the modern nomenclature tries to
reflect these parallels, facilitating the transfer of knowledge between these fields
of biology (Jarvis, Bruce, and Csillag, 2005). Many nuclei were found to be
directly or indirectly involved in learning and production of song. This set of
nuclei is referred to as the song system (Fig. 1.4).
The song system includes two motor pathways which interplay in learning and
production of song: The song motor pathway (SMP), responsible for driving
crystallized song, and the anterior forebrain pathway (AFP), driving the variable subsong. The SMP consists of a stream of connected Nuclei: HVC1 (reciprocally) projects to the Robust Nucleus of the Arcopallium (RA) (Roberts et
al., 2008). RA projects to the Dorsal Medial Nucleus (DM) and the Hypoglossal Nucleus (nXII) which in turn relay onto the vocal organ, the syrinx, and to
1 HVC is now used as the proper name of the nucleus; formerly its name was derived as the
abbreviation of Higher Vocal Center.
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respiratory areas: Nucleus Paraambiguus (PAm) and Nucleus Retroambiguus
(RAm) (Vates, Vicario, and Nottebohm, 1997). These targets are orchestrated
to produce the necessary coordination of air pressure from the air sacs, tension
of the syrinx and beak muscles to sing.
The AFP also starts from HVC. A second class of HVC neurons projects to
basal ganglia homolog Area X, in turn projecting to the Dorsal Lateral Nucleus
of the Medial Thalamus (DLM). The pathway continues projecting from DLM
to the Lateral Magnocellular Nucleus of the Anterior Nidopallium (LMAN) relaying onto RA where the AFP merges with the SMP.

Figure 1.4: Diagram showing a generalized songbird brain. Color coding: red –
the anterior forebrain pathway (AFP); blue – the song motor pathway (SMP);
grey – auditory areas; Adapted from (Heather Williams, 2012)
The singing of crystallized adult song is driven by HVC neurons projecting to
RA (HVCRA 2 ). Their activity encodes the temporal structure of song production in a highly stereotyped and sparse manner. Each HVCRA neuron bursts
once at a specific time during a rendition of the song with sub-millisecond precision in respect to the song (Hahnloser, Kozhevnikov, and Fee, 2002). These
bursts in HVCRA neurons control the timing of song; cooling of HVC causes a
slowdown of the produced song (Long and Fee, 2008). The activity in RA during singing is also highly stereotyped but less sparse (Leonardo and Fee, 2005).
RA projection neurons were found to burst multiple times per song rendition.
Ensembles of RA projection neurons are active during every moment of singing,
supposedly providing the continuous motor commands to orchestrate singing.
The motor commands of crystallized song of zebra finch seem to be encoded
mostly in the network of HVC and RA neurons.
2 A means neurons having its soma in brain area A sending an axon to area B. Interneurons
B
of area A are marked as AI .
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In the early subsong phase however the bird does not need HVC to drive its
singing as discovered in a HVC lesion experiment (Aronov, Andalman, and Fee,
2008). The AFP is the driver of early babbling and HVC is not necessary for
this babbling. Also LMAN, as the AFP output, introduces an element of variability: LMANRA neurons show highly variable firing patterns during singing
and inactivation of LMAN increases song stereotypy (Olveczky, Andalman, and
Fee, 2005). Permanent lesions of LMAN in juvenile birds stop song development
(Bottjer, Miesner, and Arnold, 1984). This AFP-driven variability is therefore
thought to drive the bird’s exploration of its motor command space, necessary
for changes in singing.
Activity in HVC correlates with the daily and developmental change of the birds
vocalizations (Day et al., 2009): The HVC activity levels during singing increase
daily and decrease overnight in both adult and juvenile zebra finch. The activity pattern of juveniles becomes burstier over the day and the HVC burstiness
increases with development. The nocturnal decrease in HVC activity strongly
correlates inversely with the next days change in singing.
During the plastic song phase, both these pathways AFP and SMP, supposedly
interact to generate the partially structured but variable vocalizations upon
which vocal learning operates.

1.3 Auditory inputs to the song system
This section introduces auditory activity of the song system followed by an
overview of HVC’s aﬀerent connections and goes into detail about auditory inputs.
As mentioned earlier auditory input is crucial for song learning. Electrophysiological responses of neurons to auditory stimuli disclose processing of auditory input. Such responses of diﬀerent selectivity have been found in most
song system nuclei giving them a combined sensorimotor characteristic (Doupe,
1997; Vicario and Yohay, 1993). HVC of adult anesthetized songbirds (WhiteCrowned Sparrow) was found to have highly specific selectivity to playback
of the bird’s own song (BOS) over playback of the time-reversed BOS (REVBOS)3 (Margoliash, 1986). The response of some HVC neurons needs auditory integration over periods ranging from 80 to 350 ms (Fortune and Margoliash, 1992). However responses of HVC neurons to BOS decreases when
the bird sings itself and this motor inhibition persists a few seconds after
the bird has stopped to sing (McCasland and Konishi, 1981). Also HVC’s
response to auditory stimuli is much stronger in anesthetized birds than in
the awake state (Schmidt and Konishi, 1998). However this state-dependent
gating of response does not arise in Field L, an aﬀerent auditory area. Intracellular recordings in HVCX , HVCRA and HVCI neurons of zebra finches
revealed that both projection neuron types, HVCX and HVCRA , are BOS selective and that the selectivity most likely arises within HVC (Mooney, 2000;
Rosen and Mooney, 2003). These findings support the theory that BOS selectivity in nuclei of AFP and SMP originates in HVC.
The BOS selectivity of HVC is coupled to the learning process of the vocal3 This artificial stimulus, REVBOS, used in many studies, only diﬀers in the time domain
from BOS, containing the same frequencies. This Stimulus is therefore suited to discover
timing-specific diﬀerences of receptive fields.
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izations. In sleeping juvenile zebra finch the current BOS induces the greatest
responds compared to older versions of BOS (Nick and Konishi, 2005a). HVC of
awake juveniles in the early sensorimotor phase responds strongly to playback
of the tutor song (TUT) while in the sleeping bird BOS is the prefered stimulus
for HVC (Nick and Konishi, 2005b). This preference changes with development
and during the late sensorimotor phase HVC is responding less to TUT then to
BOS playback.
The song system receives input from various nuclei. HVC, at the apex of both
motor pathways, receives axonal input from the thalamic nucleus Uvaeformis
(Uva) and Nucleus Interfacialis of the Nidopallium (NIf) and is reciprocally
connected to nucleus Avalanche (Av) (Nottebohm, Kelley, and Paton, 1982;
Akutagawa and Konishi, 2010). Av is located in the ventral Caudal Mesopallium (CM) and is reciprocally connected to NIf (see Fig. 1.4). Uva has two
populations of projection neurons targeting NIf (UvaNIf ) non-overlapping with
the UvaHVC neurons and in addition projections onto Av (UvaAv ). Yet another
input to HVC comes from medial Magnocellular Nucleus of the Nidopallium
(MMAN) (Foster and Bottjer, 1998).
The aﬀerent brain areas in songbirds from which auditory information was found
to originate are thalamic nucleus Ovoidalis Complex (Ov) and the Field L complex, a primary auditory cortex (A1) analog (Vates et al., 1996; Jarvis, Bruce,
and Csillag, 2005; Wang, Brzozowska-Prechtl, and Karten, 2010). The Field L
complex comprises diﬀerent layered subareas: L1, L2 and L3. Axons from Ov
terminate in L2 which in turn relays to L1 and L3. Neurons in Field L show
responses to a variety of stimuli, from simple tonal components to more complex spectral-temporal structures (Sen, Theunissen, and Doupe, 2001). Chronic
song-triggered stimulations in Ov can shift the pitch of the targeted syllable
(Lei and Mooney, 2010), proving the importance of Ov for auditory feedback.
Diﬀerent possible pathways for auditory activity to enter HVC have been found:
Via NIf In adult zebra finch, NIf neurons are selective for BOS but less so compared to HVC (Janata and Margoliash, 1999; Coleman and Mooney, 2004).
NIf neurons respond to a wide variety of auditory stimuli. Inactivation
of NIf eliminates all auditory-evoked sub-threshold activity in HVCX and
HVCRA neurons. NIf receives auditory input from the secondary auditory
area CM, and most of the input seems to come from subregion Av (Akutagawa and Konishi, 2010). Electrophysiological recordings in anesthetized
adult zebra finch in Av and surrounding CM revealed auditory responses
of Av to be selective for BOS over REVBOS over white noise (WN), while
neurons in surrounding CM where responding stronger to WN over REVBOS over BOS.
In addition NIf receives input from Uva which in turn receives input from
the Ventral Nucleus of Lateral Lemniscus (LLV), an auditory brainstem
component (Coleman et al., 2007). Uva neurons respond to auditory stimuli, BOS, REVBOS and CON without significant selectivity for one over
another, in anesthetized adult zebra finch. Uva inactivations do not change
BOS responses in HVC. Electrical Uva stimulations consisting of high frequency stimulus trains however suppress auditory-evoked activity in HVC.
Via Av The auditory input from CM also has a direct way to HVC. As described
above a direct pathway was found projecting from Av to HVC (Akutagawa
and Konishi, 2010).
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Via Field L Another input for auditory input to HVC is a projection from
Field L1 to a ventral and medial part of HVC, called HVC shelf. HVC shelf
is innervated by dendrites of the other parts of HVC (Katz and Gurney,
1981; Kelley and Nottebohm, 1979; Fortune and Margoliash, 1995).
via MMAN Recently it was found that MMAN, a direct aﬀerent of HVC, also
responds to BOS in anesthetized adult zebra finches, even though not
showing the same sharp selectivity over REVBOS and CON as HVC
(Williams, Nast, and Coleman, 2012). However deactivation of MMAN
showed no significant diﬀerence in auditory response of HVC to BOS.
Even though NIf seems to be the strongest auditory input to HVC, one has to
note that this was found in anesthetized birds. The functions of the diﬀerent
pathways relaying auditory input onto HVC and the song system remain unclear.

1.4 The Nucleus Interfacialis of the Nidopallium (NIf)
and its functions
As pointed out in earlier NIf is an important auditory input for HVC. This section summarizes what is known about NIf and goes into detail about the roles
which NIf might play in juvenile and adult songbirds.

1.4.1 The roles of NIf in adult birds
NIf’s possible roles in adult songbirds remains unclear but seem to be speciesdependent: In adult zebra finch bilateral excitotoxic NIf lesions do not cause
degradation over time periods of weeks (Cardin, Raksin, and Schmidt, 2005;
Roy and Mooney, 2009). This demonstrates that NIf does not have a direct
role in driving song of adult bird. However NIf shows activity with typical
characteristics of motor activity (Lewandowski and Schmidt, 2011): Multiunit
activity of NIf precedes song introductory notes by about the same time as such
activity of HVC (Kozhevnikov and Fee, 2007). Possibly this NIf activity could
be responsible for maintenance of song over even longer time periods.
A study on NIf-lesioned adult Bengalese finch however showed direct impact
on the song (Hosino and Okanoya, 2000). Electrolytic NIf lesions caused the
previously probabilistic syllable transitions to mostly disappear (see Fig. 1.5).
The bird which had sung with probabilistic transitions sang an almost linear
song post lesion. This finding gave rise to the idea that NIf could be responsible
for syntactic song organization (see review on Bengalese finch song by (Okanoya,
2004)). Nif could be triggering the probabilistical syllable-to-syllable transitions
and would therefore be without a particular role in species with linear syllable
order such as zebra finch.
However we had the suspicion that this result may be artefact caused by the
electrolytic lesion. This method of lesioning heats the lesion electrode to a high
temperature, in the case of (Hosino and Okanoya, 2000) to 80° for one minute,
cauterizing the neuropil in vicinity to the tip of the electrode. Thus all neurons
in the radius of cauterization are damaged. In contrast excitotoxic lesions with
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Figure 1.5: Changes in song syntax of a Bengalese finch following NIf lesion.
Top: Preoperativly, song had a complex transition pattern as in most Bengalese
finches. Bottom: Simplified transitions after the electrolytic lesion of NIf. Replotted in (Okanoya, 2004) from (Hosino and Okanoya, 2000).
ibotenic acid are more selective. Ibotenic acid causes over-excitation of the
postsynaptic machinery of neurons to an extend that the neurons die. Passing
axons are spared from lesioning since they lack postsynaptic sites (Schwarcz et
al., 1979).
This suspicion motivated us to repeat the experiment by (Hosino and Okanoya,
2000) with excitotoxic instead of electrolytic lesions (see section 1.7.1).

1.4.2 The roles of NIf in juvenile birds
Diﬀerent studies have shown that NIf plays an important role for song learning.
The work by (Naie and Hahnloser, 2011) studied the eﬀects of pharmacological
inactivation of NIf in birds in the subsong phase, in the plastic song phase and
at adulthood on singing. Adult birds’ song showed only transient eﬀects comparable to those in the permanent lesion experiments mentioned above. The
birds in the subsong phase did not show measurable changes in singing. In the
birds in the plastic song phase NIf deactivation lead to transient degradation
of plastic song toward subsong. This indicates that NIf plays a functional role
during this time in the sensorimotor phase.
The importance of NIf for song learning in juvenile birds was further emphasized
by(Roberts and Gobes, 2012). The authors could show that birds which had
received NIf lesions prior to tutoring were strongly impaired in learning compared to the unlesioned control birds and that the size of the lesion correlated to
the impairment of song learning. A second experiment was conducted in which
NIf was deactivated temporarily. The birds received sodium-channel blocker
tetrodotoxin (TTX) injections bilaterally into NIf prior to the tutoring sessions
while the control birds received saline into NIf before tutoring and TTX after
the tutoring sessions, thereby keeping the total injected amount of TTX equal.
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The result of this second experiment was that NIf-deactivated birds had a lower
similarity to tutor song compared to the control birds. In a third experiment
birds received electrical microstimulations in NIf whenever the tutor bird sang
and the control birds received the same stimulations in Field L. The songs of
the birds which were microstimulated in NIf had poorer copies of the tutor song
compared to the control.
Additionally to the NIf activity during the tutoring itself Nif is involved in
another learning related activity during sleep. As mentioned above (on page
14) singing as well as HVC bursting activity undergo cyclic changes on a daily
rhythm (Day et al., 2009). Furthermore in sleeping zebra finch spontaneous
activity in HVC and RA was found which resembles the temporal pattern of
burst activity during singing (Chi, Rauske, and Margoliash, 2003; Dave and
Margoliash, 2000). In the first night after initial exposure to tutor song the
bursting activity in RA increases strongly (Shank and Margoliash, 2008). Different studies showed that spontaneous sleep bursts are driven by NIf (Cardin
and Schmidt, 2004; Hahnloser and Fee, 2007). The study of (Hahnloser et al.,
2008) indicated that NIf can drive sleep bursts even while Uva is deactivated.
The exact role of this sleep activities in the song system is unknown but an experiment by (Derégnaucourt et al., 2005) showed that song performance changes
overnight and that this change is related to the overall learning success of the
bird. Juvenile birds showed a pronounced deterioration in song structure after
night-sleep. The song regained structure after intense morning singing. The
improvement in similarity to the tutor song occurred during the late phase of
this morning recovery. In this study it was also shown that the strength of
post-sleep deterioration was correlated with the final similarity to tutor song.
This evidence from these studies suggests a functional role of the post-sleep deterioration of plastic song possibly connected to the neural activity during sleep
and NIf as the driver of this activity.

1.5 The neuronal network of HVC
As mentioned above HVC of adult birds has a very specific function during
singing. It drives the activity in downstream motor areas by a sparse and
stereotyped code (Hahnloser, Kozhevnikov, and Fee, 2002). HVCRA neurons
fire one single burst of spikes precisely time-locked to the corresponding part of
the song which they trigger (Wang et al., 2008). Populations of HVCRA neurons
are active in a chain-like manner. Several big questions regarding HVC remain
unanswered: How is this specialized network created during development? And
which specific role does NIf play during the development of the network of
HVC.
A two-photon in vivo microscopy study revealed changes in dendritic spine
turnover rates of HVC which were triggered by exposure to tutor song (Roberts
et al., 2010). The turnover rates of spines of birds in the sensorimotor phase
decreased after exposure to tutor song. This is proof that the network within
HVC undergoes change during tutoring. When planning this study we were
interested in finding out more about the synaptic changes in HVC which parallel
tutor song exposure. Also we wanted to investigate if NIf is necessary for this
change in HVC and in which quantity do NIfHVC axons form synapses as a
result of tutor song exposure (see section 1.7.2).
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1.6 On the use of electron microscopy to investigate synapses
Light microscopy (LM) was used already very early in neurobiology to study
the structure of neurons. Ramon y Cajal used LM to study the morphology of
neurons and their layered structure in cortex already in 1890. Since then many
findings in neurobiology were enabled by advancements in microscopy, staining
and preparation techniques. Such finding was made by Palay (Palay, 1956),
when he used an transmission electron microscopy to investigate synapses. The
resolution power of EM – magnitudes higher compared to LM – allowed the
author to image synapses in minute detail: clusters of synaptic vesicles in close
vicinity to the synaptic cleft bridging to the postsynaptic partner.
The study by (Gray, 1959) described synapses more detailed and found two different types of synapses. Type I synapses were characterized by having large and
spherical synaptic vesicles in the presynaptic part of the synapse and a thickening in the postsynaptic membrane, also called postsynaptic density (PSD).
Synapses classified as type II had smaller, ovoid-shaped vesicles and the PSDs
were thinner and less pronounced (for an example see Fig. 3.12 on page 51).
The diﬀerence in the PSDs led to the terms ’asymmetric synapse’ for type I and
’symmetric synapse’ for type II.
A relatively new EM technology in neurobiology is the Focused-Ion-BeamScanning-Electron-Microscopy (FIBSEM) (Knott et al., 2008). This instrument
uses a focused beam of gallium ions to ablate very nanometer-thin layers of resinembedded tissue. Subsequently it images the newly created surface with a scanning electron beam in an automated repeated way to create three-dimensional
image stacks (see the illustrations 3.9 and 3.10 on page 3.9). The capability of
FIBSEM to image neuropil with isotropic resolution facilitates interpretation of
these images.

1.7 The experiments
For this work we conducted two experiments. The first one was thought out to
scrutinize the result of a study which influences the proposed role of NIf in adult
songbirds. The second experiment was planned to study the synaptic changes
in HVC caused by exposure to tutor song and which role NIf played for these
changes.

1.7.1 Experiment I
This experiment was designed to answer the following question: Do NIf lesions in
adult Bengalese finches disrupt phrase level complexity, as reported by (Hosino
and Okanoya, 2000)? The authors used electric burns to lesion NIf. This method
of lesioning cauterizes with a high temperature (80° C, for 1 minute in the afore
mentioned study) presumably destroying also passing axons.

1.7.2 Experiment II
This experiment was designed to answer the following questions:
1. Does the density of synapses in HVC change as a result of sensorimotor
learning?
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2. Does the ratio of excitatory to inhibitory synapses in HVC change as a
result of sensorimotor learning?
3. Is input by NIf necessary for change in HVC?
4. Do NIf-HVC synapses change during sensorimotor learning?

The next subsection about the experimental design explains the overall setup of
the experiments. The details of the necessary operations, perfusions, histology
EM preparations, imaging and evaluation methods are given in the subsequent
subsections.

Chapter 2

Experiment I: NIF lesions in adult
Bengalese finch
This chapter gives the details of this experiment from the methods over the
results to the discussion.

2.1 Methods
This experiment was designed to answer the following question: Do NIf lesions
in adult Bengalese finches disrupt phrase level complexity as claimed by (Hosino
and Okanoya, 2000)?

2.1.1 Experimental design
Three adult bengalese finches1 were held in isolation for about 20 days in recording chambers and their singing was recorded. Then the birds were injected with
ibotenic acid into NIf (as described in detail in section 3.1.2) and held in the
recording chamber for 10 to 13 days. Finally they were sacrificed and the lesions were assessed by histology as described in section 3.1.3. The sectioning
of the brains and the light microscopy was conducted by Franziska BaumannKlausener.

2.1.2 Song structure analysis
Only the song recordings of one bird, o2r17, were analyzed in detail since only
this bird had complete bilateral NIf lesions (for histology see section 2.5).
All recorded songs (example in Fig. 2.1) of three days before and six days after
lesion were clustered manually with the custom Matlab software FlatClust and
9 diﬀerent syllables were identified in the singing of o2r17. This work was divided
between me and Alexander Hanuschkin who also did the following statistical
analysis.
For the transition probabilities the mean values were calculated day wise.
Significance of the changes of the transition probabilities pre to post lesion was
1 All birds were obtained from our own breeding colony. All experiments were performed in
accord with protocols approved by the Veterinary Oﬃce of the Canton of Zurich, Switzerland.
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assessed using Z-tests (Sprinthall, 2000). Z values of over 1.96 imply significance
with p  0.05.

2.2 Results
This section guides the reader through the results of the song syllable transition
statistics and continues showings the histology.

2.2.1 Syllable transition probabilities
The songs of Bengalese finch o2r17 contained 9 diﬀerent syllables (two exemplary song motifs are shown in Fig. 2.1). Analysis of transitions probabilities re-

Figure 2.1: Example sonograms and the transition diagram of Bengalese finch
song (o2r17). Top panel: sonograms of two exemplary song recordings. The
identified syllable labels A-F are given on top of the sonograms. Bottom panel:
Transition diagram is based on first-order Markovian model without hidden
states. Thickness of the arrows marks more probable transitions. EOS denotes
end of song.
vealed stereotyped and probabilistic transitions starting from diﬀerent syllables.
For example syllable C was always followed by B (thereby being stereotyped)
whereas B was followed mostly by C, D or F (thereby being probabilistic). The
bottom of Fig. 2.1 shows the transition diagram. In the following analysis we
concentrated mainly on the probabilistic transitions starting from syllable B
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since we were interested in the question how probabilistic transitions change after NIf lesions. Detailed plots of the transition probabilities pre and post lesion
are visualized in Fig. 2.2 while the numerical values are given in table 2.1. The
probabilistic transitions starting from syllable B remained probabilistic post lesion. Nevertheless the probabilities changed pre to post lesions significantly (see
Z-values in table 2.1). The comparisons of all transition probabilities before and
after lesion are visually represented in Fig. 2.3.
Transition
B->A:
B->B:
B->C:
B->D:
B->E:
B->F:
B->G:
B->H:
B->I:
B->EOF:

ntrans.
414
4
2482
1040
2
1340
1
14
1
34

ppre
0.078
0.001
0.465
0.195
0
0.251
0
0.003
0
0.006

ntrans.
679
8
3586
1602
7
1787
9
19
4
323

ppost
0.084
0.001
0.446
0.199
0.001
0.222
0.001
0.002
0
0.040

Z
-1.41
-0.46
2.20*
-0.61
-1.08
3.88**
-1.93
0.30
-0.91
-11.87**

Table 2.1: Transition probabilities starting with syllable B. Z-tests were calculated to test for significance of change. The * symbols denotes significance with
p  0.05 while ** denote p  0.01. Note that while these transitions change
significantly they do not lose there probabilistic nature.
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Transitions from syllable B
Transition probability

0.5

*

0.4
0.3
0.2

*

0.1
0

A

B

C

D

E
F
G
Succeeding syllable

H

I

eos

Transition probability

0.5
0.4
0.3
0.2
0.1
0

Songs per day

400
300
200
100
0

10−29

10−30

10−31

11−03

11−04
day

11−05

11−10

11−11

11−12

Figure 2.2: Syllable transition probabilities from syllable B in the days pre and
post lesion of bird o2r17. Top panel: Transition probabilities of o2r17 pre and
post lesion starting from syllable B. Black symbols mark pre-lesion mean values
pooled over three days. Red symbols mark post-lesion mean values pooled over
three days (starting 7 days post lesion). Error bars denote day-wise standard
deviations. ⇤-symbols denote significant changes in probabilities. Middle panel:
Day to day changes of syllable transitions starting from syllable B. Symbols
match top panel. Day 11-3 is the first day post lesion. Bottom panel: Plot of
the number of songs sung per day. Note that the birds kept his probabilistic
transitions post lesion.
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Figure 2.3: Transition probability matrixes. Top: pre lesion (day 10-29). Bottom: 8 days post lesion (day 11-10). Note that all transitions stay intact after
lesion with only slight changes in probability.
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2.2.2 Assessment of lesions
Of the three experimental birds, one bird, o2r17, had a bilaterally complete
lesion of NIf (see table 2.4). The detailed images o2r17’s brain sections can be
found on page 27 and 28.
bird name
hemisphere
o2r17
left hemisphere
right hemisphere
o7r16
left hemisphere
right hemisphere
o5r17
left hemisphere
right hemisphere

Nif lesion

full
full
full
partial
full
partial

Figure 2.4: Summary of lesion assessments of the Bengalese finches.
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1.3 mm

1.4 mm

1.5 mm

1.6 mm

1.7 mm

1.8 mm

1.9 mm

2.0 mm

2.1 mm

2.2 mm

Figure 2.5: NIf lesion o2r17, left hemisphere. NIf lesion is full.
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1.3 mm

1.4 mm

1.5 mm

1.6 mm

1.7 mm

1.8 mm

1.9 mm

2.0 mm

2.1 mm

2.2 mm

Figure 2.6: NIf lesion o2r17, right hemisphere. NIf lesion is full.
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2.3 Discussion
It was claimed that bilateral NIf lesions in Bengalese finch strongly reduce song
syntax complexity by changing probabilistic transitions to stereotyped (Hosino
and Okanoya, 2000). This is in contrast to our finding of only marginally
changed transition probabilities after NIf lesions. While our lesions were performed excitotoxically, Hosino and Okanoya lesioned using electric currents.
Lesions of Uva were found to change song syntax in zebra finch. In the study on
zebra finches, juveniles (aged 50 and 54 dph) and adults, by (Williams and Vicario, 1993) Uva lesions caused bird to repeatedly sing single syllables or groups
or syllables before proceeding to sing the next syllable. Also the songs were
not always started with the same syllable. Some clusters of syllables remained
intact in order within the cluster as well as in acoustic structure, but in such
cases the order with which the subgroup of syllable were combined into song
became variable. In a more recent study by (Coleman and Vu, 2005) adult male
zebra finches were Uva lesioned as well. The bilateral lesions impaired singing
strongly, with no recovery in 35 days. Monolateral lesions also caused singing
impairments. However, song recovered substantially after less than 15 days.
Although the acoustic structure of individual syllables recovered fully after unilateral lesioning, subtle changes in the sequencing of syllables were observed.
Since (Hosino and Okanoya, 2000) used electric burns to lesion NIf, a method
that also destroys UvaHVC axons passing by NIf, it is probable that the eﬀect
of their lesions on probabilistic transitions was caused by the combined interruption of NIf and Uva input to HVC.
Our finding falsifies the idea that the role of NIf in adult songbirds lays in the
probabilistic triggering of syllables from which Bengalese finch song is composed.
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Chapter 3

Experiment II: NIf lesions in
juvenile zebra finch
This chapter guides the reader through the details of the second experiment,
from the methods over the results to the discussion.

3.1 Methods
This section starts out by precisely explaining the experimental paradigms of
the diﬀerent groups of birds and continues with details about the surgeries,
perfusions, histology, EM-preparations, imaging and evaluation of the data.

3.1.1 Experimental design
This experiment was outlined to compare HVCs of three diﬀerently-treated
groups of birds in the electron microscope. Birds of all groups received bilateral ibotenic-acid lesions of NIf. In this experiment these lesions served two
purposes, a functional of deactivating the brain area, and a labeling of marking axons of NIfHVC neurons electron-dense in EM histology, a method used in
(Herrmann and Arnold, 1991). The three groups were treated as follows:
Fully tutored group (FT): Juvenile zebra finches1 grew up reared by females,
isolated from adult male conspecifics until they reached an age of 20 dph.
Subsequently the male birds were housed individually with a male adult,
functioning as their tutors in recording chambers in acoustic and visual
isolation from other birds. Acoustic recordings documented the change
of vocalizations. When the juveniles reached an age of 53 dph they were
injected with ibotenic acid into NIf and fluorescent tracers into Area X
and RA. After the lesion the birds continued to live in their recording
chambers with their tutor bird. After the survival time of precisely 6.5
days (±1 hour) the birds were perfused and brain slices containing HVC
were embedded for electron microscopy.
1 All birds were obtained from our own breeding colony. All experiments were performed in
accord with protocols approved by the Veterinary Oﬃce of the Canton of Zurich, Switzerland.
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Post-lesion tutored group (PLT): Juvenile zebra finches of the second group
were reared by females, isolated from adult male conspecifics until they
reach an age of 20 dph. Subsequently the male birds were housed individually with only an adult female bird, functioning as social company
in recording chambers in acoustic and visual isolation from other birds.
Acoustic recordings documented the change of vocalizations. When the
bird reached an age of 53 dph the birds were injected with ibotenic acid
into NIf and fluorescent tracers into Area X and RA. After the lesions the
birds continued to live with a male adult, functioning as a tutor in their
recording chambers. After the survival time (same as in group A) the
birds were perfused and brain slices containing HVC were embedded for
electron microscopy as described above for the FT group.
Isolate group (ISO): Juvenile zebra finches of the third group grew up reared
by females, isolated from adult male conspecifics until they reached an
age of 20 dph. Subsequently the male birds were housed individually with
a female adult bird, functioning as social company in recording chambers
in acoustic and visual isolation from other bird. Acoustic recordings documented the change of vocalizations. When the bird reached an age of
53 dph they were injected with ibotenic acid into NIf and fluorescent tracers into Area X and RA. After the lesions the birds continued to live in
their recording chambers with the female adult. After the survival time
(same as in group A and B) the animals were perfused brain slices containing HVC were embedded for electron microscopy as described for the
FT group.

FT

tutoring
tutoring

PLT
ISO

time

lesion

perfusion

Figure 3.1: Experimental timeline of the diﬀerent groups. Tutoring of the FT
group starts at 35 dph, the time point of the lesion is at 53 dph, perfusion
6.5 days later.
The first question (see introduction page 19), how the statistics of synapse parameters change as a consequence of exposure to tutor song, can be answered
by comparing the results of groups FT and ISO.
To answer the second question, whether NIf is a necessary input for change
in HVC during tutoring periods, we will compare groups PLT and ISO. Two
diﬀerent scenarios are possible. (1) Assuming that NIf is necessary to cause
change in HVC, post-lesion tutoring alone should not have any eﬀect on HVC.
Stereological analysis of groups PLT and ISO would yield equal results in this
case. (2) If change in HVC is caused, partially or completely by other aﬀerent
inputs (for example by Av), without the need for input by NIf, we expect to see
diﬀerences between groups PLT and ISO.
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The third question, whether the synapses between NIf and HVC change during
tutoring periods, can be answered by comparing the NIf-HVC specific measurements of groups FT and ISO.

3.1.2 Injections of fluorescent tracers and ibotenic acid
This section describes the operations which were conducted in order to label
Area X- and RA neurons and to lesion NIf bilaterally.
The bird was injected intramuscularly with a mixture of Xylazine (20 mg/kg)
and Ketamin (100 mg/kg) into the breast muscle. This analgetic-anesthetic
mixture took eﬀect in few minutes and let the bird enter a narcotic state which
lasted between two and four hours. If the narcotic state lightened prior to
the end of the surgeries it was prolonged by administering isofluran gas (2-4 %
in O2 ). The bird was fixed with ear bars into a stereotactic apparatus and the
feathers on the head were removed. Lidocain gel was applied to the exposed skin
of the head and 10 minutes later an incision was made with a surgical scalpel
from the beak to the dorsal attachment of dorsal muscles of the neck. The skin
was pulled aside and the skull was exposed. The head angle was measured by
placing a small straight metal pipe in the midline fold of the skull next to the
beak. Subsequently the angle was adjusted to 65°. The outer and middle bone
layers above lamdba were carefully removed. Lambda was used as the reference
origin point for the stereotactic anterior-posterior (AP) and medio-lateral (ML)
coordinates for the following injections.
The first injections were targeted at Area X and performed using coordinates
alone. Foremost all bone layers were removed with a dental drill of 1 mm diameter above the Area X injection coordinates (AP: 4.2 mm/4.6 mm/5.0 mm;
ML: 1.7 mm) bilaterally. The injection pipette (heat-pulled from borosilicate
glass capillaries, inner diameter of 0.94 mm and an outer diameter of 1.2 mm
with glass filament), filled with the tracer (dextran-coupled Alexa Fluor 488),
was lowered vertically into the brain to a depth of 3.5 mm. Prior to penetration of the brain, the dura mater was removed locally at the contact point
with a sharp tungsten tip. About 500 nL of tracer were pressure injected (Picospritzer III Microinjector, General Valve corporation, set to a pressure of
35psi), using as many pulses of 5 ms as necessary. The injected amount was
judged by observing the tracer level in the pipette. The pipette was left in place
for 5 minutes and then retracted slowly in order to keep spread of the tracer
minimal. This injection procedure was repeated for all six injection coordinates
on both brain hemispheres. The exposed brain was kept wet with Ringer solution (Fresenius) for the rest of the surgery.
The second injection target was RA, guided by electrophysiology. All bone
layers around the RA penetration position (AP: -1.6 mm; ML: 2.4 mm) were
drilled away and the position was optically marked by leaving the center of the
stereoscope�s sights at the exposed brain. Then the stereotaxic arm was angled
backwards by 25° from vertical and a 0.1 MΩ tungsten electrode (Microelectrode, Mircoprobes) was placed at the marked position. This angle was chosen
because it prevented infliction of HVC. The dura mater was removed at the
penetration point of the electrode and the electrode was slowly lowered into the
brain. The reference electrode was placed under the skin in contact with the
skull of the animal. The electrophysiological signal was monitored visually and
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acoustically. The depth between the starting- and the endpoint of bursty activity, typical of RA in anesthetized animals, was used as the injection depth for
the tracer injection. The electrode was retracted and replaced by an injection
pipette, filled with dextran-coupled Texas Red. The injection procedure itself
was performed equivalently to the Area X injections and the injection depths
varied between 1.5 mm and 2.25 mm depending on the bird. This procedure
was repeated on the other hemisphere.
Injections of ibotenic acid, targeted at NIf, were the last part of the surgery.
All bone layers of the skull were removed at the NIf penetration coordinates
(AP: 3.0 mm ML: 1.9 mm, measured with a vertical angle of the stereotaxic
arm). The position was marked, as described above, the electrode was placed
at the marked position after angling the stereotaxic arm 30° to the front. Again
the signal of spontaneous and auditory activity was monitored. The characteristic activity (high-amplitude spikes and slightly auditory response) in a depth
of two to three millimeters were found. If the characteristic signal was deeper
than 2.45 ± 0.05 mm another penetration was made further posterior and vice
versa. The NIf ’center’ point 0NIf was defined where the signal was found at
the depth of 2.45 ±0.05 mm. This point varied in the AP-axis between 2.8 mm
and 3.3 mm. The injections were done relative to this point and four injections were performed at (1) ML: 1.4 mm; AP: 0NIf + 0.38 mm; DV: 2.7 mm;
(2) ML: 1.75 mm; AP: 0NIf ; DV: 2.5 mm, (3) ML: 2.1 mm; AP: 0NIf 0.27 mm;
DV: 2.2 mm and (4) ML: 2.4 mm; AP: 0NIf -0.71 mm; DV: 1.55 mm. At each
injection site a quantity of 500 nL ibotenic acid was injected. The injection procedure was performed equivalently to the tracer injections. The whole procedure
of electrophysiology and injections was repeated on the other hemisphere.
After all injections were performed, the skin of the animal was closed with topical tissue adhesive (Gluture) and lidocain gel was applied to the skin around the
scar. The bird was removed from the stereotaxic apparatus and kept in a single
cage on a heated pad until it had fully woken up from anesthesia. Afterwards
it was kept according to its groups experimental paradigm.

3.1.3 Perfusion and LM histology
The bird was perfused 6 days and 12 ± 1 hours after the injection of the ibotenic
acid. To deeply anesthetize the bird a dose of 40 µl of Pentobarbital was injected intraperitoneal. When the bird was deeply anesthetized it was fixed with
its wings and legs onto a styrofoam board to allow manipulation of the thorax.
The thorax was opened allowing access to the heart. A 20 µl-dose of heparin was
injected into the left ventricle. The right atrium was incised with a micro scissor
to allow outflow of blood. The left ventricle was penetrated with a cannula connected to a tube containing 5 ml of 0.9 % NaCl attached to a bottle of fixative.
The fixative (room-temperature 2 % paraformaldehyde and 0.075 % glutaraldehyde in phosphate buﬀer (0.1 M, pH 7.4-7.5 PB)) was pressure injected with
a bellow for the first minute and subsequently the bottle of fixative was raised
to a height of around a meter above the bird. The perfusion was given a total
duration of 25 minutes.
The head was carefully opened and the brain was removed from the skull. The
brain was stored over night in the same fixative at 4 °C for post-fixation. The
brain was washed with PB and 100 µm-thick sagittal sections were cut with a
vibrating microtome (Thermo Scientific, Microm HM 650 V) in a cool (4 °C) PB
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bath (Thermo Scientific CU65). The sections of both hemispheres were stored
in their order and wide-field fluorescence (AlexaFluor 488 and Texas Red) and
bright-field images were taken (magnifications: 1.25x, 4x and 10x) containing
all lesioned areas and HVC in order to assess the lesions and to measure HVC
sizes. During the LM imaging care was taken to keep the sections hydrated.
In order to measure the size of HVC the Cavalieri method was used. Outlines of HVC were drawn based on overlay images of both fluorescence channels
(see Fig. 3.2). This was done with a custom ImageJ script. The volume of HVC

Figure 3.2: Top: Example of merged fluorescence channel image used to outline
HVC. The yellow outline marks the area which is labeled as HVC. Bottom:
Bright field image of the same field of view.
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was calculated based on
VHVC =

X

all sections

npixel · p · d

with npixel as the pixels inside the selection, p as the pixel size, d as the thickness
of the section. Eight sections containing HVC of each hemisphere were chosen
for electron microscopy and prepared as described in the following.
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3.1.4 Electron microscopy preparation
For electron microscopic analysis two hemispheres per group were chosen in
which the lesions were complete. These hemispheres were chosen to be from
diﬀerent birds resulting in 2 birds per group (see page 73). The chosen sections
were embedded with two diﬀerent protocols and every other section was embedded with the other protocol. All sections were washed in cacodylate buﬀer
(0.1 M, pH 7.4) and processed with either of the following protocols:
I: Osmium The sections were post-fixed and stained in a solution of 1 % OsO4
in cacodylate buﬀer for 1 hour. This was followed by dehydration in a
series of ethanol in distilled water, starting with 50 % ethanol (10 min).
The second dehydration step incorporated a staining with 1 % uranyl acetate in 70 % ethanol (40 min) followed by 90 % (10 min), 95 % (10 min)
and twice 100 % (15 min each) of ethanol. The last two dehydration steps
were done in 100 % propylene oxide (twice 15 min). Finally the sections
were immersed in a epoxy resin and left overnight to ensure complete penetration of the tissue. Special care was taken that the sections did not dry
during changing of the liquids to avoid cracks. The epoxy resin, Durcupan ACM, was freshly mixed from its components (10 g component A/M,
10 g component B, 0.3 g component C and 0.2 g component D). After
about 12 hours the sections were positioned between two Aclar sheets,
surrounded by two glass slides. To flatten and slightly compress the sections during curing, small equal weights were placed on top of the covering
glass slide.
This protocol gives a reasonable staining contrast, preserving more intracellular structures compared to the following reduced-osmium protocol.
II: Potassium-ferrocyanide-reduced osmium The sections were postfixed and
stained in reduced osmium: 1.5 % potassium ferrocyanide and 1 % OsO4
in cacodylate buﬀer (40 min). An one-hour treatment with 1 % OsO4
in distilled water followed. The sections were then incubated for 40 min
in a 1 % solution of uranyl acetate in distilled water. The dehydration
was done in an increasing series of ethanol treatments: 50 % ethanol
(10 min), 70 % ethanol (10 min), 90 % ethanol (10 min), 95 % ethanol
(10 min), 100 % ethanol (twice 15 min) and 100 % propylene oxide (twice
15 min). Finally the sections were immersed in a epoxy resin and left
overnight to ensure complete penetration of the tissue. Again special care
was taken that the sections did not dry during changing of the liquids to
avoid cracks. The epoxy resin, Durcupan ACM, was freshly mixed from
its components (10 g component A/M, 10 g component B, 0.3 g component C and 0.2 g component D). After about 12 hours the sections
were positioned between two Aclar sheets, surrounded by two glass slides.
To flatten and slightly compress the sections during curing small equal
weights were placed on top of the covering glass slide.
This protocol, adapted from (Knott et al., 2008) increases the contrast
of cell membranes and seems to reduce staining of the intracellular space
with heavy elements. We published more on this protocol in (Oberti,
Kirschmann, and Hahnloser, 2010; Oberti, Kirschmann, and Hahnloser,
2011)
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The cured sections of both protocols were then treated equally. The area of
interest, HVC, was localized and marked (see Fig 3.3). Subsequently the Aclar
sheets were removed and the resected area of interest was glued onto a blank
resin block, suitable for mounting in an ultramicrotome. The block was fine
trimmed to a trapezoid shape and the front surface of the block was cut with a
glass knife removing excess resin. After trimming, the front surface was aligned
to the diamond knife (Diatome Ultra 35 on a Jumbo knife’s basin) in the ultramicrotome (Leica Ultracut S) and 70 nm serial sections were cut. When a ribbon
of very regular sections had been cut the sectioning process was interrupted and
the ribbons were collected from the water-filled basin onto pieces of silicon wafer,
about 10 x 16 mm in size. These pieces were glued with conductive silver onto
aluminum SEM specimen stubs for optimal stability and conductivity. Subsequently they were left to dry over night. At this point the serial sections were
ready for imaging. It was anticipated that the sparse labeled axons of NIfHVC
neurons would be located in the serial sections and that these axons would be
imaged with the FIBSEM by matching the locations of the ultrathin sections
with the block. However this proved to be impossible as we discuss later (See
section 3.3.6).
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Figure 3.3: Example of resection and trimming of an embedded section. Top:
Bright-field image taken in wet state. Scale bar: 200 µm. Middle: Embedded
section in cured state between Aclar sheets. Red marker was used for easier orientation when the section was glued onto the trimming block. Bottom:
Trimmed block.
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3.1.5 SEM imaging
The chosen samples (see tables on pages 73 to 74) were introduced into the
electron microscope, a Zeiss Auriga. Overview images were taken to regain
orientation based on the wet sections in which fluorescence marked HVC. Landmarks such as the border of the sections, and blood vessels were used to find the
corresponding area of HVC, identified prior by fluorescence imaging. An area
inside the borders of HVC was chosen for imaging in high resolution.
A field of about 80 x 80 µm was imaged with a pixel size of 5 · 5 nm and a
8 bit depth resulting in 16384 x 16384 pixels and 272.8 MB per file. The images
were taken with a working distance of between 3 and 5 mm with an acceleration voltage of 1.8 kV. Back-scattered electrons were recorded with the energy
selective in-column detector (ESB) using a grid tension of 1.5 kV. This detector
setup excludes most electrons stemming from back-scattering collisions deeper
in the sample since these electrons tend to lose more energy and therefore cannot travel past the filter tension (see the x-z, and y-z resliced sections of an
aligned FIBSEM image stack, imaged with the same parameters in Fig. 3.11).
As a trade-oﬀ less electrons are counted compared to setups with lower filter
tensions or the SE2 detectors. The dwell time per pixel was 18 µs. The total
acquisition time per image was 82 min. Since the auto focus and auto stigmator
functionality of the machine did not give reliable results the focus was adjusted
once manually in the center of each image. Per series 3 images were taken, of
reference, intermediate and look-up section. These images were aligned using
the TrakEM2 plugin for multi-mosaic alignment based on scale-invariant feature
transform (Saalfeld et al., 2012). For a TEM-like appearance of the images the
contrast look-up table was inverted.

3.1.6 Synapse density measurements through stereology
Stereology is a statistical tool, created to measure characteristics of threedimensional objects, based on two-dimensional images. Optimally stereological
measurements yield reasonable estimations for quantities which are diﬃcult to
measure directly in their entirety. In this work stereology was used to estimate
synapses density in HVC, a quantity which is prohibitively laborious if measured
by going through every single synapse.
We chose the dissector method ((Gundersen, 1977), reviewed by (West, 1999)).
This method is an assumption free estimate regarding shape and size of the
counted objects. Following this method we examined a known fraction of the
volume thoroughly and its result was extrapolated to the full volume. The
examined fraction was made up by square dissectors with two inclusion sides
and two exclusion sides (see Fig. 3.5). These dissectors were overlaid as a grid
onto the aligned images of the consecutive serial sections dividing the area into
dissectors belonging to 4 quadrants (see Fig 3.6) in TrakEM2 (Cardona et al.,
2012). Each dissector had the size of 1000 · 1000 pixel, being 5 · 5 µm2 .
In order to count synapses in the same manner in all samples we clearly defined
what we considered as a synapse. The definition for a synapse was based on
fulfilling both of the following two criteria: 1. At least one synaptic vesicle is
adjacent to the (2.) densities on the cytoplasmic faces in the pre- and postsynaptic membranes. A third criterium used in some studies (Defelipe et al., 1999),
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Figure 3.4: Overview image of serial sections of block 75. Top: trimmed block
(compare Fig 3.2). Bottom: Electron micrograph of three serial sections in a
ribbon. The areas where high-resolution serial images were acquired appear
darker.
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visibility of the synaptic cleft, was not mandatory in our definition because the
cleft is not visible if the contact plane of the cleft is about parallel to the imaged
surface.
The counting itself was conducted according to the following protocol (for an
example see Fig. 3.7): All synapses inside of, or touching the dissector in the reference section were marked. Look-up: Have these synapses disappeared in the
look-up section? If they disappeared and did not touch the exclusion boundaries of the dissector (red lines) in any of the images, they were marked as
disappearing with circle objects in TrakEM2. By only considering the synapses
which disappear between the reference an the look-up section the results are
independent of synapse size.
The synapse density NVol was calculated from:
NVol =

n
a·h

(3.1)

with n as the number of disappeared synapses, a the area of the dissectors and
h as the distance between reference and look-up section. To minimize the bias

Figure 3.5: Scheme of the dissector square, 1000 · 1000 pixels in size. The boundaries of inclusion are marked green, the boundaries of exclusion are marked red.
The black cross defines the middle pixel of the dissector.
of the examiner the sections were given pseudonyms prior to stereology to hide
which image set was examined, rendering synapse counting ’blind’.
Another precaution was taken to minimize possible bias by subjective changes
of the examiner: After about 8 dissectors the sample was switched for another
sample. This precaution kept the time spend consecutively on one sample low
thereby distributing changes in experience, mood, attention et cetera similar
over all examined samples.
We expected low statistical variations between diﬀerent subregions of HVC in
individual bird. Tracer injections localized to medial, central, or lateral HVC,
confined strictly within the nissl-defined borders of the nucleus of adult male
zebra finches, have been shown to result in an even distribution of retrograde
label in mMAN, NIf, and Uva and an even pattern of anterograde label within
the nissl-defined borders of RA and Area X (Foster and Bottjer, 1998). These
results suggest that neither the aﬀerent nor the eﬀerent connections of HVC are
topographically organized. In 4 birds one set of images was taken each while in
two birds two sets of images were taken each.
We excluded dissectors from the counting if their image quality was insuﬃcient
to allow for unambiguous recognition of synpases. We also excluded dissectors
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Figure 3.6: Simplified scheme of the distribution of the dissectors into 4 quadrants. The sections marked with the black 1 belong to quadrant 1 et cetera. In
most cases only two quadrants, 1 and 2, were counted (see Fig 3.2 of the results
section for details).
if a blood vessel or a cell body was in the center pixel of the dissector similar
to (Canady et al., 1988), (Nixdorf-Bergweiler, 1989) and (Peng et al., 2012)
were images were taken avoiding blood vessels and cell bodies. This exclusion
of large synapse-free objects lowers possible bias which might arise if a set of
serial sections is placed by chance on these relatively big structures. At the
same time it allowed to estimate the volume occupied by blood vessels and cell
bodies using the cavalieri estimator. We assumed that all birds have an equal
fraction of the brain volume containing blood vessels and Somata.
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Figure 3.7: Example of procedure to count synapses of one dissector. Top:
Reference section. Middle: intermediate section. Bottom: Look-up section.
Procedure: 1. All synapses inside of, or touching the dissector in the reference
section are marked (yellow dashed circles). 2. Have these synapses disappeared
in the look-up section? If they disappeared and do not touch the exclusion
boundaries of the dissector (red lines) in any of the images, they are marked as
disappearing (blue dashed circles in look-up section.) In this example 4 synapses
were counted as disappeared. The dissector has a size of 5· 5 µm2 . The distance
in the z-direction from one image to the next is 70 nm.

3.1. METHODS

45

Figure 3.8: Example overview of one field (g3r20, 75-2) of which synapses were
counted in 3 quadrants. Big dots: Blue mark the dissectors which were excluded
due to image quality, big red mark dissectors containing cell bodies in their
centers, yellow circles mark dissectors with blood vessels in their center. Small
dots: All synapses of quadrants 1-3 are marked by small yellow dots, pink and
green dots mark disappeared synapses.
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3.1.7 Stochastics of stereological density measurements
The standard error of the mean (SE) values of the NVol were calculated based
on the standard deviation of the synapse count per dissector:
v
u
N
u1 X
t
(xi x)2
dissector =
N i=1

with N as the number of dissectors, xi as the number of synapses in the ith
dissector and x as the mean count of synapses per dissector. Therefore with
equation 3.1 the SE of the synapse density NVol is given by
s
1
N

SEN

Vol

=

N
P

(xi x)2

i=1

N

a·h

.

In order to test if two measured synapse densities were significantly diﬀerent,
Wilcoxon ranksum tests2 were calculated (Mann and Whitney, 1947). The
Wilcoxon rank-sum test is non-parametric and therefore no assumptions had to
be made about the distributions of the measurements. The counts of synapses
per dissector were used for theses calculations. For the tests between birds all
dissectors belonging to the birds were pooled and subsequently tested against
each other. For the group-wise tests all dissectors of the groups were pooled and
tested against each other. The numbers of dissectors are shown in table 3.2.

2 Wilcoxon rank-sum tests are also called Mann-Whitney U tests, or Mann-WhitneyWilcoxon tests.
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3.1.8 Indirect synapse size measurements
In the process of analyzing the synapse densities with the dissector method we
acquired an indirect characteristic number for the mean size of the synapses
in each bird. The ratio of the number of synapses which disappear between
the reference and the look-up section divided by the number of all synapses
found in the look-up section depends on the mean size of the synapses. Smaller
synapses will tend to be inside the boundaries of inclusion of the dissectors
than bigger synapses. Therefore a bigger percentage of disappeared synapses
indicates smaller synapses. We call this characteristic number disappeared-ofall-ratio DAR.
With this measure we cannot give an average synapse size without making many
assumptions about synapse shapes. However for comparing DARs between birds
we do not need any assumptions.

3.1.9 Stochastics of synapse size measurements
To calculate the standard error of the mean of the DARs we assume a binomial
distribution. This assumption is reasonable because each synapse remains or
disappears without correlation to the next. Since our sample size is high, for
each animal is above 428, we used the normal approximation of the binomial
distribution to calculate the the standard deviation, DAR .
p
np(1 p)
DAR =
From this we calculate the standard error of the mean:
r
np(1 p)
SEDAR =
n
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3.1.10 FIBSEM preparation and imaging
The trimmed sample blocks from which the serial sections had been cut were
used for the FIB milling. The blocks were shortened in length, by sawing oﬀ
the part which had been used for mounting them in the ultramicrotome. The
remaining blocks were glued with conductive silver onto aluminum SEM specimen stubs for optimal stability and conductivity. Subsequently they were left
to dry over night.
For FIB milling and SEM imaging the blocks were coated with a thin layer
(about 5-10 nm) of carbon with a sputter coater to allow diversion of electric
charge. This thickness still allows for imaging of the coated surface while being
conductive enough to prevent charging (see Fig. 3.47 for an image of the whole
block).
Now the samples were ready for imaging and introduced into the FIBSEM microscope (Zeiss Auriga). The stage was used to adjust the region of interest in
the coincidence point (at about 5 mm working distance) of both beams which
are in an angle of 54° to each other. At first we tried to chose the region of
interest based on labeled axons which were found in the ultrathin section. A
direct approach of locating labeled axons on the block itself was impossible since
such fine details were rendered unrecognizable by the carbon coating on the embedded blocks. Unfortunately we did not succeed in taking FIB-milled image
stacks containing labeled axons because the precise location matching failed.
In order to create a surface which can be repeatedly milled by the FIB beam
and imaged by the electron beam and to avoid accumulation of milled debris
three profiles are milled into the block: On two opposing sides of the area of
interest two trenches were milled into the surface, about 20 µm from each other.
A high gallium ion beam current of 16 nA was used. Subsequently a wedge was
dug into the surface with the same milling parameters to create a imageable
surface plane perpendicular to the surface of the block (see Fig. 3.9). These
preliminary millings took approximately 40 minutes. Since the carbon coating
was removed during these millings a minimal deposition of platinum was applied
with the gas injection system taking about 5 minutes. Finally the sequential
FIB milling and SEM imaging was set up: The milling current was lowered to
2 nA in order to ’sharpen’ the beam for more regular cutting and the imaging
parameters were adjusted as described in chapter 3.1.5. The steps of milling
were adjusted to either 5 or 10 nm, (see Fig. 3.8).
After the acquisition of the stack was done, the sections were aligned and the
contrast was inverted for TEM-like appearance (as described in 3.1.5).
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FIB

M
SE
ROI

Sample
Figure 3.9: Schematic side view showing the beam configuration of the FIBSEM.
The FIB and the SEM columns are shown. The red line represents the area
which is milled by the focused ion beam (yellow) and subsequently imaged with
the electron beam (blue). The foci of the beams are moved step by step until
the full region of interest (ROI) is imaged.

ROI

Sample
Figure 3.10: Schematic top of the trenches dug around the region of interest
as seen from the direction of the FIB beam. The depth is coded as gray level.
White corresponds to the surface of the block, black corresponds to a depth of
20 µm. The red line marks the exposed surface imaged by the electron beam.
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Figure 3.11: Example of virtual slices of an aligned FIBSEM stack (r19s18-3)
in yz and xz direction after alignment; 1936 x 1267 x 413 voxels a 5 nm3 . Top
left: actual slice, xy. Top right: virtual slice yz. Bottom: virtual slice xz. Note
the isotropic appearance in the z-direction.
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3.1.11 FIBSEM-based synapse classification
The synapses contained in the image stacks acquired by FIBSEM milling and
imaging were classified into two classes: asymmetric and symmetric. The following criteria were used for classification: Asymmetric synapses (or type 1 in
the nomenclature of (Gray, 1959)) characteristically have more prominent and
thicker postsynaptic densities compared to symmetric (or type 2) synapses. Also
characteristically the synaptic vesicles diﬀered between type 1 and 2 synapses
(See Fig. 3.12 for examples). Synaptic vesicles of type 1 were slightly bigger in
appearance then type 2. This is in agreement with the study of (Burd, 1985) in
adult canary HVC.

Figure 3.12: Examples of classified asymmetric and symmetric synapses. Yellow
arrows point to asymmetric synapses, while the blue arrow marks a symmetric
synapse. Note the pronounced postsynaptic densities (PSDs) at the assymetric
synapses (yellow arrows) in contrast to the thin postsynaptic density of the
symmetric synapse (blue arrow).
Each stack was loaded into a TrakEM2 project (Cardona et al., 2012). Synapses
were marked with circle objects labeling their class.
The examiner reconciled his classification results with external experts, Rita
Bopp and German Köstinger.
Half of the stacks, one of each group, were given pseudonyms prior to classification to hide which image stack was examined, rendering synapse counting ’blind’
for myself. The other half was analyzed by Ziqiang Huang and all ambiguous
cases were decided by myself without my knowledge about the statistics of the
rest of the respective stack.
Another precaution was taken to minimize possible bias by subjective changes
of the examiner: After about 45 minutes the sample was switched for another
sample. This precaution kept the time spend consecutively on one sample low
thereby distributing changes in experience, mood, attention et cetera similar
over all examined samples.
If a synapses was not classifiable without doubt, we followed the presynaptic
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partner of this synapse to find more synapses of the same axon which were
clearly identifiable without ambiguity. This boot strapping proved helpful.

3.1.12 Stochastics of FIBSEM-based synapse type classification
Diﬀerent methods to calculate ratios of synapse type were used in this study:
Global binomial The simplest calculation method is based on the idea that each
classified synapse is a sample of a binomial distribution, assuming that the
probability of each measured synapse of being symmetric is independent
of the other synapses. In this case the ratio of symmetric synapses can
be calculated by dividing the number of symmetric synapses by the total
number of synapses. This weights each synapse equally. The standard
deviation for binomial distributions is give by:
p
np(1 p)
binomial =
with n being the total number of synapses and p being the measured
proportion of symmetric synapses.
Therefore SEbinomial is given by
r
np(1 p)
SEbinomial =
.
n

However the assumption of independence between all synapses is not necessarily given on short distances. It is possible that at denser populated
regions more synapses belong to one class of synapses while the lower populated regions have a preference for being of the other class. To test if
this dependency between density and ratio could be found we introduced
a second method based on equally weighted subvolumina.
Subvolume-weighted This method divides the analyzed volume into subvolumina and calculates the ratios within these subvolumina. The ratio of symmetric synapses of a full stack, rs , is subsequently calculated as the mean
of the ratios of the subvolumina. This method of calculation gives equal
weight to each subvolume regardless of the number of synapses within.
Note that only subvolumina containing at least one synapse were used for
this calculation since otherwise no ratio can be calculated.
We divided the analyzed stacks into cubes of 3 · 3 · 3 µm3 . The SE values were calculated based on the standard deviation of the ratios of the
subcubes:
v
u
N
u1 X
t
=
(xi x)2
subvolume
N i=1
with N as the number of subvolumes, xi as the number of synapses in
the ith subvolume and x as the mean count of synapses per subvolume.
Therefore
v
u N
uP
u (xi x)2
t
SEsubvolume = i=1
.
N
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Wilcoxon rank-sum tests were calculated to test whether ratios of symmetrical
to asymmetrical synapses were significantly diﬀerent between diﬀerent samples.
The ratios per subcube were ranked for these calculations. For the bird of
which two stacks were analyzed the counts per subcube were tested against
each other. For the tests between birds within the same group all ratios of
subcubes belonging to the birds were pooled and tested against each other. For
the group-wise tests all subcubes of the groups pooled and tested against each
other. The numbers of subcubes per FIBSEM image stack is shown in table 3.9.

3.2 Results
3.2.1 Synapse density measurements
The synapse densities, NVol , of the three groups are given in table 3.1 and visualized in Fig. 3.13: The PLT group has the lowest synapse density ((5.53 ±
0.28) · 108 /mm3 ) compared to the FT group ((5.92 ± 0.31) · 108 /mm3 ) which in
turn has a lower density than the ISO group ((6.50 ± 0.23) · 108 /mm3 ).
The diﬀerence between PLT and ISO is significant (p-value of 0.034, Wilcoxon
rank-sum test, for details on statistical methods see page 46). The diﬀerences
between the other groups were not significant (see table 3.3 for detailed statistics).
The group average synapse densities were calculated, giving each bird the same
group
FT
ISO
PLT

⇥
⇤
NVol 108 /mm3
5.92 ± 0.31
6.50 ± 0.23
5.53 ± 0.28

Table 3.1: Synapse density group averages with SE.
weight, regardless of the number of counted dissectors per bird.
The bird average densities were calculated giving each dissector the same weight
within a bird. The table 3.2 gives an overview of the detailed numbers of dissectors and counted synapses per bird. The densities were calculated by dividing
the number of counted synapses by the volume of the dissectors (See methods
on page 42).
No significant diﬀerences were found neither between birds within their group
(see table 3.4), nor between subfields or -sets within any animal (see table 3.5).
Of the total of 944 dissectors, imaged in all birds, 31 were excluded from further
analysis because their image quality was insuﬃcient (folds on sections, physical
damage of sections) for unambiguous analysis. Of the remaining 913 dissectors,
22 contained blood vessel in their centers while further 211 dissectors contained
cell bodies in their centers. Both were excluded from synapse counting, to lower
bias of these relatively big structures (as described in the methods on page 43).
The resulting densities are therefore biased to be higher than in the full brain
containing blood vessels and cell bodies. However the factor of bias can be calculated assuming that all experimental birds have the same fraction of the brain
volume containing blood vessels and somata. With this assumption 25.3 % of
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Figure 3.13: Plot of synapse densities. Error bars denote SE. Asterisk denotes significant diﬀerence between group ISO and PLT (p-value of 0.034,
Wilcoxon rank-sum test). Note that the synapse density increase in the order PLT<FT<ISO.
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Bird
FT-r19s18
FT-r19s14

ISO-g3r20

ISO-g4r20

PLT-g8r20

PLT-g9r20

code
3-1-1
3-1-2
total
45-1-1
45-1-2
total
75-1-1
75-1-2
75-1-3
75-2-1
75-2-2
75-2-3
total
90-1-1
90-1-2
total
112-1-1
112-1-2
112-2-1
total
128-1-1
128-1-2
total

55
dissectors
52
41
93
47
35
82
49
43
44
41
30
35
242
42
36
78
39
28
37
104
48
35
83

⇥
⇤
volume µm3
179.7
141.7
321.4
162.4
120.9
283.4
169.3
148.6
152.1
145.9
106.7
124.5
847.2
148.4
127.2
275.5
133.2
95.6
133.4
362.2
165.9
120.9
286.8

synapses
113
78
191
88
79
176
97
82
107
102
63
84
535
108
76
184
66
59
75
141
90
69
159

⇥
⇤
NVol 108 /mm3
6.29 ± 0.62
5.51 ± 0.71
5.94 ± 0.47
5.42 ± 0.50
6.53 ± 0.60
5.89 ± 0.39
5.73 ± 0.66
5.52 ± 0.52
7.04 ± 0.63
6.99 ± 0.65
5.90 ± 0.78
6.74 ± 0.76
6.32 ± 0.27
7.28 ± 0.89
5.98 ± 0.75
6.68 ± 0.59
4.95 ± 0.61
6.17 ± 0.61
5.62 ± 0.72
5.52 ± 0.38
5.43 ± 0.56
5.70 ± 0.64
5.54 ± 0.42

Table 3.2: Overview table of samples used for dissector method synapse density
measures. Code is composed of (Number of embedded section)-(Number of set
of serial sections)-(quadrant). Thickness of serial sections is 70 nm and one
intermediate section between reference and look-up section was used resulting
to 140 nm distance for the density calculations.
group
FT
ISO
PLT

⇥
⇤
NVol 108 /mm3
5.92
6.50
5.53

group
ISO
PLT
FT

⇥
⇤
NVol 108 /mm3
6.50
5.53
5.92

p-value
0.135
0.034
0.532

Table 3.3: Table of p-values of Wilcoxon rank-sum tests between the diﬀerent
experimental groups. Note the significant result between ISO and PLT.
test
intra group FT
intra group ISO
intra group PLT

bird
r19s18
g3r20
g8r20

NVol
5.94
6.32
5.52

bird
r19s14
g4r20
g9r20

NVol
5.89
6.68
5.54

p-value
0.476
0.939
0.948

Table 3.4: Table of p-values of Wilcoxon rank-sum tests between birds in the
same experimental group. Note that non of the tests between birds within any
group are significantly diﬀerent.
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bird
FT-r19s18
FT-r19s14
ISO-g3r20 1

ISO-g4r20
PLT-g9r20
PLT-g9r20

code
3-1-1
45-1-1
75-1-1
75-1-2
75-1-3
75-2-1
75-2-2
75-2-3
75-1-total
90-1-1
112-1-1
112-1-total
128-1-1

⇥
⇤
NVol 108 /mm3
6.29
5.42
5.73
5.52
7.04
6.99
5.90
6.74
6.09
7.28
4.95
5.46
5.43

code
3-1-2
45-1-2
75-1-2
75-1-3
75-1-1
75-2-2
75-2-3
75-2-1
75-2-total
90-1-2
112-1-2
112-2-1
128-1-2

⇥
⇤
NVol 108 /mm3
5.51
6.53
5.52
7.04
5.73
5.90
6.74
6.99
6.60
5.98
6.17
5.62
5.70

Table 3.5: Table of p-values of Wilcoxon rank-sum tests between diﬀerent sets
within single birds and between diﬀerent image quadrants within a set. Note
that non of tests indicate significant diﬀerence within the samples of any bird.
HVC�s volume consist of blood vessels and somata.

p-value
0.279
0.220
0.781
0.141
0.126
0.232
0.287
0.877
0.128
0.427
0.171
0.715
0.835
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Figure 3.14: Histogram of counted synapses per dissector pooled over all birds.
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3.2.2 Indirect synapse size measurements

Fraction of disappeared synapses

The DAR, the ratio of disappearing to all synapses from the reference to the
look-up section, gives is an indirect measure for the mean synapse size (see
methods section 3.1.8). From this we can infer that the PLT group has in mean
bigger synapses compared to ISO and FT (see Fig. 3.15 and table 3.6).

FT

PLT

ISO

Figure 3.15: Indirect synapse size comparison of each bird. For each bird the
percentage of disappeared synapses is given. The error bars denote the standard
error of mean. Note that a lower DAR value corresponds to bigger mean synapse
size and vice versa.
group
FT
ISO
PLT

total syn.
958
2000
1110

DAR [%]
37.5
36.1
31.8

Table 3.6: Indirect synapse size comparison. Given is the total number of
all synapses found in the reference sections and the fraction of those which
disappeared in the look-up section. Note that the PLT group has a lower fraction
of disappeared synapses than the other two groups indicating bigger synapses.
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3.2.3 Ratios of symmetric to asymmetric synapses
The group results of the synapse type classifications are presented in Fig. 3.7
and visualized in table 3.16: The ratio of symmetric synapses, rs , is low in the
FT group (19.3 ± 2.4 %) compared to the ISO group (20.9 ± 1.7 %) which in turn
is lower than the ratio of symmetric synapses in the PLT group (26.6 ± 2.4 %).
The diﬀerences between ISO and PLT and between FT and PLT are significant
(p-values of 0.040 and 0.050 respectively, see table. 3.10, for details on statistical
methods see page 52). The group averages were calculated giving each bird the

*

35

*

30

ratio of sym. synapses [%]

PLT

ISO

FT
25

20

15

10

5

0
r19s18

r19s14

g3r20

g4r20

g9r20

g8r20

Figure 3.16: Ratio of symmetric synapses rs calculated based on equallyweigthed subvolumes sized 3µm · 3µm · 3µm. Error bars denote SE. Stars denote
Wilcoxon rank-sum results of p  0.5. Note that the ratio of symmetrical
synapses is significantly higher in the PLT group compared to FT and ISO.
group
FT
ISO
PLT

rs [%]
19.1 ± 2.4
20.6 ± 1.7
26.2 ± 2.4

Table 3.7: Group mean ratios of symmetric synapses.
same weight regardless of the size of the analyzed volume (see table 3.8 for
detailed sizes of stack).
The two diﬀerent methods to calculate the ratios (see methods on page 52) did
not result in strong diﬀerences (see table 3.9).
No significant diﬀerences was found between the two stacks which were acquired
from the same bird at diﬀerent positions of HVC (bird FT-r19s18, p-value of
0.99). Neither were the diﬀerences between diﬀerent birds within one group
significant (see table 3.11).
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bird
FT-r19s18
FT-r19s14
ISO-g3r20
ISO-g4r20
PLT-g9r20
PLT-g8r20

stack
1
2
total
1
1
1
1
1

voxels
1936 · 1267 · 413
2048 · 1536 · 1072

slice thickn. [nm]
5
5

2048 · 2048 · 525
3072 · 2304 · 994
2048 · 2048 · 1024
2048 · 1536 · 1582
2048 · 2048 · 1025

10
10
10
5
10

⇥
⇤
vol. µm3
126.6
444.8
571.4
550.5
1138.6
1073.7
634.8
1074.8

Table 3.8: Overview table of FIBSEM stacks used for synapse classifications.
Pixel size is 5 nm in x and y for all stacks.
bird
FT-r19s18 st. 1
st. 2
total
FT-r19s14
ISO-g3r20
ISO-g4r20
PLT-g9r20
PLT-g8r20

nsyn.
121
148
269
806
665
718
430
552

rs , global [%]
23.1 ± 0.35
20.3 ± 0.27
21.6 ± 0.15
20.7 ± 0.05
21.1 ± 0.06
21.0 ± 0.06
27.9 ± 0.10
26.4 ± 0.07

nsubvolumina
11
27
38
32
74
112
39
86

rs [%]
18.5 ± 6.04
23.1 ± 5.47
21.8 ± 4.23
16.3 ± 2.41
19.1 ± 2.29
22.0 ± 2.39
27.2 ± 3.91
25.3 ± 2.66

Table 3.9: Results of synapse classification statistics. nsyn. is the total number
of classified synapses; rs , global is the ratio of symmetric synapses weighting each
synapse equally; nsubvolumina is the number of subvolumina containing synapses;
rs is the ratio of symmetric synapses weighting the ratios of each subvolume
equally. Note that the trend of PLT having higher rations of symmetric synapses
than FT and ISO persists with both calculation methods.
group
FT
ISO
PLT

rs [%]
19.1 ± 2.4
20.6 ± 1.7
26.2 ± 2.4

group
ISO
PLT
FT

rs [%]
20.6 ± 1.7
26.2 ± 2.4
19.1 ± 2.4

p-value
0.77
0.04
0.05

Table 3.10: Table of p-values of Wilcoxon rank-sum tests between the diﬀerent
experimental groups. Note that the results of the ISO vs. PLT and FT vs. PLT
indicate significant diﬀerence.
bird
FT-r19s18
ISO-g3r20
PLT-g9r20

rs [%]
21.8 ± 4.23
19.1 ± 2.29
27.2 ± 3.91

bird
FT-r19s14
ISO-g4r20
PLT-g8r20

rs [%]
16.3 ± 2.41
22.0 ± 2.39
25.3 ± 2.66

p-value
0.90
0.84
0.83

Table 3.11: Table of p-values of Wilcoxon rank-sum tests between diﬀerent animals within the groups. Note non of the birds within any group are significantly
diﬀerent.
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3.2.4 Synapse density per type
This section shows the synapse densities divided into asymmetric, NVol, a , and
symmetric synapses, NVol, s . These results were derived from the the measurements of synapse density (section 3.2.1) and the synapse classification (section 3.2.3).
The densities are given in table 3.12 and are visualized in Fig. 3.17.

6.E+08

synapses/mm^3

5.E+08

4.E+08

3.E+08

2.E+08

1.E+08

ISO

FT

PLT

0.E+00

Asym.

Sym.

Asym.

Sym.

Asym.

Sym.

Figure 3.17: Plot of group mean densities of asymmetric and symmetric
synapses. Light colors denote asymmetric, dark colors symmetric synapses.
group
FT
ISO
PLT

⇥
⇤
NVol, s 108 /mm3
4.79
6.16
4.08

⇥
⇤
NVol, a 108 /mm3
1.13
1.34
1.45

Table 3.12: Table of group mean densities of asymmetric and symmetric
synapses.
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3.2.5 Song development
The song recordings directly prior to lesion (at 52 dph) and prior to perfusion
(at 58 dph) were inspected thoroughly. Spectrograms of examplary recordings
of all birds are shown on page 63 to 72 while the assessment of learning progress
is summarized in tables 3.13 to 3.15 on page 73.
Of the FT group the lesion seemed to have varying eﬀect on singing. In the two
birds with incomplete lesions on one hemisphere one birds (r19s14) continued
to improve his copy of tutor song while the other bird (r19s17) did not seem to
make any learning progress post lesion. Of the two birds with complete bilateral
lesions one (r9s18) improved to sing one syllable of tutor song while the other
(r19s20) seemed to have a loss of structure post-lesion.
The recordings of the ISO group showed song typical for isolate zebra finch.
Of the PLT group unfortunately non of the birds could be confirmed to have
a full bilateral lesion. One birds (g8r20) seemed to improve its song structure
slightly post lesion. The other two birds did not learn noticeably.
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Figure 3.18: Spectrograms of typical vocalizations of FT bird r19s14. Four
spectrograms are shown each, pre and post lesion. On the bottom a spectrogram
of the tutor song is shown for reference. This bird learned to sing an approximate
version (A) of the tutor song (C) and improved post lesion further (B).
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Figure 3.19: Spectrograms of typical vocalizations of FT bird r19s17. Four
spectrograms are shown each, pre and post lesion. On the bottom a spectrogram
of the tutor song (C) is shown for reference. This bird learned a little (A) pre
lesion and did not seem to improve (B) post lesion.
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Figure 3.20: Spectrograms of typical vocalizations of FT bird r19s18. Four
spectrograms are shown each, pre and post lesion. On the bottom a spectrogram
of the tutor song is shown for reference. This bird sang plastic song pre lesion
and learned the second syllable (A) of the tutor song (B) post lesion.
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Figure 3.21: Spectrograms of typical vocalizations of FT bird r19s20. Four
spectrograms are shown each, pre and post lesion. On the bottom a spectrogram
of the tutor song is shown for reference. Pre lesion this bird sang a rough copy
(A1, A2) of the tutor song (C) and seemed to have sung worse (B) post lesion.
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Figure 3.22: Spectrograms of typical vocalizations of ISO bird g2r20. Four
spectrograms are shown each, pre and post lesion. This bird sang typical isolate
song pre and post lesion.
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Figure 3.23: Spectrograms of typical vocalizations of ISO bird g3r20. Four
spectrograms are shown each, pre and post lesion. This bird sang typical isolate
song pre and post lesion.
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Figure 3.24: Spectrograms of typical vocalizations of ISO bird g4r20.Four spectrograms are shown each, pre and post lesion. This bird sang typical isolate
song pre and post lesion.
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Figure 3.25: Spectrograms of typical vocalizations of PLT bird g8r20. Four
spectrograms are shown each, pre and post lesion. On the bottom a spectrogram
of the tutor song is shown for reference. This bird sang isolate song pre lesion
and restructured his singing post lesion, however no syllable of tutor song (A)
is recognizable.
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Figure 3.26: Spectrograms of typical vocalizations of PLT bird g9r20. Four
spectrograms are shown each, pre and post lesion. On the bottom a spectrogram
of the tutor song is shown for reference. This bird sang isolate song pre lesion
and did not seem to learn anything of the tutor song (A) post lesion.
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Figure 3.27: Spectrograms of typical vocalizations of PLT bird g10r20. Four
spectrograms are shown each, pre and post lesion. On the bottom a spectrogram
of the tutor song is shown for reference. This bird sang isolate song pre lesion
and learned little if at all any parts of tutor song (A) post lesion.
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3.2.6 Assessment of lesions
The lesioned areas were clearly visible in the LM images as the appear darker.
However because it was impossible to clearly see the outline of NIf when close to
the dark (lesioned) areas, we reduced the assessment to three grades of lesion:
(1) full when 100 % of NIf was lesioned, (2) incomplete when the lesion was not
complete but NIf was aﬀected partially and (3) no injection in the case were no
ibotenic acid was injected. The hemispheres which were chosen for further EM
analysis are marked with a * symbol in the tables 3.13 to 3.15.
bird name / group
hemisphere
r19s14 / 1
left hemisphere
right hemisphere*
pre lesion: learned well
r19s17 / 1
left hemisphere

Nif lesion

Av

Area X inj.

incomplete
preserved good
full
inflicted
good
/ post lesion: improved even further.

RA inj.

good
good

incomplete,
inflicted
good
good
ibotenic acid
leakage
to
surface
right hemisphere
full
inflicted
good
good
pre lesion: learned little / post lesion: seemed not to improve further.
r19s18 / 1
left hemisphere*
full
inflicted
good
medium
right hemisphere
full
inflicted
good
good
pre lesion: plastic song / post lesion: learned one syllable.
r19s20 / 1
left hemisphere
full
inflicted
good
good but inflicted HVC
right hemisphere
full
inflicted
good
good
pre lesion: learned well / post lesion: seemed worse.
Table 3.13: Summarized lesion assessment histology and behavior results of
group FT. The * symbols denote the hemispheres which were used for EM
analysis.
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bird name / group
Nif lesion
Av
hemisphere
g2r20 / 2
left hemisphere
full
inflicted
right hemisphere full
inflicted
pre lesion and post lesion: isolate song
g3r20 / 2
left hemisphere*
full
inflicted
right hemisphere partially
slightly
inflicted
pre lesion and post lesion: isolate song
g4r20 / 2
left hemisphere*
full
inflicted
right hemisphere no injection
no injection
pre lesion and post lesion: isolate song

Area X inj.

RA inj.

good
good

good
good

good
good

good
good,
dorsally to RA
brain
was
inflicted

good
good

medium
good

Table 3.14: Summarized lesion assessment histology and behavior results of
group ISO. The * symbols denote the hemispheres which were used for EM
analysis.

bird name / group
hemisphere
g8r20 / 3
left hemisphere

Nif lesion

Av

Area X inj.

mostly
inflicted
good
lesioned
right hemisphere* full
inflicted
good
pre lesion: isolate song / post lesion: singing seemed to be more
g9r20 / 3
left hemisphere
partial
intact
good
right hemisphere* full
inflicted
good
pre lesion: isolate song / post lesion: did not seem to improve.
g10r20 / 3
left hemisphere
partial
inflicted
good
right hemisphere
unknown,
good
vibratome
sectioning
failed
pre lesion: isolate song / post lesion: learned little if at all

RA inj.

good
medium
structured
good
good

good
good

Table 3.15: Summarized lesion assessment histology and behavior results of
group PLT. The * symbols denote the hemispheres which were used for EM
analysis.
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Figure 3.28: Nif lesion r19s14, left hemisphere. NIf lesion is incomplete.
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Figure 3.29: Nif lesion r19s14, right hemisphere. NIf lesion is full
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Figure 3.30: Nif lesion r19s17, left hemisphere. NIf lesion is incomplete. Apparently ibotenic acid leaked to the surface.
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Figure 3.31: Nif lesion r19s17, right hemisphere. NIf lesion was full.
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Figure 3.32: Nif lesion r19s18, left hemisphere. NIf lesion was full.
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Figure 3.33: Nif lesion r19s18, right hemisphere. NIf lesion was full.
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Figure 3.34: Nif lesion r19s20, right hemisphere. NIf lesion was full.
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Figure 3.35: Nif lesion g2r20, left hemisphere. NIf lesion was full.
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Figure 3.36: Nif lesion g2r20, right hemisphere. NIf lesion was full.
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Figure 3.37: Nif lesion g3r20, left hemisphere. NIf lesion was full.
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Figure 3.38: Nif lesion g3r20, right hemisphere, image quality was impaired due
to an incorrectly adjusted light condensor. NIf lesion was partial.
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Figure 3.39: Nif lesion g4r20, left hemisphere. NIf lesion was full.
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Figure 3.40: Nif lesion g8r20, left hemisphere. NIf lesion was partial.
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Figure 3.41: Nif lesion g8r20, right hemisphere. NIf lesion was full.
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Figure 3.42: Nif lesion g9r20, left hemisphere. NIf lesion was partial.
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Figure 3.43: Nif lesion g9r20, right hemisphere. NIf lesion was full.
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Figure 3.44: Nif lesion g10r20, left hemisphere. NIf lesion was partial.
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3.2.7 HVC volume measurements
The results of the HVC size measurements can be found in table 3.16. One
hemisphere was measured three times and the resulting relative standard error
was 0.64 %. On average the size of the left HVC is slightly lower compared
to HVC of the right hemisphere: 0.352 mm3 ± 0.128 mm3 to 0.375 mm3 ±
0.113 mm3 . The Averages of the groups are as follows: FT 0.428 mm3 ±
0.126 mm3 ; ISO 0.400 mm3 ± 0.064 mm3 and PLT 0.242 mm3 ± 0.020 mm3 .
The NIf lesion quality was plotted against the HVC hemisphere sizes to check
for a possible correlation of these factors (see Fig.3.46). However no trend was
visible.
bird
FT-r19s14
FT-r19s17
FT-r19s18
FT-r19s20
ISO-g2r20
ISO-g3r20
ISO-g4r20
PLT-g8r20
PLT-g9r20
PLT-g10r20

left hem.
0.487
0.603
0.312
0.223
0.413
0.444
0.294
0.242
0.246
0.257

right hem.
0.502
0.538
0.380
0.379
0.472
0.416
0.362
0.263
0.239
0.205

total
0.989
1.141
0.692
0.602
0.885
0.860
0.656
0.505
0.485
0.462

Table 3.16: HVC volume measurement results.
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Figure 3.45: HVC size plot by group.
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Figure 3.46: Plot of HVC size vs. remaining NIf. Two hemispheres were excluded
from this plot. One hemisphere’s HVC was potentially hit directly by ibotenic
acid (r19s17 left) which might directly cause change in size. Another hemisphere
(g10r20 right) was cut poorly in the vibratome making proper lesion assessment
impossible.
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3.2.8 Volume changes of tissue during preparation
One factor which is a potential systematic bias for the size-related measurements is volume change during the histologic preparation process. To estimate
this change between in vivo and wet state, in which the light microscopy volume
measurements were done, the distance of two injection canals was adjusted with
the stereotax at high precision in one bird (g9r20) to be 0.80 mm. In the vibratome section containing these tracts, this distance was measured three times
with no significant change (0.80 mm; 0.80 mm; 0.79 mm).
To assess the possible changes during EM staining and embedding, three landmarks (a, b and c) were measured in a triangle of one wet section and after embedding (g3r20). These distances were measured three times each (see
fig. 3.17). The distance increased slightly by 2.17 % with a standard error of
mean of 0.68 %. The embedding-caused change in z-direction was measured
by focusing at three positions on top and bottom of a section before and after
embedding and an average shrinkage of 0.3 % was determined. A relatively big
standard error of mean was measured, 2.97 %, assumedly caused by the diﬃculty to focus bright field images of unstained brain tissue. The volume change
caused by embedding in all three dimensions totaled to a 4.1 % increase in size
with a standard error of mean of 14,86 %.
Cutting of embedded tissue with a diamond knife can cause further changes
due to the compression and this change was measured (see Fig. 3.18 and 3.47).
The change was measured by comparing distances of landmarks of an embedded
block, prepared for FIBSEM imaging, to an ultrathin section cut from the same
block. A compression of 1.8 ± 0.4 % perpendicular to cutting direction and of
15.2 ±0.2 % parallel to the cutting direction was found.
The overall volume change between in vivo and serial sections (used for the section 3.2.1) on synapse density measurements) resulted in a shrinkage of 13.31 %.
Dist. [µm]
a-b
b-c
c-a

pre 1
317.91
254.03
423.62

pre 2
317.91
254.95
422.31

pre 3
315.94
254.34
422.58

post 1
320.43
261.66
433.42

post 2
324.61
259.56
432.34

post 3
323.63
259.53
433.34

Diﬀerence [%]
-1.78
-2.33
-2.40

Table 3.17: Embedding shrinkage measurement results. Distances are given in
µm. Instead of a shrinkage an increase in volume was found.
Distance [µm]
perpendicular
parallel

pre 1
446.72
335.31

pre 2
445.68
336.35

pre 3
447.25
335.31

post 1
378.59
329.15

post 2
378.59
329.15

post 3
378.59
330.5

Diﬀerence
1.8 ± 0.4 %
15.2 ± 0.2 %

Table 3.18: Ultramicrotomy shrinkage measurement results parallel and perpendicular to cutting direction.
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Figure 3.47: Measurement of shrinkage caused by ultramicrotomy. Top image:
serial section of block 111. Bottom image: block 111, coated with a thin carbon
layer of approximately 5-10 nm. The distance between landmarks as marked by
the vertical red line was used to measure the shrinkage in the cutting direction
while the horizontal line marks the distance used for the measurement in the
direction perpendicular to the cutting direction. The distances were chose to
avoid folds.
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3.3 Discussion
In this section we will discuss the results of the second experiment on the role
of NIf in juvenile zebra finches during sensorimotor learning and put them in
the context of the current literature.

3.3.1 Synapse densities
The synapse densities are quite consistent within each group (See Fig. 3.13 on
page 54).
Between ISO and FT the diﬀerence is not significant, with FT having the slightly
lower synapse density. A study which gives only implicit information about this
is (Roberts et al., 2010). The authors monitor dendritic spines over a time span
of days with in vivo microscopy before and after tutoring during the sensorimotor phase (45 dph). An increase or decrease in relative spine numbers however is
not given by the authors even though these numbers had to be generated during
the analysis of spine turnover rates. This suggest that these numbers did not
show meaningful diﬀerences. This study was however focused on spines, which
limits the observations to putative synapses onto HVC projection neurons, since
HVCI neurons are aspinous (Mooney, 2000).
The study of (Nealen, 2005) used immunolabeling against synaptic vesicle protein 2 in combination with a confocal microscope to measure synapse densities
in adult zebra finch of both sexes. The densitiy in male adult HVC was at about
1.9 · 108 /mm3 . The two-fold diﬀerence to our measurements could have diﬀerent
reasons. The animals had a higher age, the indirect method of immunolabeling
could cause additional bias and our experiment included lesions which were not
present in the study by (Nealen, 2005).
We discuss the possible reasons for the significant diﬀerence between ISO and
PLT in synapse density in section 3.3.3.

3.3.2 Synapse size comparisons
The mean synapse size of the PLT group was bigger compared to the ISO and the
FT groups (see results in section 3.2.2 on page 58). This could be causally linked
with the diﬀerence in synapse densities (see Fig. 3.13 on page 54): During the six
post-lesion days in which the diﬀerence in synapse size between the ISO and PLT
arose, we also found a decrease in synapse density in the PLT group. It has been
shown that bigger spines are more stable over time (Trachtenberg et al., 2002;
Holtmaat et al., 2005; Roberts et al., 2010). This could mean that the measured
diﬀerences in mean synapse size are not caused by synapses actually growing
but by the smaller and less stable synapses disappearing thereby causing the
drop in synapse density.
A recent study showed somewhat contrary results: The multi-photon study by
(Tschida and Mooney, 2012) monitored changes in adult zebra finch HVC projection neurons after deafening. While there was no change in HVCRA neurons
the spines of HVCX neurons decreased in size and became less stable post lesion,
prior to song degradation. Putting this result into the context of our synapse
size comparison is however not straightforward. Even though NIf relays auditory
information to HVC deafening is not the same as a lesion of NIf. The diﬀerence is (a) physiological and (b) deafening hinders all auditory information from
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entering the brain, while we disrupted mainly the pathway via NIf. Additionally the age diﬀerence makes a comparison even more diﬃcult: Our experiment
was done on birds in the sensorimotor phase while (Tschida and Mooney, 2012)
studied adult birds. Given the diﬀerent roles of the two pathways, AFP and
SMP, during the learning phases and in adult birds, it is not surprising that our
result show change of synapse size in contrary directions.

3.3.3 Ratios and densities of symmetric and asymmetric synapses
In the following section we assume that the “functional Gray synapses concept”
is true (see (Klemann and Roubos, 2011) for a recent review on this topic). This
means that we assume the equivalence of symmetric synapses being inhibitory
while asymmetric synapses being excitatory.
The percentage of symmetric synapses was significantly higher in the PLT group
with 27 % compared to about 20 % in FT and ISO (see Fig. 3.16 on page 59).
Two plausible scenarios are possible:
Two trigger signal hypothesis Exposure to tutor song of birds in the sensorimotor phase triggers two distinct signals. The first signal is mediated through
NIf and predominantly causes generation and stabilization of one type of
synapses, excitatory or inhibitory. The second signal predominantly triggers generation and stabilization of the other type of synapses and is not
exclusively mediated via NIf. In absence of tutor song, and thereby both
signals, the ratio of inhibitory synapses remains balanced around 20 %,
as in the ISO group. When both signals reach HVC the synapse ratio is
maintained at a similar ratio, as found in the FT group. If however only
the second signal arrives at HVC, as in the PLT group, the proportion of
the symmetric synapses rises.
Taking into account the results of a study by (Liu, 2004) which looked for
the balancing mechanism between excitatory and inhibitory synapses allows us to speculate more precisely what could be going on. In their work
on cultured hippocampal neurons, excitatory and inhibitory synapses were
labeled and their local distributions were analyzed. The author showed
that the observed distribution of excitatory and inhibitory synapses could
not be explained by a random addition of synapses of both types. To further investigate possible mechanisms of how the proportions of synapses
are regulated the authors conducted a follow-up experiment: The functional balance of excitatory to inhibitory inputs was disturbed pharmacologically and the functional and morphological responses were measured.
Removing inhibition led to a reduction of excitatory synaptic strength and
a reduction in number of excitatory synapses and vice versa. The regulatory mechanism was named push-pull regulation by the author. The
response of the neurons was found after 12 hours and had stabilized after
24 hours.
Assuming that such push-pull mechanism is also active in HVC regulating
the numbers and thereby the strength of excitatory to inhibitory synaptic
activity we can take into account the finding of (Hahnloser and Fee, 2007)
that the bursts in inhibitory HVCI neurons during sleep are driven by
NIfHVC neurons. If the NIf-driven activity of HVC is predominantly in the
inhibitory HVCI neurons while the other (mainly not NIf-mediated) drive
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triggers excitatory activity in HVC then this push-pull regulation could
explain our finding: Missing NIf-mediated inhibitory activity in HVC of
the PLT group would lead to a reduction of excitatory synapses. This reduction in excitatory synapses density is what we found in the PLT group
(see density plot per synapse type; Fig 3.17 on page 61).
The trigger signals could come in the form of increased activity as found
by (Roberts et al., 2010): 45 dph-juveniles were exposed to tutor song for
the first time while intracellular electrophysiological recordings of identified HVC projection neurons were conducted in the nights before and
after tutor-song exposure. The spontaneous synaptic activity was measured. An increase in the amplitude of depolarizing synaptic activity and
the emergence of prolonged bursts of synaptic activity was found while
the resting membrane potentials and action-potential firing rate were unchanged.
Timing hypothesis Alternatively the proportion of symmetric to asymmetric
synapses in HVC could simply undergo a temporal change after exposure
to tutor song. Symmetric synapses numbers rise from their pre-tutored
state of 20 % in proportion to asymmetric synapses to 27 % after exposure
to tutor song for a time period longer then six days. After a period of
24 days the ratio of symmetric synapses drops back to 20 %.
A necessary assumption for this hypothesis is that the NIf lesions of the
PLT group did not suppress changes in HVC.
Both scenarios could explain the measured diﬀerences and similarities in the
experimental groups. In order to distinguish between the two scenarios we propose a follow-up experiment: Animals undergo a similar treatment as the PLT
group. However they do not receive lesions of any kind and but only injections
of tracer into Area X and RA. This group is called non-lesioned late-tutored
(NLT). If the synapse proportions of the NLT group are comparable to those
of the PLT group we can exclude the two-trigger-hypothesis. If the synapse
proportions are however comparable to those of the FT group, another experiment becomes necessary to exclude further ambiguities. In this experiment
two groups of animals undergo similar treatments as the ISO and FT groups
with the exception that they do not receive lesions of any kind and are called
non-lesioned early-tutored and non-lesioned isolate accordingly. If the temporal
change of synapse proportions is responsible for the results discussed above this
will become apparent in the measurements on these unlesioned animals.
It is remarkable that the statistical diﬀerences which we found between ISO
and FT in density, synapse type ratio and synapse size are quite small. Diﬀerent conclusions can be drawn: Either our method and the number of animals was
insuﬃcient to find the diﬀerences. Or secondly the measured synapse statistics
do not change significantly during the sensorimotor phase. The changes in the
neuronal circuitry of HVC could be strongly governed by homeostatic regulation (see (Turrigiano and Nelson, 2004) for a review on homeostatic plasticity in
developing neuronal networks). The synaptic changes which accompany learning in the sensorimotor phase could happen mainly by changing the partners
of synaptic connection without strong changes in the measured statistics. The
homeostasis would successfully keep synaptic statistics stable. Only a sever
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change in function, in our experiment a lesion, can push homeostatic regulation
measurable away from its equilibrium. This conclusion requires the assumption that the timing hypothesis is incorrect or that the time course over which
changes happen is not within the sensorimotor phase.

3.3.4 Song development
In this part of the discussion on song development we concentrate on birds with
full bilateral lesions since it is possible that mono lateral and partial inputs of
NIf to HVC are enough hide lesion eﬀects.
One bird (r19s18) of the FT group seemed to have improved its copy of one
tutor song syllable despite its complete bilateral NIf lesion. This indicates that
NIf is not necessary for further improvement once the tutor song could reach
HVC prior to lesion. The study of (Roberts and Gobes, 2012) tested the eﬀect
of NIf lesions in male zebra finches in their sensorimotor phase (at 36 to 47 dph)
prior to exposure to tutor song. The similarity of the songs to the tutor songs at
adulthood was negatively correlated with the percentage of lesioned NIf. This
finding shows the importance of NIf for learning as a whole, not diﬀerentiating
between memorization of tutor song and the subsequent phase of vocal practice.
However our finding suggests that the importance of NIf could be limited to the
first acquisition of tutor song memory. A follow-up experiment of how song
develops in birds which receive bilateral NIf lesions after exposure to tutor song
in the sensory phase before the start of the sensorimotor phase could help to
elucidate the exact role of NIf during learning even further.

3.3.5 HVC volume measurements
By measuring HVC volumes of the birds of all experimental groups we found
relative big diﬀerences between diﬀerent birds (see Fig. 3.45 on page 92). Even
though the birds of the PLT group had smaller HVC volumes compared to FT
and ISO we prefer not draw conclusions from this: Other studies have shown
strong inter-individual diﬀerence between birds. See the study of (Kirn, AlvarezBuylla, and Nottebohm, 1991) on HVC development of canaries and (Herrmann
and Bischof, 1986) on HVC development of zebra finch. Therefore our number
of animals per group is too small to make claims.
Our finding that the size comparison between left and right HVC pooled over all
birds is small is in agreement with the study by (Herrmann and Bischof, 1986)
which did not find a significant lateral diﬀerence in zebra finch.
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3.3.6 On methods
Here we comment on the choice of our methods, at which part of the experiments
diﬃculties arose and which parts were easier than expected.
On the dissector method
Even though the FIBSEM also allows for synapse density measurements in
stacks (see (Merchán-Pérez et al., 2009)) we did not apply this method. The
first stacks which we took with the new instrument showed oscillations in section
thickness. This non-uniformity would have caused big diﬀerences in the imaged
volume and subsequently in the density measurements. Therefore we used the
dissector method, described on page 40.
After some weeks of usage the software driving the FIBSEM was improved and
allowed for corrections of such errors using image recognition. However at that
time point we already had progressed in the work with the dissector method.

On finding labeled NIf axon with the FIBSEM
The necessary carbon coating of the FIBSEM sample blocks made it impossible
to directly find the labeled axons on the surface. The realization of our idea to
use images of the last ultrathin sections, cut from a embedded block to locate
labeled axons and to later relocate them in the FIBSEM-prepared block proved
to be unfeasible: We could not find the labeled axons in the embedded blocks
which were prepared for FIBSEM imaging. Even though we used visible bigger
structures (somata, blood vessels, border of section and respective block) as
landmarks and measured distances from them to the labeled axons to triangulate its location on the FIBSEM block we failed. Each trial of finding a labeled
axon with the FIB took time in the range of a day and we had to abandon this
approach. In retrospect I have to assume that the compression in the cutting
direction of the ultrathin sections, caused by the ultramicrotomy, of about 15 %
was responsible for this diﬃculty (see page 94). The true locations shifted from
the ultrathin section to the blocks due to this compression. Unfortunately the
shrinkage analysis was done after the imaging and therefore I could not correct
for this bias in time.

On the classification of synapses with FIBSEM data
The use of FIBSEM image stacks to classify synapses into symmetric and asymmetric proved to be excellent. While in the 70 nm serial sections it was impossible to classify all synapses unambiguously even for an expert in this analysis,
German Köstinger, the same analysis was relatively easy in the FIBSEM data.
The fact that each synapse was resolved in minute detail combined with the
possibility to follow axons further in the neuropil to find other synapses with
the same axon as the presynaptic partner gave us a very high confidence in our
classification results.
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