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1 Abstract

Starlings are open-ended learners that have the capacity to adjust their song every year. Song learning in this
species is dependent on the photoperiod -the amount of light in a day, which causes them to switch from a
photo-sensitive (winter); to a photo-stimulated (spring) and finally to a photorefractive state (late summer-fall).
In the breeding season, the photo-stimulated period, male starlings will increase their song bout length and sing
more often. Female starlings have periods of singing different from the males but will increase the amount of
song when nest boxes are present. It has been previously shown with various modalities that the song control
nuclei change size depending on the season, a phenomenon especially present in male starlings. These changes
are one of the best-known examples of natural occurring neuroplasticity in adult animals. The underlying
mechanism of neuroplasticity in humans or in animals is not completely understood. The starling is a good model
to investigate these underlying mechanisms as they experience major neuroplasticity changes on a yearly basis.
Neuroplasticity of this magnitude does not happen in humans, rodents, or other bird species such as the zebra
finch, where major neuroplasticity occurs mostly early in life.

MRI is a great technique to perform longitudinal studies on animals or humans. It gives the opportunity to follow
and manipulate the animals for a longer period without the need to sacrifice them during the experiment.
Resting-state functional MRI (rs-fMRI) is a well-known technique in the neuro-imaging community to unravel
networks present in the brain and to investigate the differences between certain groups. This MRI technique has
been used for many years in humans and rodents, in birds however, only two studies are known up until today.
This technique has not been done before in starlings. Therefore, we wanted to investigate whether rs-fMRl is a
good technique to use in birds, specifically the starling. In this project, static rs-fMRI is used because we want to
establish the basic functional connectivity networks, before moving on to more sophisticated, but less-
established techniques like dynamic rs-fMRI. To extract functional connectivity, various analysis methods were
applied. First, independent component analysis (ICA) was used to check whether there is any activity in the data
that can be isolated. Second, region of interest (ROI)-based functional connectivity analysis was conducted,
where based on the ICA outcomes pairwise connectivity between ROIs was calculated. This gives us an overview
of the connectivity between two specified regions and the difference between the groups. Lastly, seed-based
analysis is performed to investigate which voxels and thus brain regions are connected to a certain seed and the
differences between groups as well. To use MRI data, an exclusion of non-neuronal signal is needed. This can be
done using a low bandpass filter, quadratic detrending and global signal regression. Until today there is no
consensus about whether global signal regression should be applied, and which method would remove all
unnecessary signal while at the same time retaining the real neuronal signal. Therefore, we tested the analysis
with and without removing the global signal from the data.

An overall finding from our experiment is that both sexes had increased functional connectivity during the
breeding season compared to the non-breeding season. The song control nuclei (HVC-RA ), which were previously
known to change structurally in males, also change functionally in our resting-state data, which is an intriguing
finding. We also notice that other seed areas fluctuate significantly between seasons, suggesting that plasticity
exists outside of the well-known song control nuclei as well. Our project provides a starting point for deciphering
the functional networks in the birdbrain, but more investigation is required to uncover unknown networks.
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2 Abbreviations

A Anterior

BOLD Blood oxygen level dependent

CMM Caudal medial mesopallium

CcT Computed Tomography

dHb deoxygenated Haemoglobin

DLM Dorso-lateral division of the medial thalamus
DVR Dorso-ventral ridge

EPI Echo-planar imaging

F_BS Females breeding season

F_NBS Females non-breeding season

FA fractional anisotropy

FC Functional connectivity

FDR false discovery rate

fMRI functional MRI

GE Gradient Echo

GIFT Group ICA of fMRI toolbox

GSR global signal regression

HVC used as a proper name (Higher Vocal Centre)
| inferior

ICA independent component analysis

Int intermediate

L left

LMAN Lateral magnocellular nucleus of anterior nidopallium

University of Antwerp
& I Faculty of Pharmaceutical, Biomedical Master thesis | Silke Lemmens | 5
and Veterinary Sciences



LR bilateral, left-right

M Middle

M_BS Males breeding season
M_NBS Males non-breeding season
MLd dorsal lateral nucleus of the mesencephalon
MRI Magnetic Resonance Imaging
NCL caudolateral nidopallium
NCM Caudal medial nidopallium
Ov Nucleus ovoidalis

oxyHb oxygenated Haemoglobin

P Posterior

PET Positron Emission Tomography
PFC prefrontal cortex

QDT quadratic detrending

R right

RA robust nucleus of arcopallium
RF Radiofrequency

ROI Region of interest

Rs-fMRI resting-state functional MRI
S superior

SAM Small Animal Monitoring

SBL Song bout length

SCS Song control system

SE Spin Echo
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SPECT

SPM

TE

TR

uv

Single-Photon Emission Computed Tomography

Statistical Parametrical Mapping

echo time

repetition time

ultraviolet
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3 Introduction

3.1 Why are songbirds good models for vocal learning?

Songbirds are vocal learners that can be used to explore the mechanisms subserving learned vocal
communication similar to human speech.* Vocal learning is the capacity to learn to produce new sounds for
communication. Songbirds can be used for investigation of the neural substrate and socially sensitive neural
circuitry for vocal learning. Other species, such as rodents, use vocalizations to communicate as well but are
known as vocal non-learners as their behaviour is innate, not learned.®

3.1.1 Comparable pathways

A human brain and a bird brain have many differences. Birds don’t have gyri such as humans to enlarge their
brain surface. In humans, the corpus callosum connects the two hemispheres with each other. In birds, a corpus
callosum is not present, the hemispheres are connected using an anterior and a posterior commissure.® The
birdbrain consists of large subregions divided by white matter connections in lamina. These pallial subregions
are: hyperpallium, mesopallium, nidopallium and the arcopallium. Despite the many differences between the
brains of these two species, a few networks display some similarities.

A) Song learning pathways

Both humans and songbirds have specialized brain circuits that control learning and the production of speech
and song, respectively. In songbirds, such as the starling, the song control system can be divided into two main
pathways: the anterior pathway (figurel, white line) which controls vocal imitation and the posterior pathway
(figurel, red line) that controls production of learned vocalizations.>” The anterior forebrain pathway of the
songbird consists of the Lateral magnocellular nucleus of anterior nidopallium (LMAN) in the pallium, Area X in
the striatum and the dorso-lateral division of the medial thalamus (DLM) in the thalamus. This forms the pallial-
basal ganglia-thalamo-pallial loop. Area X is suggested to induce stereotypy and LMAN induces variability into
the songs and thus enables vocal imitation.m” The posterior pathway, known as the song motor pathway, consists
of the HVC (used as a proper name) and the robust nucleus of arcopallium (RA). HVC, which is functionally
equivalent to Broca’s area in humans?, controls sequencing while the RA controls acoustic structure of syllables.
The analogous human pathway for the anterior forebrain pathway is, the cortico-basal ganglia-thalamo-pallial
loop, which involves Broca’s area, the anterior striatum, and the anterior thalamus. The posterior song motor
pathway is analogous to the laryngeal motor cortex.” In humans, Broca’s area is responsible for language
production and comprehension®, Wernicke’s area is known to process the sounds of speech and to store word
meanings.® The thalamus works as a relay station for sensory information.!! The comparison of the vocalization
pathways between songbirds and humans is visualized in figure 1.

(@) songbird human

cerebellum

"~ thalamus thalamus

e/ . pallium
- midbrain B striatum
trachea and syrinX pindbrain i

muscles

midbrain
hindbrain

larynx muscles

Figure 1: Visual representation of the comparability of the pathways for song learning and vocalization in the
songbird brain vs the human brain.! Both have two main pathways: the anterior pathway (white line), which
controls vocal imitation and the posterior pathway (red line), that controls production of learned vocalizations,
and connections between both pathways are indicated by the black dotted line. Abbreviations explained in
abbreviation list.
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B) Auditory pathways

Similarities between songbirds and humans can also be found in the auditory pathway (figure 2). In both species
sound vibrations are picked up by the inner ear hair cells, which synapse to sensory neurons.*? Those project to
the cochlea and lemniscal nuclei of the brainstem, which project to the inferior colliculus (humans) or the dorsal
lateral nucleus of the mesencephalon (MLd) (birds) and to the thalamic auditory nuclei, medial geniculate body
(humans) or nucleus ovoidalis (Ov) (birds). The thalamic nuclei make connections with the primary auditory cell
populations in the pallium: layer 4/5 primary auditory cortex (humans) or L2 (birds). Layer 2 and 3 of the primary
auditory cortex in humans are similar to avian L1 and L3 neurons.?? The avian caudal medial nidopallium (NCM)
and caudal medial mesopallium (CMM) are similar to layer 2/3 of the human auditory association cortex including
Wernicke’s region as they form reciprocal intrapallial connections and they both receive input from L2. The NCM
is also involved in auditory memory.2 The neurons of the RA cup could be similar to layer 5 and 6 of the human
auditory association cortex, these send auditory feedback projections to thalamic and midbrain auditory
nuclei.?

Figure 2: Visual representation of the auditory pathways in the songbird brain. The black line indicates the direction of the
auditory pathway starting in the hair cells of the ear. The pathway ends in the secondary auditory nuclei. 13 Abbreviations
explained in abbreviation list.

C) Lateralization

It is well-known that speech and language in humans are hemisphere specific. Broca’s area and Wernicke’s area
are mostly active in the left hemisphere, especially in right handed people.** In zebra finches, there is also a left
hemispheric dominance, where structural properties of some parts of the secondary auditory cortices, such as
the left NCM, are predictive of future learning accuracy already during the sensory phase.#*> In other birds, such
as pigeons and even starlings, hemispheric dominance has been shown in the hippocampus.2® This indicates that
the process of lateralization occurs similarly in birds and humans, which is remarkable given that these species
were separated millions of years ago from a common ancestor.

3.2 Sturnus Vulgaris

The European starling (Sturnus Vulgaris) is a songbird where both males and females learn to sing in contrast to
zebra finches, where only males sing. The reason for singing differs between male and female starlings and varies
across seasons. Males, however, sing throughout the year with an increase in songs in the photo-stimulated
period, which is the breeding season. In the breeding season, males mainly sing for mate attraction and direct
their song towards females. Outside the breeding season, males sing less and not directed to females. This song
is thought to serve dominance or territory maintenance.'” Females sing from October until mid-April, mainly in
the non-breeding season. It has also been shown that females sing more when they are occupying a nestbox.*®
Female starlings sing throughout the year, in the breeding season the function is thought to play a role in
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intrasexual competition. Even though females are capable of singing complex songs, involving all categories of
song, it is unclear whether all females sing or sing complex songs. The complexity of male song has also shown
to be significantly higher than that of female song over all song measurements.*®

The starling is an open-ended learner. They can adjust their song again every year before the next breeding
season. It has been shown that starlings can even learn a new song after a year in full isolation°. This is in contrast
with the canary, another open-ended songbird.?! In general, song learning can be divided in three different
stages: the first stage is the sensory phase, in which the birds are exposed to song by their social group and
memorize it. The second stage is the sensorimotor phase which can be subdivided into two phases: first a
subsong phase occurs during which the youngsters calibrate their vocal instrument and next there is a plastic
song phase where the bird tries to match the song memorized in the sensory period. The third stage is
crystallization, where the song has fully matured and after which a song cannot be changed anymore.?>?3 This
last stage is present in all songbirds, but the duration differs between closed- and open-ended learners. In closed-
ended learners, like zebra finches songs cannot be adapted after this phase. In open-ended learners such as
starlings, the term crystallization means that the song does not change during the breeding season. Open-ended
learners can restart the cycle and learn a new song each year, during in the non-breeding season.?* In canaries,
another open-ended learner, the song becomes unstable at the end of the breeding season. During fall, the
plastic song becomes stable again, ready for the next breeding season.?* Open-ended learners are capable of
expanding their song repertoire with age.?#?® Eens et al. showed that starlings seem to add more song types
instead of overwriting the previous one as is the case in canaries.’*?>

3.2.1 Starling Songs

Starlings have a large repertoire of songs (20-70 types) and are capable of learning heterospecific imitation;
mimicry of heard sounds.?® These birds are intermediate mimics, meaning that every bird incorporates several
imitations in their song.?® Starling song can be divided into three distinct classes, each with their typical function.
Class 1 whistles are sung only by male starlings for long-distance vocal interactions, which aim for recognition
and classification of populations and species. Class 2 whistles are produced by both sexes and can be shared by
birds living together in captivity, while in the wild each whistle is unique to the bird. Class 3 song, warbling, is
used by both sexes to communicate over a short distance. This song class does not elicit vocal interactions, in
contrast with class 1. Class 3 songs consist of highly organized sequences, which start with individual motifs and
at the end species-specific motifs, like clicks and high-pitched trills. As described above class 2 and the start of
class 3 songs serve the function of individual recognition between birds.?’

When starlings are kept in isolation, class 2 whistles fail to develop when the songs are only presented through
loudspeakers.?® Isolation also leads to atypical warbling (class 3) which lack the species-specific motifs at the end.
This signifies that social experience is important to fully develop their natural song.?’

3.2.2 Seasonal changes

Starlings are seasonal breeders, which means they have a circannual reproductive rhythm with periods of high
reproductivity during the breeding season in spring. (See figure 3) This rhythm is dependent on the photoperiod
— the amount of light per day. When daylight is less than 11.5h per day the photosensitive period is reached,
making the birds responsive to longer day lengths. As days begin to lengthen during the photosensitive period,
birds become photo-stimulated. During this period, also known as the breeding season, testes size increases,
their song quality improves, and their song control nuclei almost double in size, known as the breeding season.
When the photoperiod is long (>12h) for an extended period, the starlings enter the photorefractive state, their
testes size decreases again and the birds go through molt. Only when the daylength decreases again, the
photosensitive stage can be reached again.?®3° In males, it has already been shown that the song control nuclei
(HVC, RA) were structurally larger in the breeding season compared to the non-breeding season.’
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Seasonal changes in songbirds
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Figure 3: This figure shows the seasonal changes in male European starlings. Day length determines the reproductive rhythm,
when it drops below 11.5h the photosensitive period is reached making them responsive to longer day lengths. These longer
day lengths cause photo-stimulation which comes with an increase in testes size (green line), increased song bout length (SBL,
red line) and an increased volume in the song control system (SCS, blue line). When the daylight is increased for a longer
period, the birds become insensitive to light. Then they experience molting (losing feathers, grey line).3

3.3 Neuroplasticity

In general, the brain is a highly adaptable and dynamic organ that possesses the ability to form new connections,
reorganize its structure or function in response to intrinsic or extrinsic stimuli, a phenomenon known as
neuroplasticity.3! This is most prominent during early childhood in humans and is essential for the development
of crucial skills, including language and hearing. In contrast, the plasticity of these circuits decreases in adulthood,
making it more challenging to master these skills. Critical or sensitive periods are periods of heightened
neuroplasticity in life, but the brain can remain plastic during life.3>3 During these periods, specific experiences
are required to promote normal behaviour.3* Impulse activity resulting from sensory experience activates the
molecular cascades underlying plasticity.3> Neural circuits are strengthened by Hebbian plasticity; when the
presynaptic neuron is constantly activating the postsynaptic neuron, the synapse between the two is
reinforced.3

A) Critical period

A critical period is a well-defined period of heightened sensitivity3>33 during which specific skills, such
as vision, hearing and language, are acquired. The critical period for first language syntax, for example,
occurs within the first year of life.3® During this period, sensory experience plays a crucial role in shaping
the neural circuits involved in basic sensory processing. As the critical period ends, these skills can no
longer be learned and the brain undergoes reorganization to accommodate other sensory
modalities.3”-3® Early deprivation of auditory or visual input can result in a failure to develop the
necessary neural circuits for processing sensory information.>*An example is amblyopia or a lazy eye,
where the treatment is only effective when performed during childhood.*

B) Sensitive period
Similarly, a sensitive period is a specific, not well-defined or reoccurring time during which neural circuits
are highly susceptible to change. After this period a new skill can still be learned, however it will be more
difficult.*® Sensitive periods for lower order processes end earlier than for high-level circuits. For
example, the sensitive period for language acquisition ends before the period required for social
development.3

The concept of neuroplasticity and critical periods is supported by numerous studies. For example a study in non-
human primates showed that deprivation of visual stimuli during the critical period can lead to nystagmus and
behaviour similar to those observed in blind humans.*! Similarly, language acquisition is another example of the
sensitive period concept. Research has demonstrated that automatically acquiring a first language during
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childhood is easier than learning a second language after puberty which is more difficult and requires more
conscious effort.3>33 Other studies have demonstrated that congenitally deaf children, for instance, lack auditory
input which results in the reassighment of auditory regions to other senses.?”3® Consequently, when cochlear
implants are inserted after the critical period, patients may exhibit abnormal responses, such as altered auditory
perception and language accuracy.?”*? Conversely, research on congenitally deaf adults who use sigh language
have demonstrated activation of the auditory cortex, indicating that this region has been repurposed to support
visual processing of language.’’

It is well established that starlings also undergo neuroplasticity in adulthood.
B Stimulated  » Seasonal plasticity has been partly investigated, mainly in the song control
B Rekactory I—I system, however the true functional differences in the songbird brain

throughout the seasons are not well understood.® Previous studies in starlings

have already shown structural differences between the seasons in the song
— — control system and recently in other sensory systems. Figure 4 illustrates the
'_] '_I volumetric changes measured in vivo using MRl in two main song control regions

(RA and Area X), but also in the NCM which is part of the auditory system. These

nuclei had a higher relative volume in the breeding season, the photo-stimulated

period than in the non-breeding season, the photorefractory period. These
RA Area X NCM differences show that there is plasticity in the starling brain.>** Another study,
shown in figure 5, shows the seasonal plasticity using tractography, an MRI
technique, which shows the volume of the HVC-RA tract, which is part of the song
control system.

Relative Volume (%)
5 @ o

o
[

0,0

Figure 4: Results of volume
measurements on song control
nuclei (RA, area X) and an
auditory nucleus (NCM). The
photo-stimulated period is the
breeding season (black box), and
the photo-refractory period is
part of the non-breeding season
(grey box). Significant results
indicated by * p<0.05 and **
p<0.01.3

Figure 5: This figure shows a fiber
tracking started from RA which has
a connection with HVC. This tract is
bigger in April, the breeding season,
compared to July, the non-breeding
season. This shows there is
structural seasonal neuroplasticity
in the song control system. OM =
tractus occipitomesencephalicus, a
fiber bundle leaving from the
arcopallium. 2

3.4 Imaging modalities

To further unravel the mechanisms of neuroplasticity in songbirds, we need appropriate tools. We chose
magnetic resonance imaging (MRI), which is a non-invasive imaging technique and therefore can be used to
perform longitudinal studies on the same subject. It uses electromagnetic waves unlike other imaging modalities
that use ionizing radiation such as positron emission tomography (PET), single-photon emission computer
tomography (SPECT) and computer tomography (CT).*
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PET and SPECT use radioactive tracers to unravel functional activity, e.g., to visualize tumours. These techniques
are capable of measuring plaque load, synaptic density, neuroinflammation and perfusion.*** CT in contrast
uses X-rays to investigate anatomical abnormalities such as kidney stones.*®™’ CT can also measure perfusion
parameters on the capillary level of various tissue types.*® MRI is versatile as it can measure biochemistry,
functionality as well as structural properties of tissues without potentially harmful radiation.*

3.4.1 Principles of MRI

The principles of MRI start with a hydrogen atom present everywhere and in great amount in the human body,
it contains one proton which spins around its axis. This creates a magnetic momentum. Under normal
circumstances the direction of magnetic momentum is random in the body. When an external magnetic field is
applied, these spins have either a spin-up (along the magnetic field, low energy state) or a spin-down (opposite
of the magnetic field, high energy state). The spins will precess out of phase along the magnetic field with a
certain frequency dependent on the magnitude of the field strength. The application of a radiofrequency (RF)
pulse at the resonance frequency of the spins will cause a change in the distribution of the equilibrium of the
spins and the spins will (partly) precess in phase. The in phase-precessing of the spins will induce an alternating
magnetic flux which induces an electromotive force in a receiver RF coil, this is the MR signal.>®

The spins will return to their equilibrium and dephase following two relaxation processes. In T1, spin-lattice
relaxation, the environment or lattice absorbs the energy of the proton spin as they return to their equilibrium
distribution. It is characterized as the time until 63% of thermal equilibrium is recovered. Water has a long T1
and thus looks dark on T1-weighted images, in contrast to fat. In T2, spin-spin relaxation, the spins mutually
affect their ‘magnetic field strength’ causing fluctuations in their precession frequencies that leads to a decay in
the signal. Water has a long T2 causing it to look bright on T2-weigthed images. Also, inhomogeneities in the
external magnetic field influence the precession frequency leading to a faster T2* relaxation. The relaxation times
are dependent on the tissue type and biochemical environment providing a tissue specific MRI contrast.>%>!

3.4.2 Functional MRI (fMRI)

Functional MRI (fMRI) is a type of MRI used to investigate the function of certain brain regions. Changes in neural
activity can be assessed via changes in the blood-oxygenation-level-dependent (BOLD) signal or via the
measurement of tissue perfusion or blood-volume changes. This BOLD signal is based on the difference in
magnetism between oxygenated haemoglobin (oxyHb, diamagnetic) and deoxygenated haemoglobin (dHB,
paramagnetic). The latter causes an increased dephasing which attenuates the T2*-weighted signal. When a task
is being performed, the active brain regions use more oxygen, leading to a localized increase in dHB. To ensure
enough oxygen in the active regions, the local arterioles will dilate causing an increase in local blood flow and an
excess of oxyHb. This will result in an increase of the ratio oxyHb/dHb leading to a higher BOLD signal (figure 6).%?
This signal can be used to study the entire network of brain areas that are engaged in a task while a subject is
performing it or to investigate functional networks during rest.>®> When interpreting the results of BOLD signals,
vascular and metabolic subcomponents should be taken into account since the observed BOLD signal change is
dependent on cerebral blood flow, cerebral blood volume and the oxygen metabolism.>2 There is a delay (=3-5s)
between receiving a stimulus and the actual metabolic response/measured BOLD peak. The haemodynamic
response function couples neural activity with the fMRI signal and shows this delay in signal.>*>>
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Positive BOLD response (excess HbO,, relative
reduction in Hbr)

Post-stimulus undershoot, return to
normal flow with slow CBV recovery
(relative increase in Hbr)

Signal intensity
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Time (s)

Brief initial dip (HbO, ~Hbr)

Figure 6: This figure shows the haemodynamic response function. The BOLD signal will first dip when the brain is using more
oxygen. When the vessels dilate, there will be an increase of oxygenated haemoglobin, this will give a positive BOLD response
because this changes the ratio of oxyHb/dHb. In this figure OxyHb = HbO, and dHb= Hbr ¢

fMRI has a relatively high spatio-temporal resolution, though several things have to be taken into consideration.>?
A first consideration is that it measures a surrogate signal, BOLD, whose spatial specificity depends on the used
sequence. Researchers can choose between a T2*-weighted gradient echo sequence, which is more sensitive to
both target signal and noise/distortions and a T2*-weighted spin echo sequence, which allows for higher
specificity.”” Echo-planar imaging (EPI) is a fast MRI technique with which you can use a gradient or spin echo
sequence. In single-shot EPI the entire image is taken at a single excitation. The advantage thereof is reduced
imaging time and decreased motion artifacts. Acquisition of an image only takes 20-100 ms. Using the multi-shot
EPI, a higher spatial resolution can be obtained with less distortions, comparable to conventional MRI. In spin-
echo pulse sequences each line of image data is collected during a repetition time (TR) period. The total imaging
time will thus depend on the amount of lines/phase-encoding steps. In EPI, multiple lines of image data are
acquired during a single TR.*® When using multi-shot EPI, a portion of the k-space is acquired in each shot until a
complete image is taken.>®

Another consideration is that animals need to be immobilized to avoid movement artifacts, although some
studies have explored function in awake animals.>>%°® However, very often anaesthesia is used. Special care
should be taken when selecting an anaesthetic as different anaesthetics can have various known effects on brain
function and/or brain vasculature that should be taken into account.®* There is no one anaesthetic that is best
for fMRI, the choice will depend on the type of experiment you want to do. However, several things are known
about the effects of anaesthetic agents. The most widely used ones are medetomidine and isoflurane. It has
already been shown that medetomidine, an injectable anaesthetic, is associated with a reduced strength and
occurrence of interhemispheric connectivity between homotopic regions. Isoflurane is an inhalation anaesthetic
and thus easy for induction as well as maintenance of anaesthesia, but the amplitude of the signal is dependent
on the dose. It also induces vasodilation resulting in slower and weaker haemodynamic responses for stimulation.
Another inhalational anaesthetic is sevoflurane, which maintains cerebral autoregulation better.®? With careful
selection of experimental parameters, this technique allows studying of spatial location, possible hemispheric
lateralization, magnitude and time course of BOLD contrast changes across different stages.*

The signal acquired with fMRI is used to calculate functional connectivity (FC). When two regions show similar
activation patterns using fMRI, the regions are said to be functionally connected with each other. The networks
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that can be derived from this method are those used in controllable tasks, such as the visual, auditory and motor
networks. These networks can also be found in resting-state fMRI. Rs-fMRI can unravel functionally connected
networks when the brain is at rest.®

3.4.3 Resting-state fMRI (rs-fMRI)

Resting-state fMRI (rs-fMRI) captures the activation when the brain is at rest, which reflects the distinct network
systems in the brain.®* It is interesting to study resting-state networks because the brain consumes 20 % of the
total energy and 60-80% of this is used as inherent activity for communication between neurons and their
supporting cells.®> Functionally connected networks at rest are patterns of low-frequency fluctuations that can
be discovered by rs-fMRI.®” This technique is already a well-established method in the field of neuro-imaging.
Many studies have already successfully analyzed resting-state networks in rodents, non-human primates®7% and
some have even accomplished it in birds. All these studies were performed using anaesthesia.®®’* In humans, rs-
fMRI has also already been validated, these studies are carried out in awake humans.” This technique has thus
been validated to use in different species and to unravel the functional networks present in the starling.

Rs-fMRI can be subdivided into two main branches: static and dynamic rs-fMRI. The static technique only looks
at functional interactions, stationary in space and time. The dynamic technique assumes that FC across networks
changes over time. It represents transient and recurring patterns over time, this can reveal neural mechanisms
not found in static rs-fMRI.”3> However, static rs-fMRI is a well-established technique in rodents and humans and
would be the first step to investigate FC in a new species or model.

3.5 Networks in the songbird brain

Using rs-fMRI, functional networks can be investigated. The networks that appear in rs-fMRI are known to have
intrinsic FC, which is thought to occur mainly at frequencies below 0.1 Hz. Above this threshold, fluctuations in
the signal are thought to belong to non-neuronal causes such as cardiac rhythm.®” This intrinsic activity can be
used to investigate the brain’s organization into large-scale functional networks.%3

Diffusion MRI and histological preparations have already been used to unravel structural networks in bird. These
networks are expected to be functionally connected as well and thus retrievable in rs-fMRI. Besides the auditory
system and the song control system discussed earlier, other known networks in the songbird brain are discussed
below.

The dorsal ventricular ridge (DVR) is the avian sensory system which consists of a visual part, an auditory part,
and a trigeminal part. The wulst comprises most of the hyperpallium, with anteriorly somatosensory functions
and posteriorly visual functions.”

Visual information goes from the retina to the nucleus rotundus of the thalamus.”® The primary visual system in
the avian forebrain consists of the entopallium, nidopallium intermedium and the mesopallium dorsale. From
the entopallium connections go to the striatum/basal ganglia. From the nidopallium intermedium the
connections go to associative and motor areas.”® By injecting biocytin in the entopallium, a connection with the
mesopallium ventrale was revealed, which successively projects to mesopallium dorsale and nidopallium
intermediale. This information is then transmitted to the caudolateral nidopallium (NCL) and the arcopallium,
which is a part of the motor pathway.”
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The avian homolog of the prefrontal cortex (PFC) is thought to be NCL as it is an integration center that connects
sensory input to limbic and motor structures. It contains many dopaminergic fibers analogous to the human PFC.
NCL is responsible for decision making, rule tracking, encoding of subjective values and association.”® In crows,
associative learning has shown to activate the striatum and the amygdala.”

4 Research questions

Starlings are a good model for vocal learning and have already shown to experience structural neuroplasticity in
the breeding season versus the non-breeding season, but little is known about the functional changes upon
learning over these seasons. Therefore, we want to use an in vivo method like rs-fMRI to:

1)

2)

Evaluate whether rs-fMRI is a good modality to investigate FC in starlings

Since rs-fMRI has not been done often in birds and especially not in the starling or any open-ended
learner in general, we want to evaluate whether this technique can be used in this species. By our
knowledge rs-fMRI has only been performed on two bird species: the zebra finch and the pigeon.””’8
Rs-fMRI is a well-established method in other species, such as in humans and rodents. Therefore, we
hypothesize that this technique is feasible in starlings and that we will find FC even though there is no
previous knowledge about what functional networks to expect.

Evaluate whether the functional networks in the starling brain change seasonally.

In this project, starlings are used to investigate the difference in FC between seasons. Starlings are
known to behave differently and have changes in their songs in the breeding season compared to the
non-breeding season. Also, structural differences between the seasons have been established in
starlings.? This raises the question whether there are also differences in FC and mainly in functional
networks in the starling brain over the seasons. The well-established method of static rs-fMRI is used in
this project to investigate these networks and the seasonal differences in the starling.

We hypothesize that the FC in the breeding season will be higher compared to the non-breeding season
in both sexes. Both sexes sing, although for different reasons, so it is expected that both experience
plasticity. As structural plasticity has already been shown, although mainly in males, we expect higher
connectivity in the breeding season. Orije et al. 2020 showed that injecting testosterone in female
starlings increases the fractional anisotropy value of the HVC-RA tract. In male starlings the testes size
and thus testosterone production increases in the breeding season, explaining a possible factor in
seasonal neuroplasticity and the increase in volume in certain regions during the breeding season.” This
indicates that even though plasticity occurs in females, we would expect more differences between the
seasons in the males. Females differ in singing behaviour from the males. Only larger females sing,
during part of the photosensitive phase, the non-breeding season and part of the photo-stimulated
phase, the breeding season in contrast to the males who sing all year but especially during the breeding
season.’®

As there is no corpus callosum in starlings and lateralization has previously been observed in zebra
finches for the auditory nucleus and in pigeons and starlings for the hippocampus, we hypothesize that
the connections will be distinct in both hemispheres.*>1¢
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5 Material and methods

5.1 Experimental set-up

In this study, 28 European starlings were used (15 males and 13 females). They were kept in aviaries inside with
a light-cycle matching their natural photoperiods. In the aviary, water and food is given ad libitum. The birds
were scanned in an MRI scanner (Pharmascan 70/16 US, 7 T, Bruker, Ettlingen, Germany) in the breeding
season (March-April) and non-breeding season (October). Prior to and during scanning the starlings were
anaesthetised using a 0.3 ml intramuscular injection of a mixture containing 10 ml medetomidine (Domitor,
Pfizer) and 0.25 ml ketamine (Anesketine, Eurovet). This mixture is continuously administered throughout the
scan using an intramuscular catheter at 0.12 ml/h. During the scan, temperature and breathing rate are
monitored respectively by a cloacal probe and a pressure sensitive pad. The monitoring is done by Small Animal
Monitoring (SAM) software. The body temperature of the starling is kept at 41.5°C using a warm air feedback
heating system. When the measurements are done, the anaesthetics are reversed using an intramuscular
injection of 1.5 ml atipamezole (Antisedan, Pfizer). The birds are placed in a recovery cage underneath an infrared
light, and as soon as they are fully recovered, they return to the group aviary. All procedures are done in
accordance with the European guidelines for the use of laboratory animals and approved by the Committee on
Animal Care and Use at the University of Antwerp, Belgium (86/609/EEC).

5.2 Acquisition

Resting-state fMRI is acquired on a 7 T Biospec scanner with a linear transmit volume coil and a parallel receiver
surface array. Three orthogonal T2-weigthed Turbo RARE images with 15 slices of 1 mm were acquired with a TR
of 2500 ms and an echo time (TE) of 33 ms. These images are used for a consistent positioning of the rs-fMRI
slice package. The rs-fMRI data is acquired using two different methods: single shot Gradient Echo-EPI and single
shot Spin Echo-EPI. In this project only Gradient Echo-EPI data will be used as this is the most sensitive technique.
They both have a TR of 2000 ms and a TE of 10 ms for Gradient Echo-EPI and 16 ms for Spin Echo-EPI. 13 axial
slices were acquired with a slice thickness of 0.8 mm and an interslice distance of 0.1 mm. A field of view of 3x3
cm?, a matrix size of 128x96 and a bandwidth of 400 kHz were chosen. 150 repetitions were acquired for each
bird. This results in a measuring time of five minutes.

5.3 Processing

Pre-processing is carried out with Statistical Parametric Mapping (SPM). First, the images are realigned to the
first image, using a least squares approach and a six-parameter spatial transformation. After that, the images are
normalized to a single subject using a least square method to enable comparison between animals. These
realigned images are repositioned to match the images of a chosen reference bird. Subsequently, in plane
smoothing is done using a Gaussian kernel with a Full Width at Half Maximum of (0.468 x 0.638) mm. The data is
filtered (filt) using a low band pass filter of 0.005-0.08 Hz, similar to the filtering performed in an experiment
from Behroozi et al. Filtering is a necessary step to exclude signal that does not originate from neuronal
activation. It is expected that the neuronally generated haemodynamic signals do not cross 0.1 Hz, however,
there can still be some non-neuronal signal in below this frequency.®° The chosen range is assumed to contain
all neuronal information with minimal additional noise.

Besides filtering, we also performed Quadratic Detrending (QDT) and Global Signal Regression (GSR). Until now
there is no consensus about which method is the most scientifically correct, therefore we proceed with both
methods. Detrending is an operation to remove a trend which is an intrinsically fitted monotonic function.®!
When a trend is removed, only the actual signal is left, then you can look at the true variability in the data without
the trend. These trends can be caused by various non-neuronal factors. Detrending is necessary for enhancement
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of classification accuracy when acquiring long scans. Many different types of detrending exist such as linear and
quadratic. The use depends on the trend in the data.®? GSR is the removal of signal variations present in every
brain voxel, this can be useful as global signal is associated with head movement, respiration, and cardiac
rhythms. One consideration to take into account when using GSR is that due to the mathematical manipulations,
negative correlations are introduced. This makes the interpretation of GSR data hard as it is not known whether
the interactions are actually inhibitory or a result of mathematics. Another consideration to take into account is
that this signal could contain neuronal information and could be associated with arousal.83-8

The graph below (figure 7) shows the signal intensity over the repetitions for the original data, filt, filt_QDT and
filt_QDT_GSR data. This clearly shows the impact of the techniques on the data, the purple line shows the original
data. After filtering, the signal intensity is lower, when we zoom in on the lower intensities, the differences
between filt, QDT and GSR becomes more clear. For GSR (yellow line), the peaks disappear, which doesn’t happen
using QDT. We can also see that the difference between filtered data and QDT data is not so big for most
repetitions. This is an argument to perform the analysis only with QDT and GSR. From now on QDT data will be
referred to as non-GSR data.
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J \,,/ VMM \/ \_’/\/ \/ \/ \. ’// x\!/ AN NSNS \\// \ANAVAVAV, 7/ N \/ v/ \\.’/ NN X / \\/ & coT
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raw

Number of repetitions

Figure 7: Example of effect of filt, QDT and GSR. The purple line shows unfiltered data, the blue one filtered only, the red one
filtered + QDT and the yellow line shows data that is filtered, Quadratic Detrended and where the global signal is regressed.

To analyse FC, we perform Independent Component Analysis (ICA) using GIFT (Group ICA of fMRI toolbox) in
MATLAB. It analyses group data in three steps. Firstly, a data reduction is performed with a concatenation of
data in groups, afterwards group ICA is done with the Infomax algorithm. Finally a back reconstruction to single
subject independent components and time courses is done.®> When the components are generated, we match
the activations with the corresponding brain regions, using an in-house made starling atlas in AMIRA (figure 8).
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Figure 8: This figure shows a render of the atlas images in AMIRA showing all the regions and nuclei in the starling brain. The
upper row shows the regions, and the lower row shows the known nuclei in the brain.8¢ The name of the region is written in
the colour of the atlas delineation itself.

Components were generated for the four different groups separately (Females-Breeding (F_BS), Females-Non
Breeding (F_NBS), Males-breeding (M_BS), Males-Non Breeding (M_NBS)) and for all groups pooled together to
explore what regions are activated during resting-state in the starling. As not much is known about rs-fMRI in
birds, not to mention starlings, we compared the connectivity using 25 and 15 Independent Components. In
theory when less components are used, more networks can be found. However, too little components will not
give useful information either because all networks would be merged together. A good balance needs to be
found. However, we found that more biologically relevant regions were present when 25 ICA’s were used
compared to 15, we therefore proceeded with 25.

We applied a data driven approach by using the components from the 25 ICA’s to create parcellations in ITK-
SNAP for further analysis. The most intense part of the component signifies the center of the functional
activation, these were taken to delineate the regions. In total 37 regions were delineated. The regions were
further specified using abbreviations for location terms; Anterior (A), middle (M), posterior(P) to indicate the
place in the brain and superior (S), intermediate (Int), inferior (I) to indicate the depth. The hemisphere is
indicated using left (L), right(R) or bilateral (LR). (See figure 9) This is done because many components comprised
the same overarching region, for example the nidopallium.
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Figure 9: Overview of parcellations made based on the ICA component results. The brain is shown front to back. Nidopallium
(nido), Hyperpallium (hyper), Mesopallium (meso). Anterior (A), middle (M), posterior(P) to indicate the place in the brain and
superior (S), intermediate (Int), inferior (I) to indicate the depth. The hemisphere is indicated using left (L), right(R) or bilateral
(LR). NCL = caudolateral nidopallium, NCM = caudomedial nidopallium, NCC = central caudal nidopallium, CMM = caudomedial
mesopallium. The colours of the regions corresponds with the colours of the region names.

The ICA-based parcellations are used to investigate functional connectivity using FC matrices, these are created
using an in-house script in MATLAB. FC-matrices are made for every group (M_BS, M_NBS, F_BS, F_NBS) and
compared visually as well as statistically. These are matrices that are calculated by performing a Pearson
correlation between the timeseries for each ROIl. The values in the matrix present z-scores, which are the
correlation values adjusted to a normally distributed scale. The comparisons were made between the breeding
season and the non-breeding season. Statistically, we performed a two-sample T-test using the in-house made
rs-fMRI pipeline in MATLAB, including a multiple testing correction, False Discovery Rate (FDR).

Apart from FC matrices, another way to explore FC is seed-based analysis. For this we need seeds of 4 voxels. We
used the same regions as previously determined for the FC matrices. Here we reduced the amount of regions to
the most biologically relevant ones, leading to a total of 15 seeds (figure 10). With these seeds, connectivity maps
can be calculated. The analysis is performed using an in-house rs-fMRI pipeline in MATLAB. To start, we carry out
a first level analysis on subject-level by performing a one-sample T-test by calculating the correlations between
the timeseries of the mean BOLD signal of the seed voxels and all the other voxels in the brain, showing the
connections to the seed for each subject. Next, a first level analysis per group is done. This includes a voxel-based
one-sample T-test, which shows the t-value of the connections per group. From these maps, masks are created
in xjview (MATLAB toolbox) with a cluster size of minimum 10 voxels and an FDR corrected P-value < 0.05. We
merged the masks of the groups that we want to compare. These merged masks are used in the second-level
analysis, where the seed-based connectivity maps of two groups are compared using a voxel-based two-sample
T-test. The results of this analysis are statistical difference maps showing where the significant differences in FC
between the two groups can be found. These significant difference maps are corrected using FDR (p<0.05).

University of Antwerp

Faculty of Pharmaceutical, Biomedical Master thesis | Silke Lemmens | 20

and Veterinary Sciences



Slice 3 Slice 4 Slice 5

i

Slice 7 Slice 8 Slice 9 Slice 10

* Hyper-M-R * Hyper-P-L |VC-A-R
* AreaX-L + Basal Ganglia * Hyper-P-R * Hippocampus
* Hyper-M-L

Figure 10: This figure shows the seeds used in the seed-based analysis, based on parcellations for FC matrices. The seeds are
chosen based on the reduced FC matrices. Nidopallium (nido), Hyperpallium (hyper), Mesopallium (meso). Anterior (A), middle
(M), posterior(P) to indicate the place in the brain and superior (S), intermediate (Int), inferior (I) to indicate the depth. The
hemisphere is indicated using left (L) or right(R). NCL = caudolateral nidopallium, NCM = caudomedial nidopallium, NCC =
central caudal nidopallium, CMM = caudomedial mesopallium. The colour of the seed corresponds with the colour of the seed
name.

6 Results

The results section contains data from 15 male starlings in both seasons, 13 females in the non-breeding season
and 11 females in the breeding season. All birds were scanned in both seasons so they could be their own control,
however, two females were excluded due to problems in the pre-processing steps.

6.1 Independent Component Analysis (ICA)

The difference between 15 vs 25 components is mainly seen in the disappearance of biologically interesting
structures such as HVC, Entopallium and CMM. Not necessarily more networks are seen when we use 15
components. They consist of spread-out pallial regions, instead of clear networks such as for example the
auditory network. The components are usually a unilateral region instead of clusters in both hemispheres.
Therefore, we concluded that 25 components was the best option to perform data driven analysis on biologically
relevant regions.

ICA analysis for 25 components of the four groups is performed separately and once for all the groups pooled
together to increase statistical significance. The components rendered by the pooled data are (Supplementary
figure 1):

- NCM bilateral
- NCL bilateral
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Song control
System

Hyperpallium

- Area X+ LMAN

- Basal ganglia

- Hippocampus

- CMM

- Various regions of the pallia (Nidopallium, Mesopallium, Hyperpallium)

In all groups and the pooled data no noise components were found overall. Some different components were
found when calculating the ICA’s for the groups separately. Area X is only present in M_BS and M_NBS,
Arcopallium in M_BS, Basal ganglia in F_BS and F_NBS, Entopallium in F_BS.

A two-sample T-test on the groups is done using the pooled data to investigate the differences between the
seasons. Here no significant differences survive FDR correction (p<0.05).

6.2 Functional Connectivity matrices

6.2.1 Non-GSR matrices

The parcellations made based on the ICA data are shown in figure 9 above. The regions were clustered per
system. The matrices show z-transformed scores of a pairwise Pearson correlation between the timeseries of
each ROI. The colour bar of the matrices varies per technique (non-GSR and GSR) as they are based on the
average minimum and maximum values from all the groups, a red colour indicates a high connectivity and a blue
colour indicates a low connectivity or even anti-correlation.
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Figure 1111: Reduced ROI-based FC matrix showing mean z-transformed correlations without GSR for M_BS (left),

M_NBS (right). Warm colours (red/orange) show positive or strong connections while colder colours (blue) represent

less strong or anti-correlated connections. In this figure, a visual difference can be found between both seasons,

where the FC matrix in the breeding season colours more yellow-red compared to the more green-blue FC matrix in

the non-breeding season.

The complete matrices with 37 regions can be found in supplementary figure 2 for non-GSR data and
supplementary figure 3 for GSR data. The matrices were reduced as no significant differences were observed
(two-sample T-test, FDR correction, p<0.05). Since, when the number of comparisons is reduced, multiple
comparison correction becomes less stringent, the first 15 regions are kept as these are the most biologically
relevant. When we look at the matrices in figure 11, we can already see in M_BS that there is a strong connection
between NCM-R and NCL-R, the posterior and anterior HVC and between the Hyper-P-R and the NCL-R and NCM-
R. The first two are also visually present in M_NBS. When looking at both seasons, there seems to be a higher
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connectivity in the breeding season compared to the non-breeding season. However, when performing a two-
sample T-test on these matrices, no significant differences were found (FDR corrected, p<0.05). (figure 12)

Two-sample T-test : M_BS vs M_NBS, FDR (p<0.05)

0.4
0.35
Auditory System =< ”
0.25
—
Area X 0.2
Song control
HVC-P-LR
System 0.15
HVC-A-LR
0.1
Hippocampus
Hyper -ALR 0.05
Hyper -M-R
. 0
Hyperpallium Hyper ML
Hyper -P-R 0.05
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Figure 1212: Reduced ROI-based FC difference matrix showing the difference in z-scores of a two-sample T-test without GSR
for M_BS vs M_NBS with FDR correction (p<0.05). Any significant differences are shown by a white square in the upper half of
the matrix and by a white asterix in the lower half of the matrix. Warm colours (red/orange) show positive or strong
connections, while colder colours (blue) represent less strong or anti-correlated connections. In this figure, no significant
difference can be found between both seasons.

When evaluating the same matrix without multiple comparison correction we find the following matrix (figure
13). As no significant results were found (FDR corrected, p<0.05), maybe because of variation in the data or
because there is no actual difference between the groups, we should be careful drawing conclusions from of this
matrix. However, since this is the first time rs-fMRI has been performed on starlings, we are unsure about what
to expect. Thus, we could use the uncorrected data as a starting point.

The uncorrected matrix shows mainly connections with hyperpallial regions and the hippocampus. Some of these
connections are with NCM and NCL but also CMM and HVC. The differences in connections are different for the
left and the right hemisphere.
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Two-sample T-test : M_BS vs M_NBS, p<0.05, uncorrected
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Figure 13: Reduced ROI-based FC difference matrix showing z-scores of a two-sample T-test without GSR for M_BS vs M_NBS
with p<0.05, uncorrected. Any significant differences are shown by a white square in the upper half of the matrix and by a
white asterix in the lower half of the matrix. Warm colours (red/orange) show positive or strong connections while colder
colours (blue) represent less strong or anti-correlated connections. Several significant differences can be found between both
seasons, mainly in the hippocampus and hyperpallial regions.

The same FC matrices are also created for the female starlings. These results can be seen in figure 14-16. Again,
visually there seems to be a difference between the breeding season and the non-breeding season, where the
FC matrix in the breeding season colours more yellow-red compared to the more green-blue FC matrix in the
non-breeding season.
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Figure 14: Reduced ROI-based FC matrix showing mean z-transformed correlations without GSR for F_BS (left) and F_NBS
(right). Warm colours (red/orange) show positive or strong connections while colder colours (blue) represent less strong or
anti-correlated connections. In this figure a visual difference can be found between both seasons, where the FC matrix in the

breeding season colours more yellow-red compared to the more green-blue FC matrix in the non-breeding season.

For the females, two-sample T-tests are performed as well, with and without FDR correction. These results can
be seen below in figure 15 and 16 respectively.
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Two-sample T-test : F_BS vs F_NBS, FDR (p<0.05)
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Figure 15: Reduced ROI-based FC difference matrix showing the difference in z-scores of a two-sample T-test without GSR for
F_BS vs F_NBS with FDR correction (p<0.05). Any significant differences are shown by a white square in the upper half of the
matrix and by a white asterix in the lower half of the matrix. Warm colours (red/orange) show positive or strong connections
while colder colours (blue) represent less strong or anti-correlated connections. In this figure no significant difference can be
found between both seasons.

No significant differences were found (FDR corrected, p<0.05). This would mean there is no difference for the
females between the seasons. However, when looking at the uncorrected matrix, some potential differences
appear.

Two-sample T-test : F_BS vs F_NBS, p<0.05, uncorrected
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Figure 16: Reduced ROI-based FC difference matrix showing z-scores of a two-sample T-test without GSR for F_BS vs F_NBS
with p<0.05, uncorrected. Any significant differences are shown by a white square in the upper half of the matrix and by a
white asterix in the lower half of the matrix. Warm colours (red/orange) show positive or strong connections while colder
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colours (blue) represent less strong or anti-correlated connections. In this figure several significant differences can be found
between both seasons, mainly in the hippocampus, hyperpallial regions and the HVC.

In the uncorrected difference matrix, we see that many regions are differently connected to the hippocampus in
the breeding and non-breeding season. Besides that, the NCC is more connected to both parts of the HVC during
the breeding season. Both HVC’s are more connected to each other as well, the posterior one is also connected
to the hippocampus and hyper-M-R. The anterior HVC has a connection to Hyper-P-L. The differences in
connections are different for the left and the right hemisphere.

When comparing the uncorrected, non-GSR matrices for both sexes, some similarities are found. The similar
connections are: NCL-L with Hippocampus, HVC-P-LR with Hippocampus, HVC-A-LR with Hyper-P-L, Hippocampus
with Hyper-P-L and Hyper-M-R with Hyper-P-R. The fact that these differences are found significant in both sexes,
might be an indication that the differences are real and not false positive results.

6.2.2 Comparison with or without GSR

Since there is no consensus about whether GSR is the most correct way to handle resting-state data, we decided
to perform every analysis with and without GSR. Before deciding this, we compared both modalities in difference
matrices for every group (figure 17,18).
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Figure 17: Unsorted difference matrix from a Two-sample T-test M_BS_non-GSR vs M_BS_GSR, FDR correction (p<0.05) (left)
vs Two-sample T-test M_NBS_non-GSR vs M_NBS_GSR, FDR correction (p<0.05) (right). Any significant differences are
indicated by a white square in the upper half of the matrix. Warm colours (red/orange) show positive or strong connections
while colder colours (blue) represent less strong or anti-correlated connections. In this figure significant difference can be
found between both modalities for the males. The differences are present in both seasons although less in the non-breeding
season.
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Figure 18: Unsorted difference matrix from a Two-sample T-test F_BS_non-GSR vs F_BS_GSR, FDR correction (p<0.05) (left) vs
Two-sample T-test F_NBS_non-GSR vs F_NBS_GSR, FDR correction (p<0.05) (right). Any significant differences are shown by a
white square in the upper half of the matrix. Warm colours (red/orange) show positive or strong connections while colder
colours (blue) represent less strong or anti-correlated connections. In this figure, no significant difference can be found
between both modalities for the females.

The above matrices show that GSR does have a significant effect on the FC for the males compared to non-GSR.
For the females, on the other hand, no significant difference in FC can be found between the two methods. The
difference for the males is especially prominent in the breeding season as the FC for almost every connection is
significantly different with FDR correction (p<0.05). Because there are differences between both measures, every
analysis is performed with and without global signal regression. The FC matrices below show the first GSR data.

6.2.3 GSR matrices

The FC matrices with GSR for the males (figure 19) look opposite of the non-GSR FC matrices (figure 11). The
upper left corner of the matrix is more connected in the non-breeding season (right) compared to the breeding
season. Overall, less connection is seen using GSR compared to non-GSR data.

M-BS

NeL-L

NCL-R NCL-R

NCM-R NCM-R

NCM-L

- -

NCM-L

CMM-R

NCC-R NCCR

NCC-L

ARRX -

Area X

HVC-P-LR HVC-P-LR

HVC-A-LR HVC-A-LR

Basal Gangla Basal Ganglia

Hippocampus Hippocampus

Hyper -ALR i Hyper -A-LR

Hyper -M-R Hyper -M-R

Hyper -M. Hyper-M-L

Hyper -P-R Hyper -P-R

Hyper -PL Hyper -P-L

HVC-ALR
Hypor -M-L
Hypeor -P-R
Hyper -P-L
Hyper -M-L
Hyper -P-R

Basal Ganglia
Hyper -A-LR

Hippocampus

University of Antwerp

Faculty of Pharmaceutical, Biomedical Master thesis | Silke Lemmens | 27

and Veterinary Sciences

0.3

0.2

0.5

0.4

0.3

0.2

0.1



Figure 19: Reduced ROI-based FC matrix showing mean z-transformed correlations with GSR for M_BS (left) and M_NBS
(right). Warm colours (red/orange) show positive or strong connections while colder colours (blue) represent less strong or

anti-correlated connections. In this figure, a visual difference can be found between both seasons, with more connection in
the non-breeding season.

In the two-sample T-test with FDR correction comparing both seasons in males one connection survives, HVC-P-
LR with Hyper-A-LR (figure 20). This connection is higher in the non-breeding season compared to the breeding
season. No other significant differences were found (FDR corrected, p<0.05).

Two-sample T-test : M_BS vs M_NBS, FDR (p<0.05)
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Figure 20: Reduced ROI-based FC difference matrix showing z-scores of a two-sample T-test with GSR for M_BS vs M_NBS with
FDR correction (p<0.05). Any significant differences are shown by a white square in the upper half of the matrix and by a white
asterix in the lower half of the matrix. Warm colours (red/orange) show positive or strong connections while colder colours

(blue) represent less strong or anti-correlated connections. In this figure one significant difference can be found between both
seasons, HVC-P-LR with Hyper-A-LR.

When looking at the uncorrected matrix more significant FC differences are present, including connections with

NCL, HVC and the hyperpallium (figure 21). The differences in connections are different for the left and the right
hemisphere.
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Two-sample T-test : M_BS vs M_NBS, p<0.05, uncorrected
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Figure 21: Reduced ROI-based FC difference matrix showing z-scores of a two-sample T-test with GSR for M_BS vs M_NBS
p<0.05, uncorrected. Any significant differences are shown by a white square in the upper half of the matrix and by a white
asterix in the lower half of the matrix. Warm colours (red/orange) show positive or strong connections while colder colours
(blue) represent less strong or anti-correlated connections. In this figure several significant differences can be found between
both seasons.

For the females, not many seasonal differences are seen visually. Only the connection between NCC-R and NCL-
R and the connection NCM-L and NCL-L seem to really differ between the seasons (figure 22).
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Figure 22: Reduced ROI-based FC matrix showing mean z-transformed correlations with GSR for F_BS (left) and F_NBS (right).
Warm colours (red/orange) show positive or strong connections while colder colours (blue) represent less strong or anti-
correlated connections. In this figure a no real visual difference can be found between both seasons.
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Two-sample T-tests were carried out again with and without FDR correction, with correction no significant
differences were found (figure 23).

Two-sample T-test : F_BS vs F_NBS, FDR (p<0.05)
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Figure 23: Reduced ROI-based FC difference matrix showing the difference in z-scores of a two-sample T-test with GSR for
F_BSvs F_NBS with FDR correction (p<0.05). Any significant differences are shown by a white square in the upper half of the
matrix and by a white asterix in the lower half of the matrix. Warm colours (red/orange) show positive or strong connections
while colder colours (blue) represent less strong or anti-correlated connections. In this figure no significant difference can be
found between both seasons.

In the uncorrected matrix (figure 24), we see differences in connections in NCL, Area X, HVC, hippocampus, NCC
and the hyperpallium. The differences in connections are different for the left and the right hemisphere.

Two-sample T-test : F_BS vs F_NBS, p<0.05, uncorrected
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Figure 24: Reduced ROI-based FC difference matrix showing the difference in z-scores of a two-sample T-test with GSR for
F_BS vs F_NBS p<0.05, uncorrected. Any significant differences are shown by a white square in the upper half of the matrix
and by a white asterix in the lower half of the matrix. Warm colours (red/orange) show positive or strong connections while
colder colours (blue) represent less strong or anti-correlated connections. In this figure several significant differences can be
found between both seasons.
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When comparing the uncorrected, GSR matrices for both sexes, no similarities are found among the significant
differences.

6.3 Seed-based analysis

The seed-based analysis is performed using the four voxel seeds of 15 regions (figure 10), based on the reduced
FC matrices. The analysis is performed with and without GSR. Not for all seeds significant results were found. For
the detrended data, FDR-corrected significant results were only found in following seeds for the females: the
basal ganglia, HVC-A-R, Hyper-A-R and Hyper-M-L. For the males, a significant difference was only found in HVC-
P-L. For both sexes the FC is higher in the breeding season compared to the non-breeding season. When
performing GSR, differences were found in FC for Hyper-M-L for the females and HVC-A-R and Hyper-P-R for the
males. Over the two modalities, only one difference survives FDR correction in both, the Hyper-M-L. All of the
seed regions are unilateral, the outcome is not replicated on the other side of the brain.

6.3.1 Results non-GSR

The results of the first level group level analysis for F_BS and F_NBS are shown on the left side of figure 25, a
voxel-based one-sample T-map is created, showing the connectivity of the brain voxels to the voxels of the seed.
On the right side, the second-level analysis is shown, which are the results of the voxel-based two-sample T-test,
presenting voxels that demonstrate a significantly higher FC to the seeds in the breeding season. In this case the
connection is stronger in the breeding season compared to the non-breeding season. The seed can be seen in
the first two columns as the red most dot in the group-level analysis.
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Figure 25: Results of the seed-based analysis for non-GSR data, reveal more connectivity in the breeding season compared to
the non-breeding season. The first two columns are the results from the first level group level one-sample T-test seed-based
analysis for the females, FDR corrected p<0.05, clustersize (k>10). The last column is the result of the second level two-sample
T-test seed-based analysis, FDR corrected p<0.05, clustersize (k>10). The colour bar represents T-values of only positively
correlated values, no anti-correlations are shown. The upper row shows renders of the atlas regions from figure 8, the first
four pictures show regions, the next four show nuclei.
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For the females, the basal ganglia are differently connected with the arcopallial region. HVC-A-R is in the breeding
season more connected to parts of the ventricles. In the non-breeding season however, the connection with RA
is more significant than in the breeding season. Hyper-A-R is connected to parts of the nidopallium and the basal
ganglia. Hyper-M-L is connected to the NCM, NCL-L, parts of the nidopallium and the basal ganglia.

For the males, the same order of statistical tests is used as in the females. The second-level analysis shows again
a difference where the connection is higher in the breeding season compared to the non-breeding season.

Atlas regions Atlas Nuclei
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Figure 26: Results of the seed-based analysis for non-GSR data, reveal more connectivity in the breeding season compared to
the non-breeding season. The first two columns are the results from the first level group level seed-based analysis for the
males, FDR corrected p<0.05, clustersize (k>10). The last column is the result of the second level seed-based analysis, two-
sample T-test, FDR corrected p<0.05, clustersize (k>10). The colour bar represents T-values of only positively correlated values,
no anti-correlations shown. The upper row shows renders of the atlas regions from figure 8, the first four pictures show
regions, the next four show nuclei.

In figure 26, the difference between the two seasons can be seen for the males. A connection of HVC-P-L with
RA and Area X is more prominent in the breeding season compared to the non-breeding season. These nuclei are
part of the song control system.

6.3.2 Results GSR

For the GSR results the same order is maintained as for the non-GSR results. In the last column the connection
in the breeding season is stronger than in the non-breeding season. All the shown results are positive
correlations, an analysis for anti-correlations has not been performed.

For the females, there is only a difference in Hyper-M-L over the seasons, the difference is in the region of the
seed itself (figure 27).
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Figure 27: Results of the seed-based analysis for GSR data, reveal more connectivity in the breeding season compared to the
non-breeding season. The first two columns are the results from the first level group level seed-based analysis for the females,
FDR corrected p<0.05, clustersize(k>10). The last column is the result of the second level seed-based analysis, two-sample T-
test, FDR corrected p<0.05, clustersize (k>10). The colour bar represents T-values of only positively correlated values, no anti-
correlations shown. The upper row shows renders of the atlas regions from figure 8, the first four pictures show regions, the
next four show nuclei.

In the males, figure 28, the second-level analysis reveals again more connections in the breeding season

compared to the non-breeding season.
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Figure 28: Results of the seed-based analysis for GSR data, reveal more connectivity in the breeding season compared to the
non-breeding season. The first two columns are the results from the first level group level seed-based analysis for the males,
FDR corrected p<0.05, clustersize (k>10). The last column is the result of the second level seed-based analysis, two-sample T-
test, FDR corrected p<0.05, clustersize (k>10). The colour bar represents T-values of only positively correlated values, no anti-
correlations shown. The upper row shows renders of the atlas regions from figure 8, the first four pictures show regions, the
next four show nuclei.

In figure 28, we can see that for the males there is a stronger connection for HVC-A-R with the NCM and partly
field-L and the ventricles. The Hyper-P-R connects differently with CMM-R and part of the basal ganglia.

The same seed appears significantly different in both non-GSR and GSR data, the Hyper-M-L seed in the females.
However, in non-GSR data many voxels are different between the seasons. Using GSR corrected data, we find
only an extension of the seed which is significantly different in the breeding season compared to the non-
breeding season. In general, less differences are found using GSR compared to non-GSR. When we compared the
results of the two techniques, FC matrices and seed-based analysis, no overlapping results were found.
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7 Discussion

A first aim of this project was to investigate whether rs-fMRI was feasible in starlings. ICA analysis is the preferred
method for a data-driven approach for rs-fMRI when there is no prior knowledge about the FC in the species of
interest nor a concrete research paradigm to be tested.?” When we performed ICA analysis for 25 components,
we found 25 unique components, that represented specific connectivity maps including either, one or several
regions. Further rs-fMRI analysis is possible because we can assess FC in these starlings.

A second aim of this project was to investigate the functional differences between the breeding season and the
non-breeding season. When performing a two-sample T-test on the independent components, no significant
differences were observed after multiple comparison correction. However, some differences were found when
we performed ICA on the groups separate and visually compared which components come out of that analysis.
The components of the females in the breeding season contained parts of the visual system while the males in
the breeding season have a component for the arcopallium. The arcopallium is known to be involved in motor
activity. It also contains RA, which is part of the song control system that is connected to respiratory motor
neurons and to muscles of the vocal organs.® The involvement of RA in the song control system could be an
explanation as to why this component is seen in males and not in females, as males are more proficient singers.
Lesions in the visual system, more specifically the entopallium, in pigeons have shown to affect discrimination
between two species and between conspecifics.2%°° This indicates that the entopallium is involved in
discrimination between birds, which could be a potential reason why this region comes out of the ICA analysis
only for the females. A female starling would need an intact entopallium and potentially a higher functionally
activated entopallium to choose a suitable mate during the breeding season. Starlings have a very colourful
feathering and an ultraviolet (UV) reflectant plumage, which is not visible to humans as we cannot pick up UV
radiation (<400 nm). A study has shown that female starlings are influenced by this UV reflection when choosing
a mate for the breeding season. The chosen birds are those with low UV and green reflectance while at the same
time high violet and red wavelengths.®® Most of the components were found in the ICA analysis are unilateral.
This could be due to the lateralization in the birdbrain and the fact that there is no corpus callosum, only small
commissures.

The FC matrices showed visually a big difference in connectivity. However, the results of the two-sample T-test
showed no significant differences upon multiple comparison testing correction (FDR, p<0.05). However, since
this technique has not been used in this species before, explorative observations are of value, despite the non-
significant results.

The comparison between the sexes in the uncorrected, non-GSR matrices leads to few consistent differences
between the seasons: NCL-L with Hippocampus, HVC-P-LR with Hippocampus, HVC-A-LR with Hyper-P-L,
Hippocampus with Hyper-P-L and Hyper-M-R with Hyper-P-R. The difference in connection with HVC regions,
with a higher connectivity in the breeding season than in the non-breeding season, can be explained by the fact
that the song control system is bigger in volume in the breeding season and thus the functional connection to
the song control nuclei are also expected to be stronger.** Most of these regions, except NCL-L, are located at
the superior part of the brain. In this part the hyperpallium is located, which comprises the wulst. This is a region
known to be part of the visual system and the somatosensory system. This could indicate that there is a difference
between seasons for the visual or somatosensory system. The hippocampus is responsible for spatial memory.
In the breeding season, this could be more important because of the search for nesting sites and extra food
opportunities for the newborn chicks.? The connection between the hippocampus and the NCL-L, which is the
avian PFC, can be explained by the fact that the PFC accumulates the context of interrelated memories and
controls the specificity of memory retrieval. This makes sure that appropriate memories are retrieved within a
given context.®® This difference over the seasons could be attributed to the search for nesting locations and food
as well.
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One of the possible reasons no significant differences were found using FDR correction could be because there
is a large variability in the data. There could be variation due to physiological causes such as size of the bird, age,
and testosterone concentration. Not only inevitable physiological variation but also variation when acquiring
data is a potential factor. This could be due to the time of day when the scan is recorded, the stress caused by
handling the animal or the dosage of anaesthesia. There is no information about the song performance of these
birds or the testosterone concentrations at the time of the scans. There is, however, information about the beak
colours. Starlings change the colour of their beak in the breeding season, it becomes more yellow while in the
non-breeding season it is black. This change is manifested by the concentration of carotenoids and vitamin A in
the plasma of the starling® and by testosterone.® In our dataset, not all beaks were fully yellow yet, which might
indicate that not all birds were completely in the breeding season, this could affect the results and cause extra
variation in the data. Evidently, another reason for the lack of significant differences upon FDR correction could
be because there is no difference between the breeding and the non-breeding season. This would mean that all
the differences present in the uncorrected data are false positive results.

In the GSR results, one seasonal FC difference is found using FDR connection. This is the posterior HVC with the
anterior hyperpallium, where the FC is stronger in the non-breeding season compared to the breeding season.
In the group matrices, this connection is anti-correlated in the breeding season. This part of the hyperpallium
matches with the somatosensory wulst. Retinaldehyde dehydrogenase, which plays a critical role in neural
development, is expressed similarly in HVC and the hyperpallium apicale, which includes our region. In one
research, in zebra finches, it is described to disrupt normal song development when blocked in juveniles. This
could indicate that there could be a connection there, although it is not mentioned as such in the literature.®® If
the aforementioned connection is in fact present, there could be an anticorrelation effect between the
hyperpallium apicale and the HVC in the breeding season. When comparing the difference matrices for both
sexes, no significant similarities were found.

In the seed-based analysis, the differences we found were always when FC was higher in the breeding season
than in the non-breeding season. This confirms our hypothesis that the FC will be higher in the breeding season.
In non-GSR data for the males, we find an interesting difference in HVC with Area X and RA. These differences
have previously been shown structurally in starlings>%’, our results strengthen previous findings using a different
modality. The plasticity in the song control system is thus structurally and functionally present. In male GSR data,
this connection is not found, emphasizing the effect of applying GSR. This indicates once more the importance
of research toward these modalities and to find out which one is the most scientifically correct.

Pavlova et al. studied the song pattern of female starlings and showed that they sing until half April, which is the
middle of the breeding season. After that, they don’t sing anymore until October, which is the non-breeding
season.'® When we look at the uncorrected data, we find a difference in connection in HVC-RA where the
connection is stronger in the non-breeding season compared to the breeding season (supplementary figure 4).
When removing an outlier from the females in the breeding season, the significance for this connection is p<0.01.
This result could support the findings of Pavlova about the singing behaviour, since the data for the non-breeding
season is recorded in October, this coincides with the restart of singing seen in female starlings. The data for the
breeding season however is acquired from the end of March until mid-April, which could be a reason as to why
there is no significant difference using FDR correction if some females still sing while others do not. For the
female data, interpretation is harder than for male data because not every female sings. Only larger females sing
across different seasons, indicating that the size of the bird is important.®” Pavlova also showed that females sing
more when occupying a nest box, which were not present in the current study. In this study, males and females
were group housed the entire time, another finding from Pavlova et al. was that females sing less when males
are present.’® In our study, males and females were co-housed. These could thus all be confounding factors in
our study. No information is known about the singing behaviour or the size of our starlings, this can thus not be
used to exclude birds or explain the results.

For the female, non-GSR data four seasonal differences were revealed. Hyper-M-L with NCM, NCL-L, basal ganglia
and other parts of the nidopallium. Hyper-M-L is a part of the visual wulst. A connection with the basal ganglia
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could indicate some kind of visual learning, while the NCL accumulates the context of the visual memories. The
connection with the NCM is then not explained as this is an auditory nucleus. It could indicate that the
hyperpallium also reserves a part for auditory processing. HVC-A-R is differently connected with parts of the
ventricular zone. It is thought that cell proliferation or the growth of new cells happens in the ventricular zone.
In Bengalese finches, they injected [*H]thymidine to measure proliferation in the ventricular zone. They found
thymidine labelled cells in HVC, indicating that new cells migrate from the ventricular zone to HVC.*® This
indicates some kind of connection between these regions and can also explain why the connection is stronger in
the breeding season, as there is known neuroplasticity in HVC. One difference is between the basal ganglia and
the arcopallial region. The arcopallium, which contains RA, is important in motor and sensory projections.® The
basal ganglia, which contain area X, are also known to be involved in motor control. A seasonal difference in that
connection could be explained by the increase in singing behaviour in the breeding season for which more motor
control and song learning/processing by the forebrain pathway is necessary. Another difference is Hyper-A-R
with parts of the nidopallium and the basal ganglia. Hyper-A-R is part of the somatosensory part of the wulst. It
is known that, at least in humans, the basal ganglia receive input from somatosensory areas, which could explain
the connection.

In the seed-based analysis GSR data for the males, some differences were found. A difference is found in HVC
with the ventricular zone. This difference is explained by the formation of new cells in the HVC in the breeding
season as described above. Another difference in connection with HVC is found with NCM and field L, which are
parts of the auditory system. It has previously been shown in the canary that there is a connection between field
L and HVC.1%%1%2 A seasonal difference in HVC and NCM has been previously shown.'% Another difference in the
GSR data is Hyper-P-R with CMM-R and basal ganglia. CMM-R is a secondary auditory nucleus, a connection with
Hyper-P-R could indicate that this part of the hyperpallium is involved in auditory processing. The basal ganglia
are involved in voluntary motor movements and various kinds of learning and cognition, this might indicate that
Hyper-P-R is involved in some kind of auditory learning. In the females, a difference is only found in Hyper-M-L,
showing an expansion in the seed region. Hyper-M-L is a part of the visual wulst. Female starlings pick a mate
based on the UV reflectance, which is processed by the visual system. This could explain why the connection is
stronger in the breeding season.

We never observe the same result in both hemispheres for any of the applied modalities. This would suggest
that lateralization in starlings extends throughout the entire brain rather than being restricted to the
hippocampus.

More analysis can be done on this data to gain more knowledge about the FC in starlings. Future research
opportunities include: performing a seed-based analysis with other biologically relevant seeds for example from
the visual pathway: entopallium or nucleus rotundus. The primary auditory nucleus Field L or RA as this is part of
the song control system. This could give us extra information about the differences between the seasons in other
parts of the brain. We could also look at the group-level analysis to unravel which networks are present that
aren’t necessarily different between seasons. In humans and in rodents, some analogous networks are known
such as the default mode (like) network (DM(L)N) and the lateral cortical network (LCN, rodents), which is
associated with the task-positive network in humans. It is possible that these networks are present in birdbrains
as well, however there are large pallial regions in the avian brain for which the function is unknown, this
complicates the identification of larger networks such as for example the DMLN. Another future step could be,
reperforming the seed-based analysis for the anti-correlation in the birds. This could give additional information
about some regions in the starling brain and how it influences other networks.

If this study were to be redone, the scans could be taken on more different time points, to evaluate not only the
differences between breeding and non-breeding season, but also to look at the difference between photo-
sensitive, photo-refractory (non-breeding season) and the photo-stimulated period (breeding season). This is
particularly important for the females since they sing on different moments than the males, and are seen to stop
singing when males are induced in the social group?®, although this is not always the case. Before scanning in the
breeding season, it might be of value to measure testosterone concentration and look whether the beak is
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completely yellow to ensure that the birds are fully in the breeding season to enable a convincing comparison
between the different time periods. For the photo-refractory period, it could be useful to look whether the birds
are molting, loosing feathers as this period can be marked by that. In the photo-sensitive period, their feathers
are normal again and their beak is black. Apart from different scanning times, it would also be important to
record the singing to be able to correlate it to the rs-fMRI results. This is again, more important for the female
starlings, since not all of them sing (as much) even though they are capable of it.

Now that we confirmed that rs-fMRI is a valuable technique in starlings, we could try using dynamic rs-fMRI to
investigate changes of the networks over time. It could give insights about the dynamics of neural activity and
could be used to investigate pathology. One dynamic rs-fMRI technique is called co-activation patterns (CAP),
they represent transient brain states. When fMRI time frames of a given region of interest cross a specific
percentile threshold, they are clustered to identify different CAP’s. It can distinguish healthy from diseased
animals, and they can potentially be a good biomarker for disease. It could also provide more insight in the
seasonal differences in the starlings.!® Another dynamic rs-fMRI technique is quasi periodic patterns (QPP). It
searches recurring consecutive sequences of BOLD volumes called spatiotemporal patterns. This could give
insights in the temporal evolution of the resting-state networks.1

8 Conclusion

In conclusion, rs-fMRI is a technique that can be used to study networks and certainly differences in networks in
this new species, the European starling. We can also conclude that there are more functional connections in the
breeding season compared to the non-breeding season, both with and without GSR. To establish which modality
is best, more research is needed and cannot be concluded out of our results.

The connections previously found to change structurally in the song control system, the HVC-RA tract, we find in
rs-fMRI data as well. This shows that this connection truly changes structurally and functionally between seasons,
certainly for the males.

More research is needed to fill in the gaps for bird rs-fMRI in general as not much is known about networks in
the songbird brain besides the auditory, visual and song control network. Our project is a start for unravelling
potential networks in the starling brain and emphasizes the existence of seasonal functional differences.
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11 Supplementary material

11.1 Independent components

Component 1 Not Sorted

Component 1: Hyper-P-L

Component 2 Not Sorted i Component 2: NidO'M'I'R

Component 3 Not Sorted Component 3: NidO-P'int-L
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Component 4 Not Sorted Component 4: Area X

Component 5: Nido-A-int-L

Component 5 Not Sorted

Component 6 Not Sorted COmpOnent 6: Nido-M-S-L
il e
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Component 7: Basal ganglia

Component 7 Not Sorted

Component 8: Nido-PM-I-L

Component 8 Not Sc

Component 9 Not Sorted Component 9: Nido-M-int-L
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Component 10 Not Sorted Component 10: Nido-PM-I-R

Component 11 Not Sorted Component 11: Nido-P-int-R

Component 12 Not Sorted Component 12: NidO-A-int-R
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Component 13: NCM-R

Component 13 Not Sorted

F 2 "10.2

10
-02

-

Component 14 Not Sorted Component 14: Cerebellum +

Nidopallium

This component was not included as a
region because intensity is not as high as
the other regions.

Component 15: Meso-PM-I-R

Component 15 Not Sorted

| &7 i
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Component 16 Not Sorted Component 16: Hyper-M-R

Component 17 Not Sorted Component 17: NCM-L

Component 18 Not Sorted

Component 18: Nido/meso-R
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Component 19 Not Sorted COmpOnent 19: Meso-A-I-L

_ Component20 NotSorted Component 20: Hippocampus

(+ anticorrelation Hyperpallium)

Component 21: NCL-L

Component 21 Not Sorted
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Cgmponont 22 Not Sorted Component 22 Hyper_A_LR

Component 23 No Component 23: Hyper-P-L

Component 24 Not Sorted

Component 24: Nido-P-int-R
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Component 25: NCL-R

Component 25 Not Sorted

Supplementary figure 1: 25 independent Components from all groups pooled together. The names beside the components are
the regions later used in the functional connectivity matrices. The pictures show the bird brain from front to the back of the
brain. The colourbar shows the intensity of the component. Warm colours signify a correlation or connection and cold colours
signify an anti-correlation. The purple line on top is a timeseries showing how the pattern of activation changed over time
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11.2 FC matrices

11.2.1 Full matrices (non-GSR)

M-NBS

noees il
NCL-R [
Auditory System — NCM-R
NCM-aft
CMM-R
- Anga X
Song Control ] HVE-P-LR
System - HVC-A-LR
Basal Ganglia
Hippocampis
== Hyper-ALR
Hyprer -M-R
Hyperpallium == Hyper -M-L
Hypar -P-R
Hypar-F-L
Mida -A-int-L =
Nig ~A-int-R
Nigks -Acl-R
Nido =14
Mida -PM-I-R
i <M-Int-L
Nido -M-inl-R
ide -M--R.
Mido -M-S-L
Nide -0-1-L .'_-I
NCC-L
NCC-R
Nido -PM-I-L
Nido -P-1-R
Nida -P-jnt-L
Nige -Peint-R 8
— Nida/maso-R
Meso -A-int-L
Meso -A-i-L
Mesopallium = Mesa -AMH-R
Maso -M-L |
Mezo -PMH-R

0.7

0.6

0.5

Nidopallium = 0.2

0.1

NCLL
NCL-R
NCH-R
MCAM-left
CMM-R
Area X
HYC-P-LR
HVC-A-LR
Baesal Ganglia
Hippocamps
Hypar AR
Hypar -M-R
Hyper -M-L
Hyper -P-R
Hyper -Pd
Mido -A-inl-L
Nitdo -A-int-R
Nido -A--R
Nido ~AiL
Nido -Pi-1-R. |
it -M-int-L
Nigda -M-im-R
Nida -PM-1-L
Nido -P-I-R
Mida -P-iri-L
ik -P-bnt-R.
Nidomeso-R
Mesn -A-intL
Mesn -A--L
Meso -AM--R,
Mg <ML
Maso -PM-R
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Auditary System

Song Control
System

Hyperpallium

Nidopallium

Mesopallium

Auditory System

Song Control
System
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Auditory System -
Song Control o
System L
Hyperpallium -
Nidopallium =
Mesopallium —

Supplementary figure 2: Full matrices with 37 regions from all 4 groups, M_BS, M_NBS, F_BS, F_NBS for non-GSR data. The
values of the colour bar are based on the minimum and maximum values present in the matrices. Warm colours (red, yellow)

F-NBS

MOL-L
NCL-R
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NCM-laft
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Area X
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Basal Ganglia |
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represent positively connected regions and cold colours (blue) represent uncorrelated or anticorrelated connections.
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11.2.2 Full matrices (GSR)
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Supplementary figure 3: Full matrices with 37 regions from all 4 groups, M_BS, M_NBS, F_BS, F_NBS for GSR data. The
values of the colour bars are based on the minimum and maximum values present in the matrices. Warm colours (red,
yellow) represent positively connected regions and cold colours (blue) represent uncorrelated or anticorrelated connections.
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11.3 Seed-based analysis

HVC-A-R

Supplementary Figure 4: Result of seed-based analysis without outlier, non-GSR, minimum 5 voxels cluster size and p <0.01
uncorrected. The first two columns are the results of the first level group level analysis of the females breeding season and
non-breeding season (one-sample T-test). The last column shows the results of the second level seed-based analysis. (Two-
sample T-test) It shows a difference in connection between HVC-A-R and RA that is more prominent in the non-breeding

season.
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