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CHAPTER 1

General introduction

Animal models, songbirds particularly, are increasingly used to study the human
capacity for speech and language. In the light of understanding both language evolu-
tion and individual language acquisition these models are highly valuable, provided
that they are studied within a valid comparative framework. In the past few decades,
non-invasive methods such as functional Magnetic Resonance Imaging (fMRI) and
Near-InfraRed Spectroscopy (NIRS) have become available for human as well as an-
imal brain research. In the studies discussed in this thesis, fMRI is employed to un-
ravel the neural correlates of vocal learning in the human and songbird brain. The
rationale for this route towards a better understanding of the human language capac-
ity will be outlined in this introduction, exploring both (1) how cross-species com-
parative research, especially comparisons between humans and songbirds, can inform
questions about human language acquisition and (2) how recently developed non-
invasive neuro-imaging techniques can contribute to our understanding of the neural
substrates of vocal learning in general and the human capacity for language in par-
ticular.

This introduction is based on the paper ”Inter-species comparative research in vocal learning:
possibilities and limitations” by Anne van der Kant, published in the Student Volume of the 9th
International Conference on the Evolution of Language, 2014



2 1.1. Birdsong and human language

1.1 What can birdsong learning teach us about hu-
man language?

1.1.1 The value of the songbird model for human speech

Human language is widely regarded as the pinnacle of the uniqueness of hu-
man cognition within the animal kingdom. This is a valid standpoint in so
far that only humans show evidence of the ability to develop and use a com-
munication system showing the full complexity of human language. How-
ever, other animal species do possess the ability for vocal communication
and vocal learning, although we have to search outside the primate lineage
to find species with these abilities (Egnor & Hauser, 2004). Songbirds share
the ability to learn their communicative signals through vocal imitation with
humans and a small number of other species (e.g. hummingbirds (Baptista &
Schuchmann, 1990), parrots (Pepperberg, 2002), cetaceans (Reiss & McCowan,
1993), pinnipeds (Ralls, Fiorelli, & Gish, 1985; Sanvito, Galimberti, & Miller,
2007), bats (Janik & Slater, 1997) and possibly elephants (Poole, Tyack, Stoeger-
Horwath, & Watwood, 2005)). With approximately four thousand species, os-
cine songbirds represent the largest group of vocal learners in the animal king-
dom. These songbirds learn to produce their song by imitating the vocaliza-
tions of their male adult conspecifics.

Most species that show vocal learning differ greatly from humans in evo-
lutionary descent, brain and behavior. The limited vocal learning abilities in
primates, our closest relatives, complicate the study of vocal learning from
the perspective of common descent. Moreover, birdsong, which is the most
studied model for human language, is highly limited in its productivity and
does not show symbolic representation or duality of patterning like human
language (Hockett, 1963). Furthermore, human language is characterized by
its capacity to express and combine meaning in an unrestricted way. In con-
trast, birdsong can have different functions, including mate attraction and ter-
ritorial defense, which are not coupled to the acoustic content of the song.
Although songbirds have been claimed to show some combinatorial potential
(e.g. Gentner, Fenn, Margoliash, & Nusbaum, 2006), these findings are contro-
versial (Stobbe, Westphal-Fitch, Aust, & Fitch, 2012; Van Heijningen, De Visser,
Zuidema, & Ten Cate, 2009). These factors limit the possibilities for the extrap-
olation of findings from birdsong studies to the study of human language.

However, birdsong learning, especially in the zebra finch (Taeniopygia gut-
tata), does show some striking parallels with the way in which human infants
acquire their native language. More specifically, several aspects of the zebra
finch song learning process, among others the memorization of the target song
during the sensory phase (Eales, 1985) and motor practice or ’babbling’ dur-
ing the sensorimotor phase (Marler, 1970), are comparable to processes which
were observed in human speech learning (Doupe & Kuhl, 1999). Furthermore,
zebra finches as well as humans are hypothesized to be age-limited learners,
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implying that they both need to be exposed to adult vocalization within a spe-
cific sensitive period during development in order to develop normal song
or language. By focusing on these characteristics of development, songbird
studies can add to the understanding of neural mechanisms underlying the
development of speech in human infants and of vocal learning in humans as
a species. Many other aspects of language, like the capacity for symbolic ref-
erence, can be found in other lineages like parrots (e.g. Pepperberg, 2002) and
non-human primates (Pollick & De Waal, 2007).

Although non-human primates do not show vocal imitation learning, they
do exhibit comprehension learning and usage learning (e.g. alarm calls in
vervet monkeys (Seyfarth, Cheney, & Marler, 1980)). The study of apes and
monkeys can add to the understanding of human language development
in several ways. They can serve as a non-vocal imitation learning control
species when comparing vocal learning in humans and birds and additionally
they can provide insights into other behaviors that might have contributed
to human language evolution, such as auditory processing (Petkov, Kayser,
Augath, & Logothetis, 2006), gesture (Pollick & De Waal, 2007), joint atten-
tion (Carpenter & Tomasello, 1995) and symbolic reference (Ribeiro, Loula,
De Araújo, Gudwin, & Queiroz, 2007). Because chimpanzees and bonobos
are our closest relatives, some of the general learning mechanisms they pos-
sess may share their evolutionary origin with learning mechanisms that were
adapted to sub-serve language in human evolution. By comparing humans
to both songbirds and non-human primates, mechanisms we might have in
common with either vocal learners or non-vocal learners can be identified.

Studies of animal analogues of capacities needed for human language can
complement each other in order to establish which shared cognitive mecha-
nisms underlie the human capacity for language. Because animal studies al-
low for manipulation of different environmental and developmental factors,
both behavioral and neural mechanism can be studied in isolation, which is
very difficult to accomplish in human studies. By studying behavioral mecha-
nisms that have been shown to be comparable between species as opposed to
attempting to compare complete communication systems, birdsong research
has the potential to uncover mechanisms underlying human language that are
highly challenging to study in humans.

However, because cognitive mechanisms underlying vocal behavior and
auditory processing in songbirds and humans originate from highly dissimilar
avian and mammalian brains, comparative studies should take brain function
into consideration. Possible approaches that take this issue into consideration
are discussed in the second section of this introduction. The studies discussed
in the present thesis aspire to develop an understanding of the similarities and
differences between the neural processing of learned species-specific vocaliza-
tions in avian and mammalian vocal learners.
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CrystallizationSubsong / Plastic song

Memorization

DPH 0 20 40 60 80 100 120

Figure 1.1: Stages of song learning in zebra finches. Memorization of the tutor song starts before
juveniles start producing subsong. During the sensorimotor phase juveniles produce subsong and
plastic song and use auditory feedback in order to match their vocalizations to the memory of the
tutor’s song. At the end of the song learning process, one song is crystallized and will be sung by
the bird for the rest of its life. DPH = Days Post Hatching.

1.1.2 Learning by imitation in songbirds and humans

Songbirds as well as human infants acquire their species-specific communica-
tive signals by vocal imitation learning. This process involves (i) a preference
for species-specific and in particular the parents’ vocalizations from a very
early developmental stage, (ii) memorization of the vocalizations of adult con-
specifics, (iii) motor practice where the juvenile bird or human infant practices
sounds that were memorized and (iv) the use of auditory feedback in order
to compare one’s own vocalizations with the memorized adult vocalizations.
Evidence for each of these elements has been found in songbirds as well as in
humans.

In order to learn the speech or song of their adult conspecifics, both hu-
man infants and juvenile songbirds need to know which sounds to imitate.
Evidence for such an innate preference for species-specific vocalizations has
indeed been found. Human babies prefer the language spoken by their mother
from very early on (Moon, Cooper, & Fifer, 1993). Although macaques do not
imitate vocalizations, some auditory regions in the macaque temporal lobe are
selectively activated by conspecific sounds and even by the voice of individual
conspecifics (Petkov et al., 2008). These results suggest that some brain func-
tions that are important in vocal learning were in place before vocal imitation
developed in the human lineage. Zebra finches show a preference for conspe-
cific vocalizations even when reared in isolation (Braaten & Reynolds, 1999).
Furthermore, auditory fMRI studies in zebra finches, have shown selectivity
for conspecific song and the song of individual birds in the auditory midbrain
nucleus, the avian homologue of the inferior colliculus (Poirier, Boumans, Ver-
hoye, Balthazart, & Van der Linden, 2009; Van der Kant, Derégnaucourt, Gahr,
Van der Linden, & Poirier, 2013) (see also Chapter 3).

Studies in human infants as well as in juvenile zebra finches suggest that
they not only prefer, but also memorize adult vocalizations. Newborns can
discriminate familiar stories that were read to them in the womb from unfa-
miliar stories (DeCasper & Spence, 1986), while the zebra finch brain shows
selectivity for the tutor song (usually the father’s), even in adulthood (see
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Chapter 3 or Van der Kant et al. (2013)). Further evidence for a memory of the
tutor’s song comes from the fact that male zebra finches are able to produce a
highly accurate copy of the adult song they were exposed to during the sen-
sory phase of song learning (Figure 1.1), even if the song model is no longer
present during vocal motor practice (Funabiki & Konishi, 2003). However, for
the memorization of adult vocalizations, purely the presence of conspecific
speech or song is not sufficient. Social interaction is highly important for vo-
cal learning in both humans and songbirds. Human infants benefit from joint
attention during social interactions with adults for the development of their
vocabulary (Tomasello & Farrar, 1986). The same holds true for zebra finches,
for which live tutoring or tutoring with a plastic model bird (Beecher & Burt,
2004) leads to better imitation compared to tape tutoring (Ten Cate, 1991) or
operant tutoring (for a comparison of different methods, see Derégnaucourt,
Poirier, Van der Kant, Van der Linden, & Gahr, 2013). This suggests that atten-
tion plays a large role in the ability to memorize adult vocalizations.

Both the production of birdsong and human speech start with a phase
where repetitive strings of unstructured vocalizations are produced that in-
creasingly resemble adult speech sounds or song notes. In songbirds this is
known as subsong (Marler, 1970), which is produced early in the sensorimo-
tor phase of song learning (Figure 1.1), while it is referred to as babbling in
human infants. Babbles or subsongs are produced independently of a specific
social context (Lenneberg, Rebelsky, & Nichols, 1965) and develop around the
same developmental stage in both normal hearing and hearing-impaired in-
fants (Stoel-Gammon & Otomo, 1986). Babbling thus appears to be a form of
vocal motor practice that develops spontaneously and is only later influenced
by social interaction (Goldstein, King, & West, 2003) and auditory feedback.
Babbling behavior appears to be common among vocal learning species as it
was also shown in bats (Knörnschild, Behr, & Von Helversen, 2006).

During babbling and subsequent phases of song and speech learning, au-
ditory feedback plays an important role in the development of adult vocal-
izations. Auditory feedback is needed in order to evaluate whether one’s own
vocalizations match the memory of the tutor song (in birds) or adult speech
sounds (in babies). Both in songbirds and human infants, the absence of audi-
tory feedback impairs vocal learning. Congenitally deaf babies initially start
to vocalize, but fail to develop more structured vocalizations with true con-
sonants due to the absence of auditory feedback (Stoel-Gammon & Otomo,
1986). Furthermore, song development is heavily compromised if songbirds
are denied auditory feedback after sensory learning (Konishi, 1965), despite
the presence of a fully formed memory of the tutor song. Studies on ac-
quired deafness in humans (Cowie, Douglas-Cowie, & Kerr, 1982) and deaf-
ening (Nordeen & Nordeen, 1992) as well as pertubation of auditory feed-
back (Leonardo & Konishi, 1999) in songbirds have demonstrated that audi-
tory feedback is not only crucial for song and speech learning, but also for its
subsequent maintenance.
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1.1.3 Sensitive periods for birdsong learning and human lan-
guage acquisition

As discussed in the previous sections, songbird studies addressing vocal
learning behavior have revealed a number of striking similarities with human
language acquisition, which have contributed to our understanding of learned
vocalizations. An important parallel on which this thesis focusses is the ex-
istence of a sensitive period for vocal learning in both humans (Lenneberg,
Chomsky, & Marx, 1967) and some songbirds (Eales, 1985). This ”sensitive pe-
riod hypothesis” is supported by a number of findings from both birdsong
and human speech.

For human speech, support for the sensitive period hypothesis is predom-
inantly based on individual cases. Theoretically, the hypothesis can be tested
by withholding a child spoken language from birth and ask whether this child
develops spoken language on its own. Because of the cruelty in such an iso-
lation experiment, it cannot be carried out in humans and isolation studies
are limited to case studies of children who grow up isolated from human
contact. Recent studies addressing the language capacities of such a ”wild”
child have shown that absence of human language input impedes he develop-
ment of spoken language and especially normal syntax (e.g Curtiss, Fromkin,
Krashen, Rigler, & Rigler, 1974; Fromkin, Krashen, Curtiss, Rigler, & Rigler,
1974). Moreover, the spoken language abilities of prelingually deaf children
who receive a cochlear are related to the age at implantation (Nikolopoulos,
O’Donoghue, & Archbold, 1999). Another indication for a sensitive period for
language acquisition with a high level of plasticity early in life comes from the
finding that infants perceive small differences between both native and non-
native speech sounds, while perception becomes increasingly categorical with
a tendency to place non-native speech sound in native categories during the
first year of life (Werker & Tees, 1983). Furthermore, second language acqui-
sition is known to proceed with less effort and more successfully at younger
ages (e.g. Johnson & Newport, 1989), though the loss of vocal learning ability
appears to be more gradual than previously assumed (Hakuta, Bialystok, &
Wiley, 2003).

Songbird species differ considerably in the timing of their song learning.
Seasonal learners, like starlings (Eens, Pinxten, & Verheyen, 1992), exhibit a
period of plasticity at the start of each breeding season, where they start to
sing more often and add new songs to their repertoire, while open-ended
learners, like canaries (Nottebohm & Nottebohm, 1978), are able to continu-
ously learn new songs throughout their lives. Zebra finches, however, show a
pattern that is more similar to human spoken language development, where
they learn their song early in life and must be exposed to adult vocalizations
within a restricted time window of approximately 120 days, the sensitive pe-
riod for song learning, in order to develop normal song (Eales, 1985). When
reared in isolation of adult song, zebra finches develop an abnormal ”isolate”
song (Thorpe, 1958). There are some instances in which the song can change,
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including deterioration due to deafness (Nordeen & Nordeen, 1992) or adapta-
tion to distorted auditory feedback (Leonardo & Konishi, 1999). Furthermore,
a prolongation of the sensitive period was observed in birds that showed in-
complete learning at the end of the period after which zebra finch song is
usually fully developed (Derégnaucourt et al., 2013).

The behavioral phenotypes of the sensitive periods for vocal learning in
songbirds and humans show some interesting similarities. Furthermore, sen-
sitive periods are not unique to vocal learning, but are widespread during the
development of sensory systems, among which binocular vision (e.g. Mower,
1991) is the best known example. This raises the question whether the nature
and timing of these sensitive periods is governed by domain-general neural
mechanisms, which may be shared between species.

1.1.4 Different brains, similar mechanisms?

Both vocal imitation learning and the presence of a sensitive period for vocal
learning are shared between songbirds and humans. These similarities sug-
gest that both species have an innate predisposition for vocal learning, pos-
sibly originating from shared neural mechanisms. However, large differences
in brain anatomy pose challenges to comparative brain research in songbirds
and humans. When conducting comparative research, addressing the neural
mechanisms underlying vocal learning in songbirds and humans, the large
structural differences between the mammalian and avian brain have to be
taken into consideration. The bird brain does not have a cortex and is struc-
tured in nuclei rather than lamina. Moreover, different views exist as to how
the bird brain and the mammalian brain evolved from a common ancestor,
implicating different homologies between brain structures (Jarvis et al., 2005).
The different structures of the zebra finch brain that are implicated in song
learning and production are further illustrated in Figure 1.2 and the regions
supporting language functions in the human brain are depicted in Figure 1.3.

However, despite the lack of consensus about the common descent of spe-
cific neural structures, functional analogies can inform theories about conver-
gence on the neural level which might underlie the parallels in vocal learn-
ing behavior. For example, the brain of vocal learning songbirds as well as
the human brain show neural pathways for the processing and production
of learned vocalizations, which are not found in avian and primate species
without vocal learning capacities (e.g. Jarvis, 2004; Petkov & Jarvis, 2012). Fur-
thermore, recent studies have shown similarities in gene expression between
songbird and human brains in regions related to vocal learning (e.g. Pfenning
et al., 2014). For example, Hara, Rivas, Ward, Okanoya, and Jarvis (2012) com-
pared levels of parvalbumin (PV), a calcium binding protein in vocal learning
and non-vocal learning birds and found significant differences in PV expres-
sion between distantly related avian vocal learners and non-vocal learning
species. These findings suggest that the neural architecture for vocalization in
species which show vocal learning is fundamentally different from the neural
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Figure 1.2: Songbird brain regions implicated in singing, song processing and song learning.
MLd: Lateral Mesencephalic Nucleus, avian homologue of ICC, L: Field L, primary auditory
area, NCM: Caudomedial Nidopallium, secondary auditory area, HVC: Song production plan-
ning, RA: nucleus Robustus of the Arcopallium, song motor nucleus, X: Area X, LMAN: Lateral
Magnocellular nucleus of the Anterior Nidopallium. Area X and LMAN are part of the Anterior
Forebrain Pathway, the pathway linked to song learning.
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architecture of non-vocal learning species, even if they are phylogenetically
close.

Moreover, the songbird brain exhibits a specialized forebrain circuit, which
plays a crucial role in birdsong learning (Brainard & Doupe, 2000; Sohrabji,
Nordeen, & Nordeen, 1990) and possibly subserves the generation of sub-
song (Aronov, Andalman, & Fee, 2008), but is not necessary for adult song
production (Nordeen & Nordeen, 1993). This circuit shows similarities with
the human basal ganglia, which have recently been found to be function-
ally connected to regions important for language processing (Booth, Wood,
Lu, Houk, & Bitan, 2007) and to be implicated in syntactic processing (Kotz,
Frisch, Von Cramon, & Friederici, 2003).

Adult production of birdsong and possibly speech are subserved by neural
networks distinct from those that subserve vocal learning (see Figures 1.2 and
1.3). In contrast to juvenile babbling or subsong, adult song production allows
for monitoring of vocalizations, but is limited in its experience-dependent
plasticity (Brainard, 2004). This mechanism is supported by the finding that
adult monkeys, birds and humans all show suppression of auditory neurons
during own vocalizations (Eliades & Wang, 2008; Houde, Nagarajan, Seki-
hara, & Merzenich, 2002; Müller-Preuss & Ploog, 1981; Numminen, Salmelin,
& Hari, 1999). The involvement of brain regions that allow for a reduced expe-
rience dependent plasticity of vocalizations might underlie sensitive periods
for vocal learning in both songbirds and humans.

Furthermore, the genome of the zebra finch has recently been sequenced
(Warren et al., 2010), showing striking similarities between these birds and
humans with regard to genes involved in vocal communication. This work
sets the stage for further studies into the genetic basis of vocal learning, show-
ing the involvement of FoxP2, in zebra finch song learning (e.g. Haesler et
al., 2007; Teramitsu, Poopatanapong, Torrisi, & White, 2010). Defects in FoxP2
have previously been associated with an inherited speech disorder in humans
(Lai, Fisher, Hurst, Vargha-Khadem, & Monaco, 2001).

To conclude, although the brain of a songbird differs significantly from
ours and does not show the same architecture as a mammalian brain, simi-
lar neural mechanisms may drive the development, perception and produc-
tion of learned vocalizations. Although the abovementioned parallels on the
neural level all provide pieces to the puzzle, overarching theories, addressing
the common neural basis of vocal learning, are still lacking. This thesis aims
to contribute to the understanding of common neural mechanisms underly-
ing vocal learning in songbirds and humans. In order to compare the neural
mechanisms underlying both learning and perception of species-specific vo-
calizations, this thesis presents three functional Magnetic Resonance Imaging
studies, addressing the neural substrate of (i) perception of learned vocaliza-
tions in adult songbirds (Chapter 3), (ii) birdsong learning within the sensi-
tive period for vocal learning (Chapter 4) and (iii) human artificial grammar
learning and perception of the learned grammar (Chapter 5). Additionally,
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Figure 1.3: Human brain regions implicated in language processing. AC: Auditory Cortex, STG:
Superior Temporal Gyrus, PMC: Primary Motor Cortex, 45: BA 45 or Pars Triangularis of the
Inferior Frontal Gyrus, 44: BA 44 or Pars Opercularis of the Inferior Frontal Gyrus (BA 44 and
45 are part of Broca’s area, which is implicated in syntactic processing), AG: Angular Gyrus, SM:
Supramarginal Gyrus. The dotted oval shows the location of Wernicke’s area, which is implicated
in semantic processing.
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the contribution of brain connectivity to learning new linguistic structures in
addressed in Chapter 6.

1.2 fMRI for comparative studies on vocal learning

1.2.1 Methods for songbird and human brain research

Both on the behavioral and the neural level, parallels between birdsong and
human language have been demonstrated (for a review, see Doupe & Kuhl,
1999). However, studying birds and humans often requires different method-
ologies which have traditionally been used in separate fields. Therefore, a
large number of parallels have been drawn based on studies conducted in a
single species. Recently, song and speech learning have been compared using
similar behavioral methods (Gobes et al., 2009; Ter Haar, 2013), but no compar-
ative studies addressing the neural correlates of birdsong learning and human
language acquisition have been conducted to date.

Traditionally, studies addressing the neural substrates underlying bird-
song learning have employed invasive methods such as electrophysiology
and IEG expression (for a review see Bolhuis & Gahr, 2006). These types of
studies have contributed greatly to our understanding of the neural substrates
of birdsong learning and the song system. Moreover, they were the basis for
a number of hypotheses about the cellular and molecular basis of human lan-
guage acquisition (Doupe & Kuhl, 1999). However, these methods might not
be best suited for comparative studies involving humans, because they focus
on the cellular level, while the non-invasive methods typically applied in hu-
man research operate on the neuronal population level.

For example, electrophysiological research in non-human primates has led
to the discovery of mirror neurons (Rizzolatti, Fadiga, Gallese, & Fogassi,
1996). Songbirds have also been shown to possess auditory forebrain neu-
rons that are both activated during song production and listening to the same
song (Prather, Peters, Nowicki, & Mooney, 2008). However, these studies used
single-cell measurements, which cannot be employed in human participants,
because this method is highly invasive. Human fMRI studies, on the other
hand, cannot establish whether specific cells have true mirror neuron proper-
ties, although the hypothesized right-hemisphere human mirror neuron sys-
tem shows striking similarities with left-hemisphere networks involved in hu-
man language processing and production (Iacoboni, 2005). In this case, song-
birds can inform questions about the role of mirror neurons in vocal learning
and the use of songbird (and primate) fMRI in combination with electrophys-
iology can aid the validation of human fMRI results.

Songbird studies aiming to understand vocal learning processes in hu-
mans search for common neural or genetic mechanisms to explain common
behavior, but direct comparisons between the neural substrates of human lan-
guage and birdsong development have yet to be made. In order to achieve
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a sound comparison between species, ideally, the same experimental meth-
ods are used. Because studies of human brain function typically involve non-
invasive (neuro-imaging) methods such as EEG or (functional) MRI, the Bio-
Imaging Lab in Antwerp has taken the approach to implement fMRI in zebra
finches (Boumans, Theunissen, Poirier, & Van der Linden, 2007). Because fMRI
has also been established in non-human primates (Logothetis, Guggenberger,
Peled, & Pauls, 1999), the neural correlates of vocal learning and memory can
now be effectively compared between songbirds, non-human primates and
humans. The studies described in the present thesis employ auditory fMRI in
zebra finches and human subjects in order to uncover the neural substrates of
auditory vocal learning in both species.

1.2.2 fMRI in songbirds and humans

Due to its non-invasiveness, using fMRI to study the neural correlates of bird-
song learning has several advantages. Firstly, we can compare the develop-
ment of the neural substrates for vocal learning in songbirds and humans.
Secondly, because animals are not sacrificed after the experiment, longitudi-
nal studies are possible and finally, the whole brain can be studied, which
facilitates the study of large-scale brain changes. This technique thus enables
us to longitudinally follow birdsong development in the same individuals and
to consequently compare these data to fMRI data on human language devel-
opment or auditory perception and memory in non-human primates.

In recent years, auditory fMRI in zebra finches has revealed highly spe-
cific responses to species-specific sounds (Boumans, Vignal, et al., 2008), the
bird’s own song (Poirier et al., 2009) and the song of the bird’s father, which
was learned during development (see Chapter 3 or Van der Kant et al. (2013)).
Furthermore, the technique to acquire auditory fMRI data from juvenile ze-
bra finches has been developed and applied for the first time for the research
reported in the present thesis (see Chapter 4). These developments, as well as
the technical details and challenges of songbird fMRI, are reviewed in Chapter
2.

Although the results are promising, there are still some limitations to inter-
species comparative studies using (f)MRI. One of these limitations is the need
for anesthesia when collecting fMRI data from small songbirds. Like humans,
non-human primates like macaques (Petkov et al., 2006, 2008) as well as pi-
geons (De Groof et al., 2013) can be measured in an awake state, although
a significant amount of training is needed. However, fMRI in awake zebra
finches has yet to be established and the skittish nature of these small song-
birds might complicate training. Furthermore, the extensive training periods
required for awake animal fMRI experiments limit the possibilities for devel-
opmental studies. Anesthesia might also influence the BOLD response, which
complicates the comparison with humans. Specifically, isoflurane, which is
used for zebra finch fMRI studies described in this thesis, works through the
GABA-ergic system and might thus influence responses in GABA-ergic neu-



General introduction 13

rons. Indeed, in a number of brain regions, selective responses to the bird’s
own song appear to depend on cognitive state (Cardin & Schmidt, 2004;
Dave, Albert, & Margoliash, 1998). Measuring songbirds under anesthesia also
means that stimulation of the auditory system is not influenced by attention,
which is the case in human fMRI studies.

Although anxiety is less of an issue in human subjects, including children
(Westra et al., 2011), in The Netherlands, inclusion of children younger than
eight years in MRI experiments without anesthetic in a non-clinical setting
is not allowed (Central Committee on Research Involving Human Subjects,
2004). Therefore, fMRI experiments in children can only be conducted after
the start of first language acquisition. Near InfraRed Spectroscopy (NIRS), like
fMRI, is based upon a hemodynamic signal. This method is suitable for use in
infants, even newborns (Gervain, Macagno, Cogoi, Peña, & Mehler, 2008), be-
cause the signal is obtained by measuring infrared light, scattered by the cor-
tex, directly on the scalp. Because light is used and surces and detectors are
placed directly on the scalp, this method does not involve a confined space,
a magnetic field or radio-frequency pulses. However, the light does not pene-
trate very deep, limiting measurements to the outer layers of the cortex.

Not only the need for anesthesia, but also the nature of birdsong and hu-
man language pose challenges to comparative studies. The complexity of hu-
man language requires the isolation of a single aspect of language learning
or speech perception in order to test specific predictions about this process.
On the other hand, tasks can and need to be more challenging for humans
and participants can be asked for behavioral responses, which allows for the
testing of more intricate processes like grammar learning. Zebra finches only
learn a single song, implying that all that has been learned can be tested in a
single experiment. However, due to the anesthesia, behavioral responses can-
not be obtained and the need for a social context excludes the possibility of
tutoring a songbird in the scanner and observing the learning process.

These practical differences between human and songbird fMRI studies
complicate the comparison between the BOLD responses. However, if the lim-
itations are taken into consideration, human and songbird fMRI both provide
information about the haemodynamic response to auditory stimulation with
species-specific vocalizations that can be either learned or non-learned. Be-
cause the level at which the measurements are taken (larger groups of neu-
rons) and the neural mechanism that is measured (the BOLD response) are the
same, songbird and human fMRI studies provide a manner through which hy-
potheses regarding neural processes underlying vocal learning, stated based
on previous behavioral and invasive studies, can be assessed using a compar-
ative approach.

In the studies described in the present thesis, experimental conditions
could not be kept exactly the same for human subjects and songbirds. In con-
trast to songbirds, human subjects cannot be isolated from species-specific vo-
calizations and thus will never enter into an fMRI experiment naive. Conse-
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quently, studying the acquisition of elements from a known natural language
is problematic.

In order to overcome the language experience that adult humans necessar-
ily have, we employed artificial grammar learning to study language acqui-
sition from mere exposure in adult humans. An artificial grammar was intro-
duced to serve as a new language-like stimulus that could be learned in the
course of an experiment and consequently tested. While the learning process
and its outcomes in songbirds are studied in a juvenile and an adult group, in
humans the process is simulated in a single group of adult subjects.

1.3 Research questions and hypothesis

In this introduction, the framework was outlined within which this thesis em-
ploys fMRI in both the songbird model and human artificial grammar learning
to study the neural underpinnings of human language acquisition. Further-
more, some of the methodological challenges faced in comparative research
studying both human and animal brains have been discussed. In the studies
described in the experimental part of this thesis, fMRI in both songbirds and
humans will be used to study the neural mechanisms underlying birdsong
learning and human artificial grammar learning. In a series of fMRI studies
investigating these neural mechanisms in adult and juvenile zebra finches and
human adults, this thesis compares the neural substrates of song learning in
birds with those of language learning in humans. With these studies, it aims
to shed light on the following research questions:

1. To what extent do the neural substrates of birdsong learning and human
language acquisition show similarities?

2. Can potential similarities be ascribed to common neurocognitive mech-
anisms underlying the development of both birdsong and human lan-
guage?

3. Are our fMRI results able to strengthen the birdsong model with a brain-
based account of the behavioral similarities found in songbirds and hu-
mans with regard to vocal learning?

We hypothesize that in both species, vocal learning will ”tune” the brain
towards a state where it shows selective responses to learned species-specific
communication signals (e.g. a specific (artificial) grammar in humans or a
specific song in birds). Therefore, a song or a grammar that was perceived
before, specifically if it was learned within the sensitive period for song or
language development, will elicit a larger activation in regions that are im-
plicated in learning species-specific vocalizations. The development of selec-
tivity for learned vocalizations might represent a common neural mechanism
underlying vocal learning.
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Part I

Neural correlates of vocal
learning in zebra finches





In the first chapters of this thesis, the songbird model will be employed
in order to study the neural correlates of vocal learning in a controlled en-
vironment. There are several reasons why songbirds provide a more con-
trolled environment in which to study these neural correlates. Firstly, hu-
man infants start to learn language even before they are born and can not
be isolated from any of their language experience, early or later, for ob-
vious ethical reasons. Furthermore, human language is a complex system
with many types of rules, an extensive vocabulary and phonological sys-
tem. Therefore, the acquisition of all the knowledge a human infant needs
to speak and understand language cannot be studied in a single experiment.
Zebra finch males, on the other hand, learn a single song of which the per-
ception can be studied in isolation and compared with other songs.

Taking this approach, the following chapters explore how the zebra
finch brain processes the song that is learned from the tutor in compari-
son to other songs and shed light on the developmental trajectory of tutor
song processing. In order to visualize the processing and memorization of
the learned song in the tiny zebra finch brain, auditory fMRI is used. The
methodology of the application of this technique in songbirds is discussed
in Chapter 2. In order to compare the neural correlates of birdsong learning
and human language learning, in part II of this thesis, language learning in
human adults is simulated using an artificial grammar learning paradigm
and the learning process is studied using the same auditory fMRI method.





CHAPTER 2

Current State-of-the-Art of auditory functional MRI
(fMRI) on Zebra Finches: Technique and Scientific

Achievements

Songbirds provide an excellent model system exhibiting vocal learning associated
with an extreme brain plasticity linked to quantifiable behavioural changes. This an-
imal model has thus far been intensively studied using electrophysiological, histolog-
ical and molecular mapping techniques. However, these approaches do not provide
a global view of the brain and/or do not allow repeated measures, which are neces-
sary to establish correlations between alterations in neural substrate and behaviour.
In contrast, Functional Magnetic Resonance Imaging (fMRI) is a non-invasive in
vivo technique which allows one (i) to study brain function in the same subject over
time, and (ii) to address the entire brain at once. During the last decades, fMRI has
become one of the most popular neuroimaging techniques in cognitive neuroscience
for the study of brain activity during various tasks ranging from simple sensorimo-
tor to highly cognitive tasks. By alternating various stimulation periods with resting
periods during scanning, resting and task-specific regional brain activity can be de-
termined with this technique. Despite its obvious benefits, fMRI has, until now, only
been sparsely used to study cognition in non-human species such as songbirds. The
Bio-Imaging lab (University of Antwerp, Belgium) was the first to implement blood
oxygen level dependent (BOLD) fMRI in songbirds, and in particular zebra finches,
for the visualization of sound perception and processing in auditory and song con-

This chapter is based on the paper: Van Ruijssevelt, Lisbeth, Van der Kant, Anne, De Groof,
Geert and Van der Linden, Annemie, Journal of Physiology - Paris 2013, 107:156-169
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trol brain regions. The present chapter provides an overview of the establishment and
optimization of this technique in the Bio-Imaging laboratory and of the resulting sci-
entific findings, some of which are discussed more elaborately in Chapters 3 and 4. The
introduction of fMRI in songbirds has opened new research avenues that permit ex-
perimental analysis of complex sensorimotor and cognitive processes underlying vocal
communication in the songbird model.

2.1 Introduction

Over the past decades, the songbird model has become widely used in neu-
roscientific studies addressing changes in brain function and structure. The
main reason for the great interest in this animal model is that songbirds ex-
hibit vocal learning associated with extreme brain plasticity linked to quan-
tifiable behavioral changes. Consequently, these animals present currently the
best available model to study neuronal plasticity accompanying normal daily
processes such as learning but also recovery from neurological insults. Ze-
bra finches, for example, are widely used to study the neuroprotective role
of sex steroids following traumatic brain injury in different brain regions (e.g.
Duncan & Saldanha, 2011; Mirzatoni, Spence, Naranjo, Saldanha, & Schlinger,
2010; Peterson et al., 2007; Walters, Alexiades, & Saldanha, 2011). In addition,
an international team of scientists has recently decoded the genome of the
zebra finch (Warren et al., 2010). This study revealed striking similarities be-
tween these birds and humans with regard to genes involved in vocal com-
munication. This work thus sets the stage for future studies that could help
identify the genetic and molecular origins of speech disorders, such as those
related to autism, stroke, stuttering and Parkinson’s disease.

In order to further unravel the mechanisms of vocal learning and related
disorders, integrated brain studies in the songbird model should simultane-
ously consider functional and morphological changes and cellular function.
This is only possible by using in vivo techniques based on a whole-brain
approach allowing the visualization of structural brain changes, interactions
between brain regions and/or the activity in defined neuronal populations.
Magnetic resonance imaging (MRI) allows repeated non-invasive measures
of both brain structure and activity. By visualizing the whole brain over the
course of longitudinal studies, the time frame and spatial coordinates of cru-
cial events can be determined for further in depth invasive molecular analysis
of the underlying mechanisms. Different MRI sequences can now be applied
to animal species as small as mice or songbirds. Diffusion tensor imaging, for
example, has been implemented in starlings and can be used to visualize fiber
tracts and their changes (De Groof & Van der Linden, 2010). In addition, rest-
ing state functional MRI was successfully used in mice (Jonckers, Van Audek-
erke, De Visscher, Van der Linden, & Verhoye, 2011) and could in the future
be used in songbirds to determine functional connectivity between brain re-
gions. Finally, the Bio-Imaging Lab also implemented functional MRI (fMRI)
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in songbirds as small as zebra finches for the visualization of sound percep-
tion and processing (e.g. Boumans, Gobes, et al., 2008; Boumans et al., 2007;
Boumans, Vignal, et al., 2008; Poirier et al., 2011; Van der Kant et al., 2013).

The present review provides an overview of the establishment and opti-
mization of auditory BOLD fMRI in songbirds and the subsequent scientific
findings that have permitted the visualization of sound perception and pro-
cessing in auditory and song control brain regions of songbirds. The intro-
duction of fMRI in songbirds opened new research avenues that allowed for
the experimental analysis of complex sensorimotor and cognitive processes
underlying vocal communication in songbirds and has begun to be imple-
mented by others (Maul et al., 2010; Voss, 2011; Voss, Salgado-Commissariat,
& Helekar, 2010; Voss et al., 2007).

2.1.1 Functional Magnetic Resonance Imaging (fMRI)

Figure 2.1: BOLD fMRI data acquisition. Schematic representation of a typical ON/OFF auditory
stimulation block design in which auditory stimulation periods are alternated with rest periods.
In this example, each block (stimulus/rest) lasts 16 s during which 2 MR images are acquired. The
different stimuli consist of representative motifs of birdsong or other types of sound depending
on the experiment. Within 1 fMRI experiment, the stimuli of interest (typically 23 per experiment)
are repeated several times in a pseudo-random order with the same number of presentations for
each stimulus.

fMRI is a powerful tool for studying in vivo brain function in humans
and animals. The fMRI technique, which is most frequently used to image
brain activity, relies on Blood Oxygenation Level Dependent (BOLD) contrast
(Ogawa et al., 1992). BOLD fMRI detects the global hemodynamic changes
in response to (synaptic and/or electrical) activity of a large number of neu-
rons. This technique allows repeated analysis of information processing by
neuronal networks during various tasks ranging from simple sensorimotor
to highly cognitive tasks. Although fMRI has been increasingly used in hu-
man cognitive studies, its use in small animal models has been limited due
to the required immobilization and anaesthesia during imaging, which lim-
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its the type of questions that can be addressed (Van der Linden, Van Camp,
Ramos-Cabrer, & Hoehn, 2007).

The BOLD contrast reects a local change in the ratio between oxy-
genated and deoxygenated haemoglobin in the blood induced by a local in-
crease in oxygen consumption during neuronal activation. Deoxygenation
of haemoglobin causes its iron to become paramagnetic, which inuences the
magnetic field experienced by the protons in the surrounding water molecules
(Ogawa, Lee, Kay, & Tank, 1990). During neural activity, an increase in oxygen
consumption is followed within a few seconds by a larger fractional increase
in blood ow and an increase in blood volume, resulting in a net decrease in the
amount of deoxygenated haemoglobin (Malonek et al., 1997). In this case, the
capillary and venous deoxyhaemoglobin concentrations decreases, leading to
a decreased distortion of the magnetic field which will in turn increase the
MRI time constant T ∗

2 . This increase is reected as an elevation of signal inten-
sity in T ∗

2 -weighted magnetic resonance images. Advanced image processing
can detect the local changes in the magnetic field in a series of images acquired
during and/or after stimuli presented in a typical block design (Figure 2.1). In
this way, resting and task-specific regional brain activity can be calculated.

2.1.2 Auditory fMRI of speech and vocal communication

In humans, communication through learned spoken language provides an op-
portunity to design auditory stimulation paradigms for fMRI ranging from
simple sound stimulation (Stevens & Weaver, 2009) to word or sentence recog-
nition (Meltzer, Postman-Caucheteux, McArdle, & Braun, 2009), memoriza-
tion (Mano et al., 2011) and grammar learning (Chapters 5 and 6. A few animal
groups (songbirds, hummingbirds and parrots and possibly whales, dolphins,
and bats) have developed a learned vocalization system used in social inter-
actions. Extensive neuro-ethological research in songbirds has yielded signif-
icant insight into how their brain generates and perceives species-specific vo-
calizations in different social contexts and developmental stages. Although
vocal communication presumably emerged independently in songbirds and
humans (Hauser, Chomsky, & Fitch, 2002), intriguing parallels between bird-
song and human speech have been identified (for reviews see Doupe & Kuhl,
1999; Kuhl, 2003; Wilbrecht & Nottebohm, 2003), including the proposed exis-
tence of sensitive periods for learning, dependence of this process on auditory
experience and feedback, and lateralization of sound production (e.g. Cynx,
Williams, & Nottebohm, 1992; George, Cousillas, Richard, & Hausberger, 2005;
Phan & Vicario, 2010).

Interestingly, the songbird’s auditory and sensorimotor brain regions in-
volved in song acquisition and production show reliable electrophysiologi-
cal responses to acoustic stimuli even under anaesthesia (Capsius & Leppel-
sack, 1996; Grace, Amin, Singh, & Theunissen, 2003; Schmidt & Konishi, 1998).
In contrast to the human brain, the songbird brain can also easily be experi-
mentally manipulated. This model system is therefore ideally suited for fMRI
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studies and provides a unique model for studying the complex cognitive pro-
cesses underlying vocal communication. The song control and auditory brain
regions of songbirds are well documented and intensively studied using both
electrophysiological and activity-dependent immediate early gene (IEG) tech-
niques. These studies have shown that song control nuclei respond selectively
to the bird’s own song (BOS) (Margoliash, 1986) and that secondary auditory
areas show a specialization in conspecific song processing (Grace et al., 2003;
Mello, 2004).

Figure 2.2: First assessment of brain function in songbirds by auditory BOLD fMRI. (a and b)
Z-score maps illustrating brain activation as observed by BOLD fMRI in response to conspecific
song in male starlings (a) and zebra finches (b). Z-values are color coded according to the scale
displayed in the figure and only voxels in which the t-test was found to be significant are dis-
played. The MRI images were acquired according to the slice positioning presented in the middle.
Modified from data in Boumans, Vignal, et al. (2008) and Van Meir et al. (2005). (c) High resolu-
tion T2-weighted Spin Echo (SE) MR image of the male zebra finch auditory system illustrating
Field L (top). The schematic representation (bottom) illustrates how the dense fibertract which
defines subfield L2a, corresponds to the darker ellipsoid in the MR image. Ch.O., optic chiasm;
CMM, caudomedial mesopallium; DLM, medial nucleus of the dorsolateral thalamus; FPL, lat-
eral forebrain bundle; L2a, L2b, and L3, subregions of Field L; NCM, caudomedial nidopallium;
Ov, nucleus ovoidalis; tOM, tractus occipitomesencephalicus; X, area X. Redrawn from figures in
Boumans, Vignal, et al. (2008) and Vates et al. (1996).

However, activity-dependent expression of IEG and electrophysiological
recordings of single- or multi-unit activity are highly invasive or even lethal
methods. In addition, electrophysiological techniques are limited by the num-
ber of locations that can be sampled in one experiment and thus require a pri-
ori hypotheses about the localization of the neuronal substrate involved in the



26 2.2. BOLD response in the auditory system of a robust songbird

process investigated. In contrast, BOLD fMRI is non-invasive, allows a whole-
brain approach and can be used to perform assumption-free experiments.

The use of BOLD fMRI in songbirds to study the processing of auditory
stimuli has been initiated and developed at the Bio-Imaging Lab (University
of Antwerp, Belgium) and further applied in collaboration with a substantial
list of songbird neuroscientists (e.g. Boumans et al., 2007; Boumans, Vignal, et
al., 2008; Van Meir et al., 2005). The technique is currently being exploited to
address cognitive research questions in songbirds (De Groof, Poirier, George,
Hausberger, & Van der Linden, 2011; Poirier et al., 2009; Poirier, Verhoye,
Boumans, & Van der Linden, 2010; Van der Kant & Van der Linden, 2012).
In addition, auditory fMRI has been used to map the auditory regions of the
brain (Van Meir et al., 2005), investigate spectral and temporal processing in
the auditory forebrain (Boumans, Gobes, et al., 2008; Boumans et al., 2007;
Boumans, Vignal, et al., 2008) and identify the neural substrates responsible
for the recognition of the BOS (Poirier et al., 2009).

2.2 BOLD response in the auditory system of a ro-
bust songbird: feasibility and technical chal-
lenges

2.2.1 Implementation of BOLD fMRI in the starling brain

The feasibility of auditory fMRI in songbirds was first demonstrated in 2005
in starlings (Van Meir et al., 2005) before being extended to a smaller song-
bird species, the zebra finch (e.g. Boumans et al., 2007) (Figure 2.2). The first
fMRI study in (song)birds established the existence of a hemodynamic re-
sponse and demonstrated that the temporal pattern of the auditory BOLD
response is remarkably similar to auditory evoked BOLD responses in hu-
man subjects (Van Meir et al., 2005). Although the BOLD signal mainly reects
local field potentials and thus differs from the action potentials measured in
electrophysiological and IEG studies (e.g. Logothetis, Pauls, Augath, Trinath,
& Oeltermann, 2001), BOLD fMRI has confirmed many results obtained by
these techniques. Our first fMRI study in starlings demonstrated the success-
ful application of complex auditory stimulation in the noisy environment of
the MRI-scanner. By exposing the birds to white noise, music and conspecific
song, we could confirm the specialization of the caudal telencephalon for pro-
cessing conspecific songs over artificial sounds.

2.2.2 Technical challenges

The use of BOLD fMRI in songbirds poses practical problems at the level of
brain imaging, stimulus presentation, and data processing. We will briey sum-
marize the technical issues involved in detecting the BOLD signal in the brain
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Figure 2.3: Setup for auditory fMRI in zebra finches. (A) Helmholtz RF transmission antenna
to which magnetless dynamic speakers for the presentation of the auditory stimuli, are fixed;
(B) custom-made head holder composed of a beak mask and a circular radio-frequency surface
antenna tightly placed around the bird’s head to allow accurate reproducible positioning of the
bird while at the same time preventing motion; (C) restraining jacket; (D) cloacal temperature
probe connected to a feedback controlled heater system to keep the body temperature of the bird
stable during the measurement. In addition, a pneumatic pillow sensor is placed under the bird
to monitor the respiration rate. Redrawn from figures in Poirier et al. (2011) and Van Meir et al.
(2005).

of a songbird during auditory stimulation together with a description of the
solutions adopted.

Earlier MRI of songbird brains produced high resolution images by appli-
cation of T1- and T2-weighted Spin Echo (SE) sequences at 7T (Van der Linden
et al., 1998; Van Meir et al., 2004; Verhoye et al., 1998). However, imaging with
classical T ∗

2 -weighted Gradient Echo (GE) sequences that are mostly used to
detect hemodynamic susceptibility changes in BOLD fMRI is affected in birds
due to severe susceptibility artefacts generated by the air cavities that devel-
oped in the skull.

Auditory stimulation in the noisy environment of the scanner due to the
switching gradients is also problematic. Uncoupling the auditory stimulus
from image acquisition often solves this problem in human research because
the maximal amplitude of the BOLD response is only reached 310 s after stim-
ulus onset. Fast GE planar images with very long repetition times are often
acquired using a sparse imaging paradigm to visualize activated regions (for
reviews see Amaro et al., 2002; Moelker & Pattynama, 2003). Since temporal
aspects and optimal stimulus duration to obtain maximal BOLD responses in
songbirds were unknown at this stage, this approach was not an option. Based
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on a careful evaluation of available data, it was decided to start BOLD fMRI
studies in songbirds with a GE-Fast Low Angle Shot (FLASH) sequence. GE-
FLASH offers a spatial resolution that is high enough to visualize small telen-
cephalic auditory regions located in brain regions suffering the least from sus-
ceptibility artefacts induced by air cavities in the skull. In order to maximize
the temporal resolution of the GE FLASH fMRI acquisition, only 1-2 slices
per animal were imaged (Figure 2.2). The slice positioning was determined
depending on the specific questions addressed in the experiment. In order to
reduce the gradient’s noise, we used a long gradient ramp time (1000 ls), pro-
ducing a sustained humming background noise of 7080 dB, during both stim-
ulation and rest periods. Birds were exposed to acoustic stimuli with a maxi-
mum sound pressure level of 100 dB as commonly used during auditory fMRI
studies in humans (Jäncke, Shah, Posse, Grosse-Ryuken, & Müller-Gärtner,
1998). The head was positioned in a custom made stereotaxic device, leav-
ing the ears free for auditory stimulation by a non-magnetic dynamic speaker
(Figure 2.3).

Another important issue in performing songbird fMRI relates to the anes-
thetized condition of the subjects during imaging. Most studies in humans
are carried out in an awake state, whereas small animals need to be immobi-
lized during imaging. In consequence, when fMRI is performed in animals,
they need to be anesthetized or curarized (Peeters, Tindemans, De Schutter,
& Van der Linden, 2001) or trained to tolerate restraining in a noisy scanner
environment (Ferris et al., 2005, 2008; Liang, King, & Zhang, 2011; Sachdev et
al., 2003; Zhang et al., 2010). The latter is time consuming and hence only few
experiments have been carried out with this approach. Moreover, since it is
difficult for awake restrained animals to focus on a specific task, this proce-
dure potentially increases inter-individual variation, which could mask acti-
vation patterns and stimulus specificity (Peeters et al., 2001). In our studies, we
therefore decided to visualize the activity of auditory regions in anesthetized
subjects. This approach is supported by previous studies on humans showing
by a combination of EEG and fMRI that the sleeping brain can still process au-
ditory stimuli and detect meaningful acoustic events (Portas et al., 2000) and is
further supported by the above mentioned responses to acoustic stimuli of the
song control and auditory regions under anaesthesia in songbirds (Capsius &
Leppelsack, 1996; Grace et al., 2003; Schmidt & Konishi, 1998).

2.3 BOLD fMRI in the zebra finch’s auditory sys-
tem

After the development of the technique in a large songbird, the starling, au-
ditory BOLD fMRI was implemented in zebra finches (Figure 2.2). This small
Australian songbird is a widely used animal model in many biological dis-
ciplines. The great advantage of using zebra finches over other songbirds is
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that they are commercially available, easy to breed in captivity and robust to
anaesthesia. They currently present one of the best available and most fre-
quently used animal models to study brain changes during speech develop-
ment. Zebra finches are age-limited learners. Like humans, they learn their
vocalizations early in life during a specific sensitive period for vocal learn-
ing. During the first part of their sensitive period, the sensory phase, zebra
finch male chicks develop a model based on the tutor song they hear. Subse-
quently, they use this model to develop their own song during vocal practice,
which starts during the sensorimotor phase of song learning. By the end of
the sensorimotor phase (around 80-100 days post hatching (DPH)) every in-
dividual male has learned to sing one particular song with a relatively simple
structure (Brainard & Doupe, 2002). Each male’s song is different, although
birds of the same bloodline will exhibit similarities, and all finches will over-
lay their own uniqueness onto a common rhythmic framework. The song of a
zebra finch lasts for only a few seconds and has a simple syntactic and tempo-
ral organization. A typical adult male zebra finch song is preceded by a series
of introductory notes. Syllables are the simple elements, separated by silence,
which in turn consist of notes, the boundaries of which are defined by abrupt
changes in acoustic characteristics. A song motif or phrase is made up of a
string of syllables lasting between 0.5 and 1.5 s. The motif is repeated multiple
times in a song, and the song can be repeated several times to form a bout
(Sossinka & Böhner, 1980).

For the implementation of in vivo BOLD fMRI in zebra finches, various
preliminary experiments were performed in our laboratory in order to explore
the possibility to visualize auditory processing in the auditory brain regions
of these small songbirds. Subsequently, we investigated neural activity in re-
sponse to different auditory stimuli as well as the effect of different orders
of song manipulation. (Boumans, Gobes, et al., 2008; Boumans et al., 2007;
Boumans, Vignal, et al., 2008). In an initial study, the behavioral response to
songs played inside and outside the magnet bore was shown to be similar
(Boumans, Vignal, et al., 2008). In order to validate our results, the BOLD re-
sponse measured with fMRI was confirmed by Near-infrared Spectroscopy
(NIRS) (Vignal et al., 2008) and with IEG expression study (Boumans, Vignal,
et al., 2008; Vignal, Attia, Mathevon, & Beauchaud, 2004).

2.3.1 Visualization of the BOLD response in the zebra finch’s
auditory system: validation with in vivo optical methods

Simultaneously with the application of BOLD fMRI to zebra finch brain ac-
tivity during auditory processing, the efficiency of the method for visualiz-
ing physiological hemodynamic brain responses was tested in a hypercap-
nia model (Vignal et al., 2008). Hypercapnia or hyperoxia is widely used as
a global physiological stimulus to alter the BOLD contrast (Jones, Berwick,
Hewson-Stoate, Gias, & Mayhew, 2005; Martin, Jones, Martindale, & Mayhew,
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Figure 2.4: Imaging auditory processing of the spectral and temporal features of song in the au-
ditory forebrain of zebra finches. (a) Slice positioning. To discern the neural substrates of spectral
and temporal features of song in the zebra finch, a tilted coronalhorizontal slice which comprised
most of the auditory regions in the zebra finch, was analyzed. This slice passed through a rela-
tively anterior region of the caudal mesopallium (CM), a central region of Field L (mainly L2a), a
caudal region of the caudomedial nidopallium (NCM) and song control robust nucleus of the ar-
copallium (RA). The imaging slice is displayed in a 3D rendering volume of the zebra finch brain
atlas representing some of the key auditory regions and song control nuclei (right) (Poirier et al.,
2008). (b) Oscillograms (top) and modulation spectra (bottom) showing the spectral and temporal
features found in the experimental auditory stimuli. The figure shows an example of conspecific
song before and after spectral and temporal filtering. ωχ = spectral modulations, ωt = temporal
modulations. (c) Regional analysis. The auditory regions are divided into four quadrants deter-
mined by the midline dividing the right from left hemisphere, and by the horizontal fiber tract
dividing ventral from dorsal regions. The dorsal quadrants include the dorsal part of L2a, L1 and
L. L2b, while the ventral quadrants include the ventral part of L2a, L3, the medial-ventral part of
L and NCM. Redrawn from figures in Boumans et al. (2007).
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2006; Schwarzbauer, Mildner, Heinke, Brett, & Deichmann, 2010). It induces a
well known vasodilatation response resulting in an increase in cerebral blood
ow (CBF) associated with a small rise in cerebral blood volume (CBV) with-
out change in oxygen consumption (Dutka, Scanley, Does, & Gore, 2002; Lee,
Duong, Yang, Iadecola, & Kim, 2001; Wu, Luo, Li, Zhao, & Li, 2002). As ex-
pected, a significant increase in BOLD signal during the hypercapnic period
was detected using fMRI. These findings were validated using Near Infrared
Spectroscopy (NIRS). The results showed a good correlation between the local
haemodynamic changes visualized by BOLD fMRI and the variations in total
haemoglobin and oxygen saturation level measured using NIRS.

2.3.2 BOLD response in zebra finch’s auditory system upon
robust 1st order manipulations of conspecific song stim-
uli: validation with immediate early gene expression
and behavioral responses

In addition to optical methods, an IEG expression study was used to further
validate the technique. In parallel to a study performed by the same collabo-
rating research group using IEG ZENK expression as a measure of brain ac-
tivity in awake birds (Vignal et al., 2004), the Bio-Imaging Lab studied the
discriminatory properties of auditory forebrain regions using BOLD fMRI
in anesthetized male zebra finches (Boumans, Vignal, et al., 2008). The re-
sults from the ZENK expression study demonstrated the ability of the zebra
finch brain to discriminate biologically relevant information (conspecific song)
when mixed with different levels of broadband noise. In addition, behavioral
responses to conspecific song as well as IEG expression in the secondary audi-
tory region NCM (caudomedial nidopallium) showed a progressive decrease
in response to increasing background noise similar to the fMRI study. These
findings suggest that NCM plays a role in the ability to discern song from
masking noise. The fMRI study confirmed these results in anesthetized ani-
mals and thus shows that the neural responses in the auditory system of anes-
thetized and awake zebra finches to the stimuli applied in this study are highly
comparable. Additionally, the BOLD fMRI study revealed neural activity in
Field L, the primary auditory center, elicited by conspecific song which could
not be shown by IEG expression (Mello, Vicario, & Clayton, 1992). In contrast
to the response in NCM, this BOLD response is not reduced by added noise.

For this fMRI study, the preservation of the behavioral response to the song
stimuli played during the experiments was tested to control for potential de-
formations of the sound in the restricted environment of the scanner bore. The
stimuli were recorded within the bore and played to awake and freely behav-
ing zebra finches followed by a behavioral analysis. Results showed that the
number of distance calls emitted by the experimental birds in response to con-
specific song recorded in the bore did not differ from the amount of calls emit-
ted in response to songs that were recorded outside the scanner environment
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(Boumans, Vignal, et al., 2008).

2.3.3 BOLD response in the zebra finch auditory system upon
2nd order spectral and temporal song stimuli manipula-
tions

The discovery of NCM as a primary auditory region involved in segregation of
conspecific song from background noise raised new questions about the way
vocalizations are processed in the avian brain. In a new fMRI study using syn-
thetic song in which only the temporal or only the spectral structure of natural
conspecific song was preserved (Figure 2.4b), we investigated which centers
in the avian auditory forebrain play a role in the processing of the spectral and
temporal structure found in the succession of song-syllables (Boumans et al.,
2007). In addition, we investigated the neural recognition of the BOS in brain
regions involved in song production and learning (the song nuclei) as this re-
quires the preservation of both the spectral and temporal structure of song
(Theunissen & Doupe, 1998). In the course of the implementation of BOLD
fMRI in the zebra finch, this study was the first quantitative assessment of the
distribution of the auditory evoked BOLD response in the zebra finchs fore-
brain. At this stage, the spatial resolution of the structural MR-images allowed
only a rough delineation of the different auditory regions. As the principal au-
ditory evoked BOLD response to the presented stimuli (BOS, multiple famil-
iar conspecific songs and spectrally filtered or temporally filtered versions of
these conspecific songs) was in Field L and centered around L2a (Figure 2.2c),
a regional analysis was performed by dividing the auditory regions into four
quadrants: the right and left hemisphere, and the ventral and dorsal regions
of Field L. Based on prior measurements and the comparison to earlier pub-
lished anatomy, the dorsal quadrants included the dorsal part of L2a and L1,
L and potentially L2b, while the ventral quadrants include the ventral part of
L2a, L3 and, in some experiments, the medial-ventral part of sub-region L as
well as potentially NCM (Figure 2.4a and 2.4c). The ventral regions of Field L
including subarea L3, medial-ventral subarea L and potentially NCM showed
depressed responses to spectrally filtered song. Field L as a whole and espe-
cially the dorsal regions showed increased responses to temporally filtered
song which represented more song stimuli per time unit in this study. This
study revealed no differences between BOS and conspecific song across the
analyzed regions.

2.3.4 BOLD response in the zebra finch’s auditory system
upon 2nd order song manipulations and the bird’s own
song

Within the previous study mentioned above (Section 2.3.3, Boumans et al.
(2007)), regions with preferential responsiveness to the BOS compared to other
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familiar conspecific songs, were addressed. On that account, a tilted coronal-
horizontal slice was analyzed in order to sample most of the auditory regions
in the zebra finch forebrain. This slice passed through a relatively anterior re-
gion of the caudal mesopallium (CM), a central region of Field L (mainly L2a)
and a caudal region of NCM (Figure 2.4a and 2.4c). In this set of scans, no
significant BOS selectivity or hemispheric differences could be discovered. In
a next study, we continued our search as we believed that determining which
regions show preferential responsiveness to the BOS is of great importance.
Neurons sensitive to self-generated vocalizations could mediate the auditory
feedback process necessary for the detection of errors in the bird’s own vo-
cal production which can subsequently be corrected to stabilize song. In order
to visualize BOS selective regions, the next dataset was acquired in the or-
thogonal direction, i.e. the sagittal plane (Boumans, Gobes, et al., 2008). This
plane passed through the regions L2a, L3 and NCM, as well as caudal L2b
and the caudal region of the medial CM (CMM) that were not investigated in
our previous study. The goal of this new study was twofold. First, we mea-
sured the global neural activity elicited by the BOS and conspecific song in
sub-regions L2a and L2b. Because of its anatomical connections, we suspected
that the sub-region L2b might be involved in an intermediary processing step
between L2a and the secondary auditory regions, and that it could thus be
the original locus from where BOS selectivity emerges. Secondly, we exam-
ined the general selectivity for characteristic acoustical features found in song
over synthetic sounds as it was previously observed at the single neuron level
(Amin, Doupe, & Theunissen, 2007; Grace et al., 2003; Hsu, Woolley, Fremouw,
& Theunissen, 2004). In contrast to the previous study (Boumans et al., 2007)
in which only 2nd order song manipulations were performed, we compared
responses to normal BOS with synthetic variations on the BOS that differed
in spectro-temporal and/or modulation phase structure. These so called 3rd

order manipulations preserved the overall frequency power spectrum of the
signal as well as some second order statistics of the temporal and spectral en-
velope of the sound but disrupted the characteristic higher spectro-temporal
structure found in natural song.

Our study could not identify any selectivity for the BOS in any of the sub-
regions of the primary auditory forebrain. However, it should be noted that
in this study only the primary auditory regions were addressed. Hence, this
does not exclude the existence of BOS selectivity emergence in other areas of
the ascending auditory pathway. Furthermore, our fMRI results, supported
by data from independently performed electrophysiological studies (Amin et
al., 2007; Amin, Grace, & Theunissen, 2004; Lewicki & Arthur, 1996; Shaevitz
& Theunissen, 2007), point to a clear hierarchical organization in terms of sig-
nal strength between L2a, L2b and CMM but show no obvious selectivity for
temporal characteristics of the BOS in these regions.

After the implementation of BOLD fMRI in the zebra finch and the subse-
quent validation of the technique by traditional methods, these findings were
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Figure 2.5: Three-dimensional MRI atlas of the zebra finch brain. (a) Atlas data set in the ref-
erence frame displayed in the MRIcro environment. Labels of axes were manually added for in-
formation but are not displayed by MRIcro software. The red cross is positioned on the 0 point
corresponding to the mid-sagittal plane and the posterior commissure. A: anterior; D: dorsal; L:
left; P: posterior; R: right; V: ventral. (b) Rendering of the whole brain and of delineated structures.
Posterior view (top left), right view (top right), dorsal view (bottom left). L: Field L; HVC: used
as a proper name; E: Nucleus Entopallialis; LMAN: Nucleus lateralis magnocellularis, pars later-
alis; nXIIts: nXII Pars Tracheosyringealis; Rt: Nucleus Rotundus; TeO: Tectum Opticum. Redrawn
from figures in Poirier et al. (2008).

the first contribution of BOLD fMRI to the understanding of auditory process-
ing in the zebra finch brain. The functional difference between sub-regions
L2a and L2b of the primary auditory center identified in this study were an
important contribution of fMRI to the field because field L2 does not display
increased IEG expression after exposure to song and electrophysiology only
enables recording of a limited set of neurons and is thus not suited for such
analysis.

2.4 Further technical refinements of the method

2.4.1 Improvements in acquisition protocol to allow imaging
beyond the auditory system

Gradient Echo (GE) T ∗
2 -weighted as well as Spin Echo (SE) T2-weighted con-

trasts can be used to perform BOLD fMRI. GE provides a higher contrast-to-
noise ratio (CNR) and is thus more sensitive to variations in the BOLD re-
sponse. Considering this, a GE-FLASH sequence was used for the first imple-
mentation of BOLD fMRI in the zebra finch brain. However, a major disad-
vantage of this sequence is that GE images contain large susceptibility arte-
facts which induce image distortions and signal dropout at high magnetic
field strengths (e.g. 7 T which is used in our studies). Susceptibility artefacts
are caused by the abundance of air cavities in the birds’ cranial bones, thus
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preventing the accurate measurement of the local BOLD response in some
brain regions close to the skull. However, as our first zebra finch fMRI stud-
ies focused exclusively on primary and secondary auditory regions, located in
the center of the brain, the signal loss associated with GE fMRI did not pose
problems for these studies. Yet, since the further analysis of BOS selectivity re-
quired the analysis of BOLD response beyond the auditory regions involving
the song control system (SCS), the need emerged to develop a technique that
allowed for whole brain BOLD fMRI with less susceptibility artefacts. There-
fore, SE BOLD fMRI was optimized for use in zebra finches in a new study at
our lab (Poirier et al., 2010). Compared to GE fMRI, SE fMRI has the great ad-
vantage of providing signal from the entire brain as there is no signal dropout
in the images. Another advantage of SE BOLD fMRI is its better spatial speci-
ficity (Harel, Lin, Moeller, Ugurbil, & Yacoub, 2006; Zhao, Wang, & Kim, 2004).
Indeed, at high magnetic field, the intravascular component of the SE BOLD
signal is reduced (due to a long echo time (TE)) and the extravascular com-
ponent from large vessels is suppressed (by the 180deg refocusing pulse of
the SE MRI sequence). The SE BOLD signal is thus dominated by an accurate
extravascular signal originating from small vessels (Duong et al., 2003; Lee,
Silva, Ugurbil, & Kim, 1999; Uludağ, Müller-Bierl, & Uğurbil, 2009). The main
limitation of SE fMRI is its relatively weak sensitivity, requiring optimized
sequences and optimized stimulation paradigms. Accordingly, a standard SE
rapid acquisition relaxation-enhanced (RARE) protocol was used. Our study
showed that, at 7 T, a TE of 60 ms provides a CNR and a signal-to-noise ratio
sufficient to detect significant differences in BOLD responses triggered by dif-
ferent stimuli. Furthermore, a compromise had to be reached between imaging
of the whole brain, a long repetition time (TR), an increased ramp time of the
gradients to reduce background noise from the scanner and the maintenance
of a sufficient temporal resolution for our stimulation paradigm. In order to
achieve this goal, the ramp time was fixed at 600 µs allowing acquisition of 15
slices with a thickness of 0.75 mm3 covering almost the whole brain within a
TR of 2000 ms. This resulted in a temporal resolution of 8 s and an in plane
resolution of 0.25 x 0.25 mm2. With this sequence a purely T2-weighted SE
signal was obtained, which is characterized by a very good spatial specificity,
a sensitivity sufficiently high to detect differential BOLD responses even be-
yond the primary and secondary auditory regions and a temporal resolution
compatible with the stimulation paradigm (Poirier et al., 2011, 2009). For a de-
tailed description of the SE-RARE fMRI protocol see Poirier et al. (2011, 2010);
Van Ruijssevelt et al. (2012).

2.4.2 Progress in data analysis: voxel-based analysis and de-
velopment of a zebra finch MRI brain atlas

In our first fMRI studies on songbirds, manual region of interest (ROI) analysis
was applied for the statistical processing of the group data (Boumans, Gobes,
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et al., 2008; Boumans et al., 2007; Boumans, Vignal, et al., 2008). However, as
our knowledge of the fMRI methods advanced and the acquisition parameters
became more optimized, the statistical analysis of the data was revised. Al-
though statistically powerful (signal intensity is averaged over all voxels in the
ROI, thus removing between-voxel variability), the ROI approach decreases
spatial resolution in the results and implicitly assumes that effects are identical
over all voxels in the ROI. This can be problematic if the ROI is large and het-
erogeneous (e.g. auditory region including the primary auditory region field
L, and the secondary auditory regions NCM and CM). Accordingly, other ap-
proaches which increase spatial resolution, were considered and voxel-based
analysis attracted our attention. At that time, voxel-based analysis was gain-
ing popularity in all fields. In the medical field it had mainly replaced manual
ROI analysis as it provided better tools to make statistical inferences at voxel
level. Shortly after, the next level of application, voxel-based meta-analysis,
was introduced. With this new approach, regional effects could be compared
across studies, providing quantitative summaries with good control and sta-
tistical error (Astrakas & Argyropoulou, 2010). To apply this method, a spa-
tial normalization or alignment of the acquired images to a common three-
dimensional coördinate space, is required. Digital, three-dimensional MRI
brain atlases were already available for humans (e.g. Lancaster et al., 2000;
Mazziotta et al., 2001), for macaques (e.g. Cannestra, Santori, Holmes, & Toga,
1997; Saleem & Logothetis, 2007), for baboons (Black, Snyder, Koller, Gado,
& Perlmutter, 2001), for rats (e.g. Schwarz et al., 2006; Schweinhardt, Frans-
son, Olson, Spenger, & Andersson, 2003) and for mice (e.g. Lin et al., 2003;
MacKenzie-Graham et al., 2004), but no such atlas existed for songbirds or any
other avian species. Hence, before implementation of voxel-based analysis in
the data processing of our zebra finch fMRI images, the first high-resolution
3D atlas in stereotaxic coordinates of a male zebra finch brain was developed
at our lab (Poirier et al., 2008) (Figure 2.5). The MRI atlas data set, the brain de-
lineation and the nuclei delineations were made freely available through the
Bio-Imaging Lab web site: http://tinyurl.com/ZFatlas and the atlas is already
proving its usefulness in different ongoing and published studies (e.g. Akuta-
gawa & Konishi, 2010; Maul et al., 2010; Poirier et al., 2009; Thode, Güttinger,
& Darlison, 2008).

At present, the Bio-Imaging Lab also published a canary and a pigeon
brain MRI atlas (Güntürkün, Verhoye, De Groof, & Van der Linden, 2013;
Vellema, Verschueren, Van Meir, & Van der Linden, 2011), which can be eas-
ily adapted to match any surgical setup or histological protocol, and can thus
support many types of neurobiological studies, including anatomical, electro-
physiological, histological, explant, and tracer studies.
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2.4.3 Effect of different anaesthetics on the BOLD response in
the zebra finch’s auditory system

To date, the majority of functional brain activation studies in animals using
BOLD fMRI require that the animals be anaesthetized during the fMRI acqui-
sition. Training animals to accustom them to the magnet environment and the
scanner noise during the study periods is rather time-consuming and chal-
lenging and therefore rarely employed (Ferris et al., 2005, 2008; Sachdev et al.,
2003). Moreover, anaesthesia minimizes stress-induced effects on the physio-
logical responses of interest and facilitates animal handling (Van der Linden
et al., 2007). The effect of anaesthesia both on the neural response and on the
transfer function between the neural activity and the BOLD response mea-
sured in fMRI is an ongoing and important research topic. Anaesthetic level
can profoundly change the BOLD response both because of changes in neural
activity (Richards, 2002) and because of changes in the BOLD transfer func-
tion (Masamoto, Kim, Fukuda, Wang, & Kim, 2007). Various anaesthetics exist
for use in zebra finches. Based on the findings about the compatibility of dif-
ferent anaesthetics with functional activation using haemodynamic fMRI in
small animals, we chose to compare the effect of three anaesthetics acting on
different neurotransmitter systems, on the BOLD response in a new study in
zebra finches (Boumans et al., 2007). In this study, the effects of medetomi-
dine, isourane and urethane were investigated. Medetomidine had already
been used before with good results in our first functional imaging study in
songbirds (Van Meir et al., 2005). Urethane had been used extensively in neu-
rophysiological investigations of the avian auditory and vocal systems (re-
viewed in Theunissen et al., 2004) and its use allowed us to directly compare
our results with those in the literature. Isourane is the most common anaes-
thetic in clinical applications as it has the great advantage of having relatively
rapid recovery and minor side effects and thus has the highest potential for
use in longitudinal studies. Consistent with our expectations and the find-
ings of previous studies in small animals, the different anaesthetics induced
different BOLD responses. One of the most prominent differences was the
expanded area of activation when using isourane or urethane compared to
medetomidine. Although not a lot has been published on the matter, urethane
is considered toxic for laboratory animals including birds (e.g. Cowen, 1950)
and is thus only suitable for terminal (acute) procedures and not for longitudi-
nal studies. In addition, urethane is carcinogenic and poses a risk to personnel
working with it (Schmidt, 2010). Consequently, isourane became our anaes-
thesia of choice for auditory BOLD fMRI studies in the zebra finch.

Throughout fMRI acquisition it is important to maintain a stable level of
anaesthesia and thus dose. This dose is preferentially as low as possible in or-
der to minimize the effects of the compound on the neural responses. Once an
optimal dose is determined (for zebra finches the Bio-Imaging Lab uses mostly
1.5% isourane during fMRI acquisition) it is important that this dose is main-
tained for all animals in the study to maximize comparability of the acquired
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data. The physiological status of anesthetized animals may also greatly inu-
ence BOLD contrast. Monitoring of physiological parameters is therefore an
important part in the design and performance of reliable fMRI experiments.
Body temperature, for example, must be closely monitored and retained stable
throughout acquisition using e.g. an MR compatible water bed heating sys-
tem. Changes in body temperature may substantially affect the rate of chemi-
cal reactions and metabolic oxygen consumption and may also modulate the
properties of the blood such as viscosity and affinity of hemoglobin for oxy-
gen. These changes, in turn, have a great impact on the BOLD signal (Van-
houtte, Verhoye, & Van der Linden, 2006). In addition, it is important to re-
tain stable global and cerebral hemodynamic parameters in the anesthetized
animals. Levels of CO2 and O2 in the blood can have great inuence on CBF
and CBV. As BOLD activation changes are in the range of only a few percent
and based on changes in CBF and CBV, monitoring these blood gases to en-
sure stable levels is of great importance for accurate BOLD fMRI. Although
not commonly used in small birds such as the zebra finch, it is possible to
measure the partial pressure of oxygen (pO2) non-invasively using a pulse
oximeter clipped over e.g. the brachial artery (Nilson, Teramitsu, & White,
2005). Other more invasive methods can possibly also be used. However, the
required blood sample volumes and MR compatibility limit their application
to date.

2.5 BOLD response to subtle differences in song
stimuli in the zebra finch song control and au-
ditory system: new findings on BOS selectivity
and the involvement of MLd

Selective responses to the BOS were initially observed using electrophysiolog-
ical methods in the SCS, the network of forebrain regions involved in song
production and learning (Doupe & Konishi, 1991; Janata & Margoliash, 1999;
Margoliash, 1986; Margoliash & Fortune, 1992). Besides its appearance in the
SCS, BOS selectivity was commonly expected to emerge at least at an interme-
diary level in the ascending auditory system (Prather & Mooney, 2004; The-
unissen et al., 2004). Hence, numerous studies were designed to determine
where this selectivity emerges. Because electrophysiology requires an a pri-
ori hypothesis about the location of the selectivity, most studies focused on
the primary and secondary auditory regions. However, this hypothesis did
not lead to any conclusive results (Bauer et al., 2008; Theunissen et al., 2004).
Similarly, our previous fMRI study could not identify any selectivity for the
BOS in any of the sub-regions of the primary auditory forebrain (Boumans et
al., 2007). With the implementation of SE-BOLD fMRI, the production of the
zebra finch MRI atlas and voxel-based statistics, we further investigated this
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Figure 2.6: Detection of neural selectivity for behaviorally relevant stimuli using fMRI. Statis-
tical parametric maps superimposed on high-resolution anatomical images from the zebra finch
brain atlas (Poirier et al., 2008). T-values are colour coded according to the scale displayed in the
figure and only voxels in which the t-test was found to be significant are displayed. (a) fMRI
BOLD response in the primary auditory region, Field L, and adjacent secondary auditory regions
evoked by stimulation with different types of conspecific song (BOS, familiar conspecific song
and tutor song) compared to the rest condition (unpublished data). (b and c) Neural substrates
of own-song recognition (BOS vs conspecific song) in the song control and auditory regions. Co-
ordinates expressed in millimeters from the midline are indicated under each map. The + signs
indicate that the visualized slices (and statistical results) are from the right hemisphere. (c) Su-
perimposition of the statistical results (red clusters) to rendered images of the whole zebra finch
brain with song control nuclei (HVC, RA, DLM, LMAN and Area X) and auditory nuclei (Field L,
Ov and MLd). Redrawn from figures in Poirier et al. (2009).
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question in the whole zebra finch brain (Poirier et al., 2009). Consistent with
the neural electrophysiological literature, our study, which compared neural
activation elicited by the BOS and a familiar conspecific song, revealed BOS
selectivity in large neuronal populations of HVC (and the HVC shelf) and
part of area X (Figure 2.6). Additionally, this study revealed the presence of
activity-based selectivity to the BOS within the ascending auditory pathway
at the level of the midbrain (nucleus mesencephalicus lateralis pars dorsalis
(MLd); homolog to the inferior colliculus) where it had never been investi-
gated before. Surprisingly, this selectivity was lateralized towards the right
side, a finding reminiscent of the neural right lateralization of self-voice and
self-face recognition in humans (Keenan, Nelson, O’Connor, & Pascual-Leone,
2001; Nakamura et al., 2001). A previous fMRI study already suggested that
activation by songs could be lateralized because some effects were observed
on the right side of the brain only, although this study did not report any di-
rect comparison of selectivity between the two hemispheres (Voss et al., 2007).
Interestingly, selectivity for conspecific over heterospecific songs was also ob-
served in the MLd but in this case it was lateralized to the left side of the brain
(Poirier et al., 2009). Therefore, it is important that future electrophysiologi-
cal and IEG experiments systematically measure and report results from each
hemisphere separately.

2.6 New findings on the role of MLd in tutor song
selectivity and memory

The use of the zebra finch MRI atlas together with an increasing optimization
of the methods for spatial registration and statistical processing of zebra finch
fMRI data enabled the detection of increasingly subtle neural activations in
response to acoustically similar song stimuli. This sensitivity was needed in
order to discern tutor song selectivity from selectivity for the BOS and famil-
iar conspecific songs without introducing caveats due to acoustic differences.
In a study addressing the neural substrates of tutor song memory (reported in
Chapter 3 of this dissertation) songs with different behavioral relevance were
presented to zebra finches, while restricting acoustic differences between stim-
uli. With this experimental design, the fine line between BOS and tutor song
responses in the adult zebra finch brain was explored in a single fMRI experi-
ment.

In the study described in Chapter 3 we presented 17 adult male zebra
finches with their own song, their tutor’s song and a highly familiar and
acoustically close conspecific song while collecting whole-brain fMRI images.
We thus demonstrated that in adult zebra finches the right MLd selectively
responds to the copied song of the tutor and the BOS. The selective responses
to tutor song and BOS were shown to be distinct. Furthermore, the amplitude
of the selective signal was shown to be positively correlated with the strength
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of vocal learning, measured by the amount of song that experimental birds
copied from the adult model.

Although a form of tutor song memory has been hypothesized in the te-
lencephalic auditory region NCM by several authors (Bolhuis & Gahr, 2006;
Gobes & Bolhuis, 2007; London & Clayton, 2008; Phan, Pytte, & Vicario, 2006),
our data did not show any tutor song selective BOLD activity in this region.
These different findings might result from the use of anaesthesia during fMRI
acquisition or from methodological differences. Whereas IEG expression in
response to song represents the overall neural response to a stimulus, differ-
ences between stimuli (e.g. differential activation evoked by the tutor song
compared to a conspecific song) are assessed when processing fMRI data. The
presence of selective responses which cannot be explained by acoustic differ-
ences between the stimuli, strongly suggests that MLd is part of the neural
substrates of tutor song memory, because the memorization and copying of
this song early in life is the one attribute discerning the tutor song from the
other stimuli. Reinforcing this interpretation, the strength of tutor song selec-
tivity was found to be positively correlated with the amount of song that the
experimental birds copied from their tutor. This correlation suggests that birds
that formed a strong memory of their tutor’s song later produced an accurate
copy of this song.

With this study we were able to confirm the presence of BOS selectivity in
MLd (Poirier et al., 2009) and to show for the first time neural selectivity for
the tutor song in the auditory midbrain. The finding that early sensory expe-
rience can generate long-lasting memories in a midbrain structure provides
additional evidence to the emerging view that experience-dependent plastic-
ity is not limited to cortical structures (Tzounopoulos & Kraus, 2009; Xiong,
Zhang, & Yan, 2009). For a detailed description of this study, please refer to
Chapter 3.

2.7 fMRI of zebra finch during ontogeny

Previous paragraphs have shown the ability of fMRI to demonstrate activa-
tion of songbird brain regions in response to complex song stimuli exhibiting
minor acoustic differences. With the increasing body of research on neural
song selectivity in adult birds, both from fMRI studies and studies employing
other methods, it has now become possible to study song processing in juve-
nile birds while they are still in the process of learning their song. Studying
juvenile birds with a non-invasive method like fMRI creates interesting possi-
bilities with regard to the study of song learning and its comparison to human
language learning studies.

fMRI studies to juvenile birds using a longitudinal in vivo approach can
add to the current knowledge on the neural underpinnings of zebra finch
song learning by following the development of the neural mechanisms for
song processing and production that have been previously found in adult
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birds. Because birds can be followed throughout their lives, any changes in
the neural correlates for song perception that might occur between juvenility
and adulthood can be studied within the same group of birds. These differ-
ences between juvenile and adult neural activations within the same birds can
tell us something about the functional brain changes that might underlie the
sensitive period for song learning and song crystallization. Moreover, whole-
brain fMRI in juvenile zebra finches can potentially enable mapping of the
neuro-functional correlates of all stages of song learning and the development
of the entire brain within-subject.

Results of the first fMRI study on juvenile zebra finches, conducted in the
Bio-Imaging Lab, are discussed in Chapter 4 of the present thesis. In order not
to disturb normal rearing conditions, we chose to start test imaging the juve-
nile zebra finches from 20 days post hatching (DPH) or after edging if this did
not happen by day 20. At this age, the reaction of the juvenile birds to isourane
anaesthesia was comparable to that of an adult bird. The juveniles showed a
stable respiration pattern at the same low dose as adult birds received in ear-
lier experiments (±1.5%). Although it is possible to measure juvenile zebra
finches from the age of 20 DPH, the zebra finch brain reaches its adult size
around 30 DPH. Therefore, images can be more easily registered to the zebra
finch MRI atlas after the age of 30 DPH which makes it possible to compare
data of the same birds at different ages. Taking this factor into account, Chap-
ter 4 reports within-subject results on juvenile zebra finches measured at dif-
ferent time points from 30-120 DPH while listening to tutor song, conspecific
song and heterospecific song.

2.8 New findings on BOS selectivity: involvement
of the noradrenergic system

Previous studies showed thus that the songbird brain is able to discriminate
between the BOS and other conspecific songs (e.g. Poirier et al., 2009). Since
song is a learned behavior, the development of BOS selectivity necessarily in-
volves experience-dependent mechanisms. Accordingly, brain regions sensi-
tive to self-generated vocalizations are likely to mediate the auditory feed-
back critical for song learning and song maintenance. The presence of high
concen- trations of norepinephrine (NE) and NE receptors in the song control
and auditory nuclei, associated with the observation that the development
of the noradrenergic innervation closely parallels song learning, have led to
the hypothesis that NE might be involved in the control of song production,
perception and learning (for a review, see Castelino & Schmidt, 2010). Ad-
ditionally, electrophysiological evidence indicates that NE can suppress BOS
responsiveness in song control regions (Cardin & Schmidt, 2004; Dave et al.,
1998). Hence, a new study at our lab was set up to further investigate the role
of NE on BOS selectivity. To manipulate the NE level in the zebra finch brain in
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order to investigate the functions of the central noradrenergic system in zebra
finches, we systematically injected the birds with the selective noradrenergic
neurotoxin DSP-4, a neurotoxin that induces degeneration of the two main no-
radrenergic cell groups innervating the telencephalon, the locus coeruleus and
nucleus subcoeruleus ventralis (Castelino & Ball, 2005; Waterman & Harding,
2008).

The administration of DSP-4 and thus the suppression of noradrenergic ac-
tivity was shown to unmask BOS selectivity and induce a BOS selective BOLD
signal in the dorsal NCM. This finding is in accordance with the electrophys-
iological results mentioned above and suggests that NE might play a role in
the suppression of BOS selectivity. It is also known that NE levels in the telen-
cephalon are low in sleeping birds compared to alert birds. This might explain
the high levels of BOS selectivity found in zebra finches during sleep (for a
review, see Margoliash & Schmidt, 2010).

2.9 Developments and applications of the tech-
nique in other research groups

The studies reviewed above summarize the successful implementation of
BOLD fMRI in the zebra finch brain as developed in the Bio-Imaging Lab as
well as its validation using different methods including optical imaging and
IEG expression. They also demonstrate the applicability of this technique to
the detection of neural selectivity for behaviorally relevant stimuli and thus il-
lustrate the importance of BOLD fMRI for the study of the neural substrates of
zebra finch song perception and song learning. Although the songbird brain
has been studied extensively using other methods, BOLD fMRI has only re-
cently been applied to the songbird model in other research groups than ours.
With their first study published in 2007, Voss and colleagues have employed
GE BOLD fMRI in the songbird model using a 3 T human MRI system in com-
bination with a single transmit/receive coil (Voss et al., 2007).

Using GE imaging, relatively high signal strength can be obtained, but the
specificity is reduced due to a lower spatial resolution compared to imaging in
a 7 T small animal system. Despite the sensitivity to susceptibility artefacts of
the GE sequences used in their studies, Voss and colleagues obtained interest-
ing results by using a lower field strength and a reversed gradient distortion
correction method in combination with a focus on the Field L/NCM complex,
which is relatively unaffected by these artefacts. In their first zebra finch fMRI
study, Voss and colleagues exposed male zebra finches to tones and song with
varying behavioral relevance (Voss et al., 2007). Analysis of the area of activa-
tion in the caudal telencephalon in response to the different stimuli showed
a wider extent of BOLD activation for BOS and TUT compared to conspecific
song and tones. Furthermore, the right hemisphere showed an overall better
discrimination between stimuli and a difference between the activation pat-
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terns for BOS and TUT was only found in the right hemisphere. These results
are in line with our finding that only the right auditory midbrain shows BOS
as well as tutor song selectivity and might indicate that the right hemisphere
plays an important role in tutor song memory and auditory feedback learning.

In the same research group, Maul et al. (2010) demonstrated that isolated
females and both males and females with song exposure show more focal
BOLD activity in response to conspecific song with the caudal telencephalon
compared to isolated males. These results suggest that, in contrast to males,
female zebra finches do not need song exposure in order to develop song-
specific neural responses (Maul et al., 2010). In a recent study Voss and col-
leagues employed voxel-based statistics in order to directly assess differences
in auditory forebrain activations between normal birds and birds that show
stuttered syllables in their song (Voss et al., 2010). They thus showed a re-
duced tutor song related activation in Field L in birds with stuttered syllables
in their song compared to birds with a normal song. This finding indicates
that the birds with stuttered syllables have a deficient memory of their tutor’s
song and thus adds to the idea that the ascending auditory pathway plays a
more important role in auditory memory formation and song learning than
previously thought.

All the experiments of Voss and colleagues were conducted using di-
azepam sedation rather than isourane anaesthesia, used in most of our stud-
ies. However, this difference is not expected to have large effects on the re-
sults, because electrophysiological responses of neurons have been shown to
be similar under anaesthesia and sedation in songbirds (Cardin & Schmidt,
2003). Moreover, song selectivity in the auditory midbrain is unlikely to be in-
uenced by anaesthetic state, because anaesthesia has been shown not to mod-
ulate spectral tuning or population representations of song in auditory mid-
brain neurons (Schumacher, Schneider, & Woolley, 2011).

2.10 Conclusions and future prospects

The results discussed above confirm the specialization of the caudal telen-
cephalon for the processing of conspecific songs and the existence of neural
selectivity for the BOS and tutor song in the songbird brain. BOLD fMRI has
been shown to be a valuable technique for the mapping of neural mechanisms
of song learning because it is a non-invasive technique that can be used in
longitudinal studies. In addition, it allows for a whole-brain approach. The
growing body of zebra finch fMRI research also demonstrates its applicability
to cognitive research questions. A future effort which should be considered
in order to further extend fMRI studies beyond auditory processing, a neu-
ral process which remains active under anaesthesia (Theunissen et al., 2004),
is the use of awake subjects habituated to the imaging protocol. This might
offer new research possibilities where birds can actively participate in fMRI
experiments and where the attention of the subjects can be experimentally
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controlled.
At present, due to its non-invasiveness, BOLD fMRI can be increasingly ex-

ploited as a complementary method to inform local and invasive methods. Re-
cent advancements in unraveling the genetic background of singing behavior
have led to a better understanding of the genes that are linked to vocal learn-
ing in birds (Haesler et al., 2007; Hilliard, Miller, Fraley, Horvath, & White,
2012). This raised questions about how these genes affect neurodevelopment
in relation to song learning. Developmental studies employing BOLD fMRI
in transfected or, in the future, transgenic zebra finches, might uncover the
neural mechanisms linking the genetic background to behavior. Furthermore,
BOLD fMRI is a method very well suited for the advanced mapping of gene
transfection targets. Because MRI can also be performed in small rodents, this
technique can provide understanding of the similarities and differences in the
neural correlates of birdsong and ultrasonic vocalizations in mice, which have
both been associated with the FoxP2 gene, a gene which is hypothesized to be
involved in vocal communication in humans (e.g. Fischer & Hammerschmidt,
2011; Haesler et al., 2007). However, at present auditory fMRI has not yet been
performed in mice. Currently, the only studies reporting on the mapping of
sound-evoked activity in the mouse brain are based on the use of manganese-
enhanced MRI (e.g. Yu et al., 2008).

In contrast to the invasive methods classically used in songbird studies,
BOLD fMRI is a method widely employed in the field of human speech and
language research. For this reason, a meaningful comparison can be made be-
tween human speech perception and birdsong perception fMRI research to
address questions about the origin of human vocal learning. Although most
fMRI research on human adults is carried out in awake subjects, there is an in-
creasing body of research using the haemodynamic method NIRS to address
speech perception in human infants during sleep.Furthermore, the develop-
ment of MRI imaging during wakefulness could add to the applicability of
bird fMRI to human speech perception research.

To conclude, BOLD fMRI in zebra finches has been widely validated and
has advanced beyond the level of simple discrimination. Stimuli with in-
creasingly fine-grained manipulations and acoustic differences can be used
to study complex neural mechanisms and their development in the entire
songbird brain. By combining songbird BOLD fMRI with a wide range of
other techniques, an integrative research framework can be created to exhaus-
tively map the neural correlates of vocal learning in songbirds as well as other
species.
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CHAPTER 3

Representation of early sensory experience in the
adult auditory midbrain: implications for vocal

learning

Vocal learning in songbirds and humans occurs by imitation of adult vocaliza-
tions. In both groups, vocal learning includes a perceptual phase during which juve-
niles birds and infants memorize adult vocalizations. Despite intensive research, the
neural mechanisms supporting this auditory memory are still poorly understood. The
present functional MRI study demonstrates that in adult zebra finches, the right au-
ditory midbrain nucleus responds selectively to the copied vocalizations. The selective
signal is distinct from selectivity for the bird’s own song and does not simply reflect
acoustic differences between the stimuli. Furthermore, the amplitude of the selective
signal is positively correlated with the strength of vocal learning, measured by the
amount of song that experimental birds copied from the adult model. These results
indicate that early sensory experience can generate a long-lasting memory trace in the
auditory midbrain of songbirds that may support song learning.

3.1 Introduction

Songbirds share with humans the ability to learn their vocalizations (Bol-
huis, Okanoya, & Scharff, 2010; Doupe & Kuhl, 1999; Wilbrecht & Nottebohm,
2003). Like human babies need to be exposed to adult speech to develop a

Van der Kant, Anne, Derégnaucourt, Sébastien, Gahr, Manfred, Van der Linden, Annemie and
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normal vocal repertoire, juvenile songbirds need to be exposed to adult con-
specific vocalizations to develop a normal song (sensory phase). Then, dur-
ing a subsequent sensori-motor phase, they use auditory feedback to pro-
gressively match their own developing vocalizations to the memorized adult
model (called tutor song) (Konishi, 1965). Learning by imitation requires first
to compare the motor performance with the object of imitation and then to
correct for potential errors. It has long been hypothesized that the anterior
forebrain pathway of songbirds, a circuit driving vocal variability in juveniles
and adults (Kao, Doupe, & Brainard, 2005; Ölveczky, Andalman, & Fee, 2005;
Scharff & Nottebohm, 1991), participates in both vocal error detection and er-
ror correction (Brainard, 2004).

While the role of the anterior forebrain pathway in generating a correc-
tive premotor bias has been recently confirmed (Andalman & Fee, 2009), a
growing number of studies point to the ascending auditory pathway to be the
main neural substrate of tutor song memory (Bolhuis & Gahr, 2006; Gobes
& Bolhuis, 2007; London & Clayton, 2008; Phan et al., 2006) and feedback-
dependent error detection (Keller & Hahnloser, 2009; Lei & Mooney, 2010).
However, if the auditory system supports the comparison between the bird’s
own song and a memory trace of the tutor song in order to detect vocal errors,
one would expect to find bird’s own song and tutor song selective signals in
some of the auditory nuclei (Margoliash & Schmidt, 2010). While significant
bird’s own song selective responses have been recently found in the audi-
tory midbrain (Poirier et al., 2009) and the auditory thalamus (Lei & Mooney,
2010), evidence for tutor song selective responses in the ascending auditory
pathway is still missing. The goal of this study was thus to look for tutor
song selectivity in the auditory system, using blood oxygen level-dependent
(BOLD) functional MRI (fMRI), a technique commonly used on humans and
recently adapted to songbirds (Van der Linden, Van Meir, Boumans, Poirier, &
Balthazart, 2009). Such selectivity was found in the right auditory midbrain.

3.2 Materials and Methods

3.2.1 Ethical Statement

All experimental procedures were performed in accordance with the Belgian
laws on the protection and welfare of animals and were approved by the eth-
ical committee of the University of Antwerp, Belgium (EC no. 2009/21). All
fMRI recordings were performed under isoflurane anesthesia and all efforts
were made to minimize suffering and anxiety.

3.2.2 Subjects

Twenty adult male (mean age 24 months, range 10-41 months) zebra finches
(Taeniopygia guttata) recruited from the breeding colony of the Max Planck
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Institute for Ornithology (Seewiesen, Germany) were used in this experiment.
Birds were raised by their parents from 0 to 7 days post hatching (DPH), by
their mother from 8 to 34 DPH and were kept alone from 35 to 42 DPH. The
birds were then housed singly with one adult male tutor from 43 to 100 DPH
(one-to-one paradigm). Thirteen different tutors were used in the present ex-
periment. These tutors previously learned their own song from one of three
song models via tape playback. Song data collected on the experimental birds
and their tutors indicate that the three song models elicited similar amount of
song copy. Following tutoring (after 100 DPH), the experimental birds were
housed together, first in aviaries then in large cages. Birds were maintained
throughout the experiment under a 12h light: 12h dark photoperiod and had
access to food, water and baths ad libitum.

3.2.3 Song Recording and Analysis

Prior to the fMRI experiment, each experimental bird was placed alone dur-
ing 48 hours in a soundproof chamber and its song was recorded using the
Sound Analysis Pro (SAP) 2.0 software (Tchernichovski, Nottebohm, Ho, Pe-
saran, and Mitra (2000); http://soundanalysispro.com/). Acoustic similarity
between songs was assessed using the similarity score implemented in SAP.
This measure is based on five acoustic features: pitch, frequency modulation,
amplitude modulation, goodness of pitch and Wiener entropy and comprises
two components: the percentage of similarity, measuring at a large scale (70
ms) the amount of sound shared between two songs and the ’accuracy’, mea-
suring the local, fine grained (10 ms) similarity (for more details, see SAP user
manual, available at http://soundanalysispro.com/). The final score corre-
sponds to the product of these two components. The computation of this sim-
ilarity score was done by selecting one song as a reference (asymmetric mea-
surement).

To measure the vocal learning strength of each experimental bird, we se-
lected the tutor song as the reference song, and compared the song of the tutee
to this reference. This procedure was repeated 100 times, comparing 10 differ-
ent exemplars of the tutor song with 10 different exemplars of the tutee song;
the mean value was used. For measuring the acoustic similarity between stim-
uli used in the fMRI experiment (see below), there was no reason to choose
one stimulus as a reference rather than the other one. For each pair of stimu-
lus, we thus computed the similarity score twice, first using one stimulus of
the pair as the reference, then using the other stimulus as the reference and
finally computed the mean between the two indices.

3.2.4 fMRI stimuli

For each experimental bird, three familiar songs were used as stimuli in the
fMRI experiment: the bird’s own song (BOS), the tutor song (TUT) and a con-
specific song (CON). The conspecific song came from an adult bird housed
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during several weeks in the same aviary or cage as the experimental bird after
the end of the learning phase, (i.e. after 100 DPH). This adult bird had been
previously raised by a tutor, which had learnt to copy the same song model
than the tutor of the experimental bird (Figure 3.1). As a result, the CON stim-
ulus was thus not only familiar to the experimental bird but also acoustically
close to its own song and its tutor song. For each bird, stimuli corresponded
to one song exemplar of each category (BOS, TUT and CON), picked up ran-
domly from the 10 exemplars used for computing the learning strength value
(see above). Measures of acoustic similarity revealed no significant difference
between the three stimuli (Repeated measure one-way ANOVA: F = 0.98,
p = 0.39). Post-hoc paired t-tests confirmed the absence of significant dif-
ference between each pair of stimulus (TUT/CON similarity vs. TUT/BOS
similarity: t = 0.48, p = 0.64; TUT/CON similarity vs. BOS/CON similar-
ity: t = 1.3, p = 0.21; TUT/BOS similarity vs. BOS/CON similarity: t = 1.1,
p = 0.28).

3.2.5 Experimental setup and design

During the experiment, birds were continuously anaesthetized with 1.5%
isoflurane. Auditory stimuli were played back at a mean intensity (in terms of
Root Mean Square) of 70 dB through small loudspeakers (Visation, Germany)
from which magnets were removed. An equalizer function was applied to the
stimuli using WaveLab software (Steinberg, Germany) to correct for enhance-
ment of frequencies between 2500 and 5000Hz in the magnet bore (see Poirier
et al., 2010). Stimulus delivery was controlled by Presentation 0.76 software
(Neurobehavioral Systems Inc., Albany, CA, USA).

During fMRI acquisition, the three stimuli were randomly presented in an
ON/OFF blocked design where 16 s. stimulation (ON blocks) and 16 s. rest
periods (OFF blocks) were alternated. Each ON block included repetitions of
the same stimulus interleaved with silent periods. The duration of the silent
periods was adjusted in each bird to match the amount of song and silence
between stimuli (mean song duration: 11.2 s for each stimulus; mean silence
duration: 4.8 s). The experiment consisted in 93 ON blocks (31 per stimulus)
and 93 OFF blocks. During each block, 2 magnetic resonance images were
acquired, resulting in 62 images per stimulus and per subject.

3.2.6 fMRI acquisition

BOLD fMRI images were acquired using a 7T Pharmascan system (Bruker,
Erlangen, Germany). Details about this system and the coils used for the ex-
periment can be found in Boumans et al. (2007). For each bird, a time series
of 372 T2-weighted rapid acquisition relaxation-enhanced (RARE) Spin Echo
(SE) images (Echo time (TE)/Repetition time (TR): 60/2000 ms; RARE factor:
8; Field of View: 16 x 16 mm) was acquired. Images comprised 15 slices (in-
plane resolution: 250 x 250 µm2) with a slice thickness of 750 µm and an inter-



Representation of early sensory experience in adult MLd 51

Figure 3.1: Sonograms illustrating the song tutoring protocol for two experimental birds (Bird
1 and 2). Tutors 1 and 2 learned their song from the same song model (via tape playback) while
experimental birds 1 and 2 learned their song by being housed with respectively tutor 1 and tutor
2 (one-to-one paradigm). As a result, songs of Bird 1 and 2 were acoustically close. During the
fMRI experiment, bird 1 was exposed to the song of bird 1 (BOS), the song of Tutor 1 (TUT) and
the song of Bird 2 (CON).



52 3.2. Materials and Methods

slice gap of 50 µm, covering the whole brain. Following the fMRI acquisition,
a high-resolution anatomical three-dimensional (3D) SE RARE image (voxel
size 125 µm3; TE/TR: 60/2000 ms; RARE factor: 8; Field of View: 16 x 16 mm)
was acquired for each bird.

3.2.7 Image processing

Data processing was carried out using SPM8 (Wellcome Trust Centre for Neu-
roimaging, London, UK; http://www.fil.ion.ucl.ac.uk/spm/). To enable an
accurate localization of the functional activations, the high-resolution anatom-
ical 3D images of each subject were normalized to the MRI atlas of the zebra
finch brain (Poirier et al., 2008). Each fMRI time series was realigned to cor-
rect for head movements, co-registered to the high-resolution 3D image of the
same bird and up-sampled to obtain a resolution of 125 x 125 x 400 µm, as
classically done in fMRI data processing. These steps resulted in a good cor-
respondence between the fMRI data and the anatomical data from the atlas.
Finally, the fMRI images were smoothed with a Gaussian kernel (width of 500
x 500 x 800 µm).

3.2.8 Statistical analysis

Statistical analysis of the fMRI data was performed at the subject and group
level in SPM8, using the General Linear Model. Data were modeled as a box-
car and filtered with a high-pass filter of 352 seconds. Model parameters were
then estimated using a classical restricted maximum likelihood algorithm.
Subject-level analyses were performed to identify the mean effect [All stim-
uli minus rest] in each individual subject. These analyses revealed a bilateral
positive BOLD signal in the auditory telencephalic regions (Figure 3.2) of 17
birds over 20, a success rate similar to the one obtained in our previous spin-
echo fMRI experiments (Poirier et al., 2011, 2009, 2010). A bilateral response
to the stimulation paradigm in the auditory regions confirms that the stimu-
lation has been processed by the auditory system and was therefore used as
an inclusion criterion. The subsequent analyses were thus only performed on
these 17 birds, data from the 3 remaining birds being discarded.

The effect of [each stimulus minus rest] of each subject was then entered in
a group-level random effect analysis. The mean effect [All stimuli minus rest]
at the group level revealed a positive BOLD response not only in the auditory
telencephalic regions but also in the dorsal part of the lateral mesencephalic
nucleus (MLd), the main auditory midbrain nucleus. In order to increase the
sensitivity of the statistical analyses, we focused on two pre-defined regions
of interest in each hemisphere: MLd, where bird’s own song selectivity has
been previously found (Poirier et al., 2009) and the caudomedial nidopallium
(NCM) (Figure 3.3), a telencephalic auditory region previously shown to be
involved in tutor song memory (Bolhuis & Gahr, 2006; Gobes & Bolhuis, 2007;
Phan et al., 2006). MLd could be clearly identified and delineated on the zebra
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Figure 3.2: Statistical maps of BOLD activation induced by all stimuli together. Results (com-
pared to Rest) are superimposed on anatomical sagittal and axial images coming from the MRI
zebra finch atlas. T-values are color-coded according to the scale displayed on the right side of the
figure. Only significant voxels (one-tailed t-test, p <0.05, corrected at the whole brain level) are
displayed. L: left, R: right, D: dorsal, V: ventral, A: anterior, P: posterior.

finch atlas (Poirier et al., 2008). NCM was delineated using Field L as anterior
border, the cerebellum as posterior border and the lateral ventricle as ventral
and dorsal borders. The lateral boundaries of NCM are not defined from a
cyto-architectural point of view. In accordance with previous functional stud-
ies (Bolhuis, Hetebrij, Den Boer-Visser, De Groot, & Zijlstra, 2001; Bolhuis, Zi-
jlstra, Den Boer-Visser, & Van der Zee, 2000; Chew, Mello, Nottebohm, Jarvis,
& Vicario, 1995; Stripling, Volman, & Clayton, 1997; Terpstra, Bolhuis, & Den
Boer-Visser, 2004), we included the three 0.4 mm-thick slices covering brain
tissues between 0.2 mm and 1.4 mm from the midline in each hemisphere.

Statistical differences between stimulus-evoked BOLD signals were as-
sessed in each voxel of the predefined regions using a one-way repeated mea-
sure ANOVA (F-tests) followed by post-hoc one-tailed paired t-tests. P-values
were corrected for multiple tests using the Family Wise Error method based on
the Random Field Theory (Worsley et al., 1996). In addition, an extent thresh-
old was applied to the results: activations had to consist of a cluster of at least
5 significant contiguous voxels (corrected p-value < 0.05) to be considered
statistically significant. Reflecting the voxel basis of the analysis, results are
reported by the highest voxel F/t-value within each cluster (Fmax/tmax) and
the associated voxel p-value. Regression analyses were also performed to as-
sess potential correlations between the amplitude of differential fMRI signals
([BOS minus CON] and [TUT minus CON]) and various behavioral measures.
In MLd, these analyses were performed by taking the mean fMRI signal aver-
aged over the contiguous voxels in which a significant differential fMRI signal
was first demonstrated. When applied to a brain region which can be reason-
ably assumed to be homogeneous, this procedure is more representative of
data than a voxel-based analysis (i.e. correlation analysis performed in each
individual significant voxel). Note however that a voxel-based analysis has
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Figure 3.3: Illustration of the predefined regions of interest on sagittal and axial anatomical
images. The anatomical images come from the zebra finch MRI atlas. L: left, R: right, D: dorsal, V:
ventral, A: anterior, P: posterior.

also been performed and provided similar results (not described in the present
manuscript).

In NCM, because the main effect of the ANOVA did not yield significant
results, a correlation analysis between non-significant differential fMRI sig-
nals and learning strength was not meaningful. However, because previous
authors reported a correlation between TUT-induced immediate early gene
expression and learning strength in NCM (Bolhuis et al., 2001, 2000; Terpstra
et al., 2004), we tested for potential correlation between [TUT minus Rest] and
learning strength. Here, because the comparison [TUT minus Rest] was found
significant in most part of NCM, we used a voxel-based approach. This ap-
proach was considered more relevant than using the mean fMRI signal aver-
aged over all the NCM contiguous significant voxels because of the big size
of NCM and the numerous studies suggesting that NCM comprises anatom-
ically and functionally different sub-regions (e.g. Pinaud, Fortes, Lovell, &
Mello, 2006; Pytte, Parent, Wildstein, Varghese, & Oberlander, 2010; Terpstra et
al., 2004). Subsequent correlation analyses between learning strength and re-
spectively [BOS minus Rest] and [CON minus Rest] were then limited to the
small part of NCM where a correlation between [TUT minus Rest] and learn-
ing strength had been found, and were performed on the mean fMRI signal
averaged over the contiguous voxels of this small region.



Representation of early sensory experience in adult MLd 55

3.3 Results

3.3.1 Behavioral results of song tutoring

On average, the one-to-one tutoring protocol induced significant learning of
the tutor song from the tutees: the mean learning strength, measured by the
SAP similarity score including large-scale and fine-grained similarity, was of
48% (SE = 3.2), whereas the similarity of the tutee song with songs of other
experimental birds heard only after what is supposed to be the end of the
learning period (100 DPH) was of 28% (SE = 1.5). When learning strength was
assessed by the SAP similarity score restricted to large-scale similarity, the
mean value was 67%, which is within the range of what is accepted as normal
tutor song copy; for instance, birds trained with tape recordings of adult songs
were previously reported to have a large-scale SAP similarity score of 61%
while birds raised with their parents had a score of 71% (Phan et al., 2006).

3.3.2 Brain responses in MLd

Right and left MLd were significantly positively activated by the three song
stimuli BOS, TUT, and CON (Figure 3.4; Left MLd: [BOS minus Rest]: tmax =
6.7, p < 0.0001; [TUT minus Rest]: tmax = 4.5, p = 0.001; [CON minus Rest]:
tmax = 5.2, p = 0.0001; Right MLd: [BOS minus Rest]: tmax = 6.9, p < 0.0001;
[TUT minus Rest]: tmax = 6.7, p < 0.0001; [CON minus Rest]: tmax = 6.0, p <
0.0001). Significant differences in term of BOLD response amplitude elicited
by different stimuli were found in right MLd (Fmax = 10.3, p = 0.01) but
not in left MLd (Fmax = 3.2, p = 0.35). Post-hoc paired t-tests in right MLd
revealed that the main effect was due to a greater activation induced by BOS
and TUT compared to CON ([TUT minus CON]: tmax = 4.1, p = 0.005; [BOS
minus CON]: tmax = 4.0, p = 0.005; [TUT minus BOS]: tmax = 1.1, p = 0.57).

Besides the fact that the mean acoustic similarity was not significantly dif-
ferent between each pair of stimuli (see Materials and Methods), we further
examined whether the amplitude of the differential activations was correlated
with the acoustic similarity between the stimuli. None of the correlations was
significant (Figure 3.5; [TUT minus CON] vs. TUT/CON similarity:R2 = 0.14,
p = 0.15; [BOS minus CON] vs. BOS/CON similarity: R2 = 0.04, p = 0.44;
[TUT minus BOS] vs. TUT/BOS similarity: R2 = 0.03, p = 0.51), excluding the
acoustic similarity between the stimuli as the mere explanation for the ampli-
tude of the differential activations.

We then looked whether the amplitude of the TUT and BOS selective sig-
nals (defined respectively as [TUT minus CON] and [BOS minus CON] BOLD
responses) could reflect the amount of sound each experimental bird copied
from its tutor (learning strength). This analysis revealed a significant positive
correlation between TUT selectivity and learning strength (Figure 3.6; R2 =
0.36, p = 0.01) as well as between BOS selectivity and learning strength (R2 =
0.25, p = 0.04). Finally, we tested for potential correlations between the am-
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Figure 3.4: Statistical maps of BOLD activation induced by the different stimuli in left and
right MLd. Results are superimposed on sagittal anatomical slices coming from the MRI zebra
finch atlas. T-values are color-coded according to the scale displayed at the bottom of the figure.
Note that the analysis was restricted to MLd and only voxels found to be significant (one-tailed
t-test, p <0.05, corrected at MLd level) are displayed. D: dorsal, V: ventral, A: anterior, P: posterior.



Representation of early sensory experience in adult MLd 57

Figure 3.5: Correlation between MRI signals and the acoustic similarity between the stimuli in
right MLd. The MRI signals (expressed in non-dimensional units) correspond to the mean ampli-
tude estimate of the differential BOLD signals between TUT and CON (top left), BOS and CON
(top right) and TUT and BOS (bottom). Positive values on the y axis indicate higher activations
induced by the first stimulus of the comparison than the second one while negative values indi-
cate higher activations induced by the second stimulus of the comparison than the first one. All
correlations are statistically non-significant.

plitude of BOS and TUT selectivity and the age of birds. The two correlations
were non-significant ([TUT minus CON]: R2 < 0.01, p = 0.80, [BOS minus
CON]: R2 < 0.01, p = 0.78).

3.3.3 Brain responses in NCM

Left and right NCM were significantly positively activated by the three stimuli
(Figure 3.7; Left NCM: [BOS minus Rest]: tmax = 22.3, p < 0.0001; [TUT minus
Rest]: tmax = 22.2, p < 0.0001; [CON minus Rest]: tmax = 22.4, p < 0.0001;
Right NCM: [BOS minus Rest]: tmax = 32.2, p < 0.0001; [TUT minus Rest]:
tmax = 33.9, p < 0.0001; [CON minus Rest]: tmax = 33.1, p < 0.0001). We
did not find any significant difference in term of BOLD response amplitude
between the stimuli (Left NCM: Fmax = 3.0, p = 0.88; Right NCM: Fmax =
4.4, p = 0.65).

The lack of significant differential activation in NCM prevented us to
test for potential correlation between differential activations and learning
strength. Nevertheless, a correlation between [TUT minus Rest] and learning
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Figure 3.6: Correlation of TUT (left) and BOS (right) selectivity with vocal learning strength
in right MLd. TUT and BOS selectivity are expressed as the mean amplitude estimate of the
differential BOLD signals of [TUT minus CON], and [BOS minus CON], in non-dimensional units.
Positive values on the y axis indicate a higher activation induced by TUT (or BOS) compared to
CON while negative values indicate a higher activation induced by CON compared to TUT (or
BOS). Both correlations are statistically significant.

strength could be expected in NCM based on earlier studies (Bolhuis et al.,
2001, 2000; Terpstra et al., 2004). Such analysis failed to reveal any significant
correlation (left NCM: R2max = 0.36, p = 0.15, Right NCM: R2max = 0.09,
p = 0.86). However one can notice that the maximal correlation value mea-
sured in left NCM was of the same magnitude as the one measured between
TUT selectivity and learning strength in right MLd (R2 = 0.36 for both cor-
relations). The big difference in terms of p-values is due to the correction for
multiple tests applied in NCM (corrected/ uncorrected p-value = 0.15/0.006),
which is directly related to the size of the investigated region. The correlation
analyses performed on NCM were thus much less sensitive than the ones per-
formed on MLd. Interestingly, a cluster of voxels in left NCM surviving the
uncorrected p threshold of 0.05 was located in the posterior and lateral part
of NCM (Figure 3.8), where Bolhuis and colleagues previously found a sig-
nificant correlation between tutor song evoked gene expression and learning
strength (Bolhuis et al., 2001, 2000; Terpstra et al., 2004).

Intrigued by this similitude, we further explored whether the correlation
with learning strength was specific to tutor song or whether similar results
could be found for BOS and CON evoked activations. These last analyses re-
vealed no correlation of learning strength with [BOS minus Rest] and [CON
minus Rest] (Figure 3.9, R2 < 0.14; uncorrected p-values > 0.14), suggesting
that as in Terpstra et al. (2004), the correlation was specific to the tutor song.

3.4 Discussion

The present study demonstrates selectivity for tutor song and bird’s own song
in right MLd, the main auditory midbrain nucleus. This selectivity was de-
fined by a higher BOLD response induced by TUT and BOS than by CON.
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Figure 3.7: Statistical maps of BOLD activation induced by the different stimuli in left and
right NCM. Results are superimposed on sagittal anatomical slices coming from the zebra finch
MRI atlas. T-values are color-coded according to the scale displayed at the bottom of the figure.
Note that in the figure other auditory regions (Field L and caudo-medial mesopallium) seem not
activated only because the statistical analysis was restricted to NCM (for the whole activation pat-
tern in the telencephalic auditory regions, see Fig. 3.2). Only significant voxels (one-tailed t-test,
p <0.05, FWE-corrected for NCM) are displayed. D: dorsal, V: ventral, A: anterior, P: posterior.



60 3.4. Discussion

Figure 3.8: Map of correlation between TUT minus Rest and vocal learning strength in left
NCM. Results are superimposed on sagittal and axial anatomical slices coming from the zebra
finch MRI atlas and displayed at a threshold of p <0.05 without correction for multiple tests. R2

values are color-coded according to the scale displayed at the right side of the figure. D: dorsal,
V: ventral, A: anterior, P: posterior; L: left; R: right.

The impact of acoustic features was controlled by using a conspecific song
acoustically close to BOS and TUT and by a posteriori testing potential corre-
lation between the strength of selective signals and the estimated amplitude of
the residual acoustic differences between the stimuli. Such correlations were
found not significant, ruling out the acoustic parameters as the main experi-
mental factor responsible for the selectivity. This result rather suggests that it
is the interaction between the acoustic features and the stimulus history which
is responsible for the selectivity. The nature of the stimulus history responsible
for the selectivity can be narrowed down since we used a familiar conspecific
song as a control stimulus. The conspecific song came from a bird housed
with the experimental bird after the end of the sensori-motor learning period
(i.e. after 100 DPH), indicating that selective signals were induced by songs
learned during the sensory-motor learning period.

Since the tutor song and the bird’s own song are usually acoustically close,
it has been suggested that responses to the tutor song might reflect sensitiv-
ity to the bird’s own song (Yazaki-Sugiyama & Mooney, 2004). In the present
study, BOS and TUT stimuli induced BOLD responses of similar amplitude.
However, if the acoustic similarity was responsible for this lack of significant
difference, similar BOLD responses should have been also found between BOS
and CON since the acoustic similarity was not significantly different between
each pair of stimuli. On the contrary, BOS and CON induced neural responses
of significantly different amplitude. One would also expect the difference be-
tween BOS and TUT BOLD responses to be negatively correlated with the
acoustic similarity between the two stimuli, which was not the case in the
present study. Altogether, these results indicate that the right MLd is selective
for both stimuli. BOLD fMRI signal reflects the activity of large populations
of neurons. It is thus possible that different neuronal sub-populations are se-
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Figure 3.9: Correlation of TUT, BOS and CON responsiveness with vocal learning strength in
left NCM. TUT, BOS and CON responsiveness are expressed as the mean amplitude estimates
of the BOLD activations [TUT minus Rest], [BOS minus Rest] and [CON minus Rest], in non-
dimensional units) in the left NCM cluster illustrated in Fig. 3.8. Note that the R2 value in the left
panel (0.3089) corresponds to the correlation value between learning strength and the [TUT minus
Rest] signal averaged over the NCM cluster illustrated in Fig. 3.8 whereas the value reported in
the text (0.36) corresponds to the correlation in the voxel where this correlation is the highest
(R2max). These two R2 values are significantly different from 0. Correlation of BOS and CON
responsiveness with learning strength are not significant.

lective for the bird’s own song and the tutor song. Alternatively, the same
neurons could be selective for the two types of stimuli, as it has been shown
in few neurons of the anterior forebrain pathway (Solis & Doupe, 2000). The
tutor song selectivity found in the right auditory midbrain indicates that a
representation of the tutor song is still present in the adult brain. Since the
tutor song is the song memorized by the experimental bird and later used to
guide its vocal practice, the presence of selective responses which cannot be
explained by acoustic differences between the stimuli strongly suggest that
MLd is part of the neural substrates of tutor song memory. Reinforcing this
interpretation, the strength of TUT selectivity was found to be positively cor-
related with the amount of song that the experimental birds copied from their
tutor. This correlation suggests that birds that formed an accurate or well-
consolidated memory of their tutor song later produced an accurate copy of
this song.

BOS selectivity in right MLd constitutes an important replication of our
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previous findings (Poirier et al., 2009). The present study demonstrates that
this selectivity can be detected even when the conspecific song used as a con-
trol stimulus is acoustically close to the bird’s own song. Birdsong is thought
to be learned by trial and error. Detecting vocal errors supposes to identify
the current state of the bird’s own song via the auditory feedback, and then
to compare it with the memorized tutor song. Bird’s own song selective re-
sponses are thought to support these mechanisms (Prather & Mooney, 2004;
Theunissen et al., 2004). Bird’s own song selectivity in right MLd could thus
reflect the identification of the bird’s own song current state or the output of
the comparison between the current song and the tutor song memory. The
strength of bird’s own song selectivity in MLd was found positively corre-
lated with the amount of song experimental birds copied from their tutor.
This result might suggest that bird’s own song selectivity reflects the output
of the comparison, the selective signal being stronger when the current song
is found closer to the tutor song memory. Alternatively, this correlation could
reflect the accuracy of bird’s own song current state identification: indeed, an
accurate bird’s own song encoding is necessary to produce an accurate copy
of the tutor song. Since tutor song selective responses were also found in the
same nucleus, the subsequent comparison of the current bird’s own song with
the tutor song memory could then be made in MLd main efferent target, the
auditory nucleus of the thalamus, and/or downstream, in the telencephalic
auditory regions. This hypothesis is supported by recent evidence indicating
that neurons in these thalamic and telencephalic regions increase their activ-
ity in response to feedback perturbations and thus could encode information
about the quality of the bird’s own song relative to the tutor song (Keller &
Hahnloser, 2009; Lei & Mooney, 2010).

Numerous studies have pointed to another region of the ascending audi-
tory pathway, NCM, to be involved in tutor song memory (Bolhuis & Gahr,
2006; Gobes & Bolhuis, 2007; Phan et al., 2006). One of these studies has shown
that despite a similar amount of immediate early gene expression evoked by
the tutor song, the bird’s own song and a novel song in the lateral part of
NCM of adult birds, only the activity evoked by the tutor song was positively
correlated with the quality of tutor song imitation (Bolhuis et al., 2000). A
similar trend was observed in the present fMRI study. In the ascending audi-
tory pathway, MLd sends projection to the auditory nucleus of the thalamus
called Ovoidalis, which projects to Field L at the telencephalic level. Field L
then projects to NCM and the caudal mesopallium (CM) (Figure 3.10). Along
this pathway, the information is considered to be encoded in a hierarchical
way, neurons in NCM and CM being more complex than those in MLd (for
a recent review, see Woolley, 2012). For instance MLd is known to respond
to a wide variety of sounds, including conspecific and heterospecific songs
but also tones and white noise while NCM mainly responds to conspecific
songs. MLd neuronal responses are also more reliable, encoding precisely the
spectro-temporal characteristics of the stimuli and are less context-dependent
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than NCM responses.

While our results are consistent with recent evidence showing that MLd
can encode the identity of individual songs (Schneider & Woolley, 2010) and
that their activity can be modulated by early auditory experience (Woolley,
Hauber, & Theunissen, 2010), the fact that tutor and bird’s own song selectiv-
ity was found in the MLd of adult birds and not in NCM does not fit well with
a hierarchical organization. We cannot rule out that the lack of selectivity in
NCM is not due to the limited sensitivity of our experiment. Alternatively, the
fact that the correlation of neural activity with learning strength was associ-
ated with selectivity for the tutor song in MLd but not in NCM suggests that
the two regions play different roles putatively supported by different under-
lying mechanisms and different neural pathways. It has been recently demon-
strated that the nucleus interface of the nidopallium (NIf) and HVC (used
as a proper name), two pre-motor nuclei displaying bird’s own song selec-
tive responses, play an important role in tutor song encoding (Roberts, Gobes,
Murugan, Ölveczky, & Mooney, 2012). The nucleus ovoidalis is suspected to
send projections to NIf (Wild, 2004), which project to HVC. MLd selective re-
sponses could thus reflect activity in this alternative pathway. Finally, the shelf
of HVC sends projection to the area surrounding the nucleus robustus of the
arcopallium (RA) which projects to Ovoidalis and MLd (Figure 3.10). Our re-
sults might thus reflect activity in these descending projections.

MLd tutor song and bird’s own song selective signals described in the
present study have been detected in anesthetized birds. A recent report in-
dicates that tuning properties of MLd neurons are similar in awake and
anesthetised individuals (Schumacher et al., 2011). Additionally, results of
the present experiment in NCM constitute a replication of what have been
found with another technique in awake birds (Terpstra et al., 2004), suggest-
ing that anesthesia did not have a strong influence on the results. On the other
hand, bird’s own song selective responses in other forebrain regions have been
found to be present when birds are anesthetised or asleep but to vanish when
birds are alert (Cardin & Schmidt, 2004; Dave et al., 1998). Because these selec-
tive responses mimic spontaneous on-going activity occurring during sleep,
they have been interpreted as reflecting off-line memory consolidation pro-
cesses (Dave & Margoliash, 2000). Playback of tutor song during the day has
also been found to induce in juvenile birds specific changes in bursting ac-
tivity of neurons during the following night of sleep, suggesting again that
memory consolidation processes took place during the night (Shank & Mar-
goliash, 2009). Tutor song and bird’s own song selective signals found in MLd
might thus alternatively reflect such off-line memory consolidation processes.
Either way (on-line or off-line mechanisms), the behavioural relevance of MLd
selective signals in term of song learning is supported by the correlation found
between the strength of the selectivity and the amount of song juvenile birds
copied from their tutor.

Finally, bird’s own song and tutor song selectivity was found in right but
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not left MLd. Even if investigating the lateralization of the responses was
beyond the scope of this study, these results comfort the right lateralization
of bird’s own song selective responses found in MLd in our previous study
(Poirier et al., 2009). A recent study suggests that lateralization for conspe-
cific song at the telencephalic level depends on auditory experience (Phan &
Vicario, 2010). At the midbrain level, auditory experience has been shown to
influence information coding and firing rate of MLd neurons (Woolley et al.,
2010). Whether lateralization of MLd responses is also experience-dependent
should be the object of further investigation.

To conclude, this study indicates that a memory trace of the vocaliza-
tions used as a model to guide vocal learning is present in the right audi-
tory midbrain of adult songbirds. By showing that early sensory experience
can generate long-lasting memories in a brainstem structure, it provides addi-
tional evidence to the growing body of research showing that that experience-
dependent plasticity is not limited to cortical structures (Tzounopoulos &
Kraus, 2009; Xiong et al., 2009). Recent studies indicate that the human au-
ditory brainstem is involved in foreign language learning (Chandrasekaran,
Kraus, & Wong, 2012; Song, Skoe, Wong, & Kraus, 2008) and training-based

Figure 3.10: Schematic representation of the songbird brain (parasagittal view). The auditory
regions are in blue and the vocal motor regions in grey. Only the main connections are repre-
sented. NIf: nucleus interface of the nidopallium; Ov: nucleus ovoidalis; RA: nucleus robustus of
the arcopallium; Uva: nucleus uvaeformis; CN: cochlear nucleus.
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improvement of speech hearing in noise (Song, Skoe, Banai, & Kraus, 2012)
in adults. Since the organization of the auditory pathway at the sub-cortical
level is well conserved among vertebrates, the involvement of the auditory
midbrain in the auditory memory supporting vocal learning might be impor-
tant for both avian and mammalian vocal learners.
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CHAPTER 4

Neural correlates of zebra finch tutor song perception
during development: changes in selectivity and

lateralization

Birdsong learning and human speech acquisition share interesting similarities. Since
both songbirds and humans need to be exposed to the vocalizations of their parents
within a limited time window early in life, a sensitive period, in order to develop their
own, songbirds present an excellent model for studying the sensitive period for hu-
man speech acquisition. During this sensitive period, perceptual sensitivity to adult
vocalizations is important for learning in both species. Here we used functional MRI
to investigate the development of conspecific song and tutor song selectivity in the
auditory midbrain of juvenile zebra finches. Selective responses were previously iden-
tified in the auditory midbrain of adult birds (Poirier et al., 2009; Van der Kant et
al., 2013). Our data show neural selectivity for conspecific song in both left and right
auditory midbrain of female zebra finches early in development, while in male zebra
finches tutor song selectivity is mainly present in the left auditory midbrain nucleus
towards the end of the sensory phase of song learning. Moreover, the lateralization of
tutor song selectivity changes towards adulthood. The strong tutor song selectivity
near the end of the sensory period in males might reflect consolidation of a memory
trace for the tutor’s song. The difference in lateralization between juveniles and adults
is reminiscent of the change in lateralization of human language in the course of de-
velopment. While language in infants is largely bilateral, most human adults show a
left lateralization of language.
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4.1 Introduction

Both juvenile songbirds and human infants learn their vocalizations by imi-
tation and need to do so within a limited time window, called the sensitive
period for vocal learning. Songbirds are therefore the animal model of choice
to study vocal learning. Memories of adult vocalizations play an important
role in this process, because vocal practice does not always take place in the
vicinity of a tutor. Zebra finches memorize the song of their tutor during a
sensory phase, which is followed by a sensorimotor phase, during which the
birds match their vocalizations to the tutor’s song (Eales, 1985). When reared
in isolation from adult vocalizations, a memory will not be formed and nei-
ther songbirds nor humans will successfully develop their own vocalizations
(Doupe & Kuhl, 1999; P. H. Price, 1979).

Several studies have proposed the auditory lobule (London & Clayton,
2008) and the caudomedial nidopallium (NCM) in particular (Bolhuis et al.,
2001, 2000; Gobes, Zandbergen, & Bolhuis, 2010; Phan et al., 2006) as candi-
date regions for the neural substrates for tutor song memory in adult zebra
finches. In juvenile zebra finches NCM has been demonstrated to show tutor
song induced responses around 56 days of age (Gobes et al., 2010), but not
before the start of the sensorimotor phase (Amin et al., 2007). In our previous
study (Van der Kant et al., 2013) we showed tutor song selectivity in the right
auditory midbrain nucleus (MLd) of adult male zebra finches.

The present study aims to longitudinally map tutor song perception
throughout song development within-subject in order to show the dynamics
of tutor song memory during song learning. We used in vivo Blood Oxygen
Level Dependent (BOLD) functional Magnetic Resonance Imaging (fMRI) in
juvenile male and female zebra finches at different stages of song learning in
order to address tutor song selectivity in MLd. We compared the BOLD re-
sponses elicited by the birds tutor song and an unfamiliar conspecific song
in each bird at 30, 40, 60 and 100 days post hatching (DPH). Additionally,
we addressed conspecific song selectivity by comparing BOLD responses to
unfamiliar conspecific and heterospecific song. Additional male data were
obtained at ∼500 DPH for comparison with our previous adult results. Fur-
thermore, we explored lateralization differences in tutor song selectivity over
development.

Based on our previous study (Van der Kant et al., 2013) we expect males
to show a gradual development of this neural selectivity for the tutor song
throughout the sensory phase, exceeding adult levels. The enhanced selectiv-
ity is expected to drop towards adult levels at the end of the sensitive period,
when it is no longer used for sensorimotor learning. Females do not use tutor
song memory for motor learning, but have a preference for the tutor song in
adulthood (Riebel, 2000). Female tutor song selectivity is therefore expected
to be present at a lower level compared to adult males.
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Figure 4.1: Tutoring- and measuring paradigm. fMRI data were acquired at 30, 40, 60 and 100
DPH for both sexes and additionally at 500 DPH for males (red arrows). Lime and teal bars show
the sensory and sensorimotor phases, which partly overlap in zebra finches. The gray bar indi-
cates the period during which the birds were individually housed with an adult tutor.

4.2 Materials and methods

4.2.1 Subjects

Nine juvenile zebra finches (Taeniopygia guttata) (5 males; 4 females) from
the breeding colony of the Bio-Imaging Lab at the University of Antwerp (Bel-
gium) were used for the present study.

The birds were raised by both parents in an individual cage from 0 to 7
DPH, by their mother from 8 DPH until they were fully fledged and able to
feed independently (29 DPH) and were housed singly with an adult male tutor
in a sound attenuated chamber from 30 to 120 DPH. This protocol is known
to optimize song learning (Tchernichovski, Mitra, Lints, & Nottebohm, 2001).
Following tutoring and after the last fMRI measurement, the male and female
birds were housed in same-sex common aviaries.

All birds were maintained under a 12h light: 12h dark photoperiod
throughout the experiment and had access to food, water and baths ad libi-
tum. All experimental procedures were performed according to the Belgian
laws on the protection and welfare of animals and were approved by the eth-
ical committee of the University of Antwerp, Belgium (EC no. 2011/08).

4.2.2 fMRI procedure

The birds included in the present study received fMRI measurements at a
number of time points during their song development (Figure 4.1). All nine
birds were measured at the first four time points: 30, 40, 60 and 100 DPH.
In order to match our present results with those from our last study which
showed tutor song selectivity in the right MLd of adult males (Van der Kant
et al., 2013), the male birds were also measured later in adulthood (around 500
DPH). Because one of the male birds was lost before the last measurement,
data could only be obtained from four of the male birds at this time point.
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Stimuli

For each experimental bird, three undirected songs were used as stimuli in the
fMRI experiment: the tutor song (TUT), the song of an unfamiliar conspecific
(CON) and a starling song (HET).

Stimuli were constructed using song material previously recorded from all
tutors and colony birds. For each bird, the most representative motif (based
on frequency of occurrence) was selected for use as a stimulus (Van der Kant
et al., 2013). These motifs were concatenated into strings repeating the same
motif, interleaved with silent periods. The duration of the silent periods was
selected such that the total amount of song and silence was equal across all
stimuli and mean intensity was normalized at 70dB SPL. An equalizer func-
tion was applied to the stimuli using WaveLab software (Steinberg, Germany)
to correct for enhancement of frequencies between 2500 and 5000 Hz in the
magnet bore (Poirier et al., 2010).

Experimental setup

During the experiment birds were continuously anesthetized with isoflurane
(anesthesia induction, 3%; maintenance, 1,5%). The anesthetic gas was in-
haled with a mixture of oxygen and nitrogen (at flow rates of 100 and 200
cm3/min, respectively) through a mask over the birds beak. Body tempera-
ture was continuously monitored with an internal probe and maintained at
40◦C by a feedback-controlled heating system (SA-Instruments, Stony Brook,
NY, USA). The respiration rate was continuously monitored with a pneumatic
sensor (SA-Instruments) positioned under the chest of the bird.

Auditory stimulation was delivered through dynamic loudspeakers (Visa-
tion, Germany) from which the magnets were removed, placed at both sides
of the bird’s head, close to the ears of the bird (Van Meir et al., 2005). Stim-
ulus delivery was controlled by Presentation 0.76 software (Neurobehavioral
Systems Inc., Albany, CA, USA).

Procedures

During fMRI acquisition each bird was presented with one TUT, one CON and
one HET stimulus, pseudo-randomly repeated within a single experiment.
Each bird received the same auditory stimuli at each time point during de-
velopment. Stimuli were presented in an ON/OFF blocked design alternating
16s stimulation (ON blocks) and 16s rest periods (OFF blocks). During each
block two images were acquired. Each stimulus type was presented 31 times,
resulting in the acquisition of 62 images per stimulus and per subject. Three
different stimulus orders were used, randomized between birds.
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fMRI data acquisition

Blood Oxygen Level Dependent (BOLD) fMRI images were acquired using
a 7T Bruker Pharmascan small animal MRI system (Bruker, Erlangen, Ger-
many). The system and the RF coils used for the first four time points of the
experiment have been described in a previous publication (Boumans et al.,
2007). The last (500 DPH) time point was acquired with a RF transmit volume
coil and a RF receive quadrature linear array mouse head surface coil (Bruker,
Erlangen, Germany) using the same imaging parameters. For each bird, a time
series of 382 T2-weighted SE RARE images was acquired in the sagittal plane,
covering the whole brain (15 slices, 750 µm thick, 50 µm gap, 250 µm2 in-
plane resolution, Effective Echo time (TEeff) / Repetition time (TR): 60/2000
ms, RARE factor: 8, Field of View: 16 x 16 mm), which resulted in a good sig-
nal in bilateral MLd. The first 10 images from each time series were considered
dummy images to allow the bird to get accustomed to the scanner noise before
the presentation of the stimuli was started. Following the fMRI acquisition, a
high-resolution structural 3D SE RARE volume (voxel size 125 µm3; TEeff/TR:
60/2000 ms; RARE factor: 8; Field of View: 16 x 16 mm) was acquired for each
bird to allow for spatial registration with the zebra finch atlas (Poirier et al.,
2008).

fMRI data analysis

Data were preprocessed and analyzed using Statistical Parametric Mapping
software (SPM8, Wellcome Trust Centre for Neuroimaging, London, UK). The
first 10 (dummy) images from each time series were excluded from the analy-
sis. Each fMRI time series was realigned using a least-squares procedure and a
six-parameter rigid-body spatial transformation. Head movement did not ex-
ceed 500 µm for any bird. To enable localization of activations in specific brain
regions, the high-resolution 3D image of each subject was spatially registered
to the MRI atlas of the zebra finch brain (Poirier et al., 2008). The resulting spa-
tial transformation matrix was then applied to the functional time series and
re-sampled to obtain a resolution of 125 x 125 x 400 µm. These steps resulted
in a good correspondence between anatomical areas in the atlas and the fMRI
data. Finally, the fMRI images were smoothed with a Gaussian kernel of 500
µm FWHM in-plane and 800 µm FWHM in the slice direction.

For each bird the BOLD response was modeled as a box-car function
convolved with a canonical hemodynamic response function using the Gen-
eral Linear Model and a classical restricted maximum likelihood algorithm.
Subject-level fixed-effect analyses were then performed for the comparison of
each stimulus with the rest condition. To model the possible effects of head
motion (which is not convolved with the hemodynamic response), motion
(realignment) parameters were included in the model as regressors for each
subject.

The contrasts obtained in the subject-level analysis were entered into a
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group-level random effects analysis. Based on earlier results (Van der Kant et
al., 2013), the group analysis was restricted to right and left MLd (the auditory
midbrain nuclei), defined as Regions of Interest (ROI’s). For the anatomical lo-
cation of these ROI’s, see Figure 3.3 on page 54. Developmental changes in the
BOLD response were expected in MLd based on TUT selectivity previously
measured in MLd (Van der Kant et al., 2013). Right and left MLd could be
clearly identified and delineated on the zebra finch atlas (Poirier et al., 2008).

Voxel-based statistical differences between stimulus-related BOLD signal
changes were assessed using a one-way repeated measures ANOVA followed
by post-hoc uni-lateral paired t-tests in the two regions of interest. Differ-
ences between the sexes following from interactions were assessed with two-
sample t-tests on the contrasts of interest. Only activations with a volume
of at least 5 voxels were considered. P-values were adjusted for the number
of independent tests performed using Family Wise Error correction for each
anatomical Region of Interest (ROI), based on Random Field Theory (Worsley
et al., 1996). When an ROI is reported to contain ”no clusters”, no clusters are
found in the uncorrected data with a threshold of p = 0.05. Lateralization in-
dices were used to assess laterality of the contrasts of interest. These indexes
were computed between left and right MLd in a threshold-free manner us-
ing the ”AveLI” SPM add-on (Matsuo, Chen, & Tseng, 2012), freely available
at http://mrilab.mc.ntu.edu.tw/aveli/). This add-on computes the laterality
index based on the sums of positive T-values within a selected ROI (in this
case MLd) weighted for the number of voxels with positive T-values within
that ROI. The LI represents the portion of the signal that is found either left or
right with -1 representing 100% right lateralization and 1 representing 100%
left lateralization.

4.3 Results

4.3.1 Tutor song selectivity

Tutor song selectivity independent of sex

Group analyses with males and females pooled showed that bilateral MLd
was selectively activated by the tutor song compared to a novel conspecific
song only at the age of 60 DPH (60 DPH [TUT-CON] in left MLd: mean sum
T (the mean sum of positive t-values within the ROI) = 147.8, sd = 103.3,
p = 0.005; [TUT-CON] in right MLd: mean sum T = 140.5, sd = 169.5, p =
0.004). However, no interaction of the TUT-CON contrast with age and sex
was found in MLd. NCM did not show tutor song selectivity at any of the time
points with males and females pooled and in analyses per sex and was thus
excluded from further analysis. Because tutor song selectivity was expected to
be more pronounced in male birds, a t-test was used to assess sex differences
in the TUT-CON contrast at this age. This analysis revealed that the tutor song
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selective response in left MLd was significantly stronger in male compared to
female birds at 60 DPH (Males-Females 60 DPH: sum T at group level = 185.0,
p = 0.019). Based on this result, we further analyzed tutor song selectivity
separately in males and females, in order to accurately describe the changes
in tutor song selectivity throughout development for males and females.

Tutor song selectivity in male MLd

In male zebra finches, a trend towards a [TUT-CON ∗ time point] interaction
was found in left MLd (sum F at group level = 321.9, p = 0.081). Further
analyses per time point showed that no tutor song selective response could
be found in male birds at the early stages of song learning. At 30 and 40 DPH
no tutor song selective clusters were present in the left MLd or in the right
MLd (Figure 4.2). As also shown by figure 4.2, the perception of the individual
stimuli does not show the same pattern at the ages of 30 and 40 DPH. While
at 30 DPH the activation in left as well as right MLd is absent or only minor
for all three stimuli (30 DPH: no clusters for [TUT-Rest] and [CON-Rest] in left
and right MLd; [HET-Rest] in Left MLd: mean sum T = 58.9, sd = 36.1, p =
0.22; [HET-Rest] in Right MLd: mean sum T = 65.6, sd = 67.3, p = 0.09), left
MLd does get significantly activated by TUT and CON as opposed to HET at
40 DPH ([TUT-Rest] at 40 DPH: mean sum T = 177.0, sd = 85.2, p = 0.012;
[CON-Rest] at 40 DPH: mean sum T = 160.0, sd = 65.2, p = 0.008; [HET-Rest]
at 40 DPH: no clusters). There is, however, no tutor song selective activation.

At 60 DPH, when the sensory phase reaches its end, male zebra finches
show a strong tutor song selective response in the left auditory midbrain
(MLd) ([TUT-CON] in left MLd: mean sum T = 207.3, sd = 101.4, p < 0.001).
A post-hoc analysis of the individual stimuli showed that at this time point
the activation in response to the tutor song remained high ([TUT-Rest] in left
MLd: mean sum T = 145.7, sd = 123.6, p = 0.008), while in left MLd no acti-
vation was found for conspecific or heterospecific song. A TUT-CON cluster
([TUT-CON]: mean sum T = 207.5, sd = 207.6, p = 0.002) was also found in
male right MLd at 60 DPH. However, due to the absence of a significant dif-
ference between the tutor song and heterospecific song related activity within

TUT-CON CON-HET TUT-HET

DPH T(sd) P T(sd) P T(sd) P

Left MLd 60 207(101)∗ 0.001
100 223(282) 0.11

Right MLd 500 43(31) 0.081 87(23)∗ 0.011 119(54)∗ 0.001

Table 4.1: Sums of T-values and P -values for male birds. Values as reported in section 4.3. For
contrasts for which male birds did not show a significant BOLD response (p < 0.05), values are
not reported. All values are FWE-corrected at the ROI level and only clusters which contain at
least 5 voxels are reported
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Figure 4.2: LEFT: Mean BOLD response of Males to the individual stimuli (TUT, CON, HET).
The sum of positive T-values within each ROI (Left MLd / Right MLd) is used as a measure
of BOLD activity. The zero level corresponds to the mean activation level during rest periods
(exposure to scanner noise). Stars on top of the bars indicate statistically significant difference
between stimuli vs. rest. Horizontal lines above the graphs indicate statistical significant differ-
ences between responses to the individual stimuli within the ROI (◦p <0.10; ∗p < 0.05, corrected
for multiple comparisons). RIGHT: Male tutor song selectivity in MLd. Only voxels showing a
significant difference (threshold: p < 0.05) in BOLD response to TUT compared to CON in left
and right MLd are displayed. The specified p-values in the sagittal images are FWE-corrected
for the anatomical ROI (Left MLd or Right MLd) and only clusters containing at least 5 voxels
are included. T-values are color-coded according to the scale displayed on the right side of each
panel.
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the cluster ([TUT-HET]: no clusters), this activation could not be confirmed
as selective for the tutor song. Although right MLd was significantly more
activated by tutor song compared to conspecific song, a large portion of the
activation in right MLd at this age was induced by the heterospecific song
([TUT-Rest]: mean sum T = 98.4, sd = 117.7, p = 0.188; [CON-Rest]: no clus-
ters; [HET-Rest]: mean sum T = 85.3, sd = 89.7, p = 0.018).

At 100 DPH, around the time of song crystallization, the tutor song se-
lective response no longer reached significance in the males left MLd ([TUT-
CON]: mean sum T = 223.0, sd = 281.7, p = 0.11; see figure 4.2). Furthermore,
no tutor song selectivity was found in right MLd at this age (no [TUT-CON]
clusters). Analysis of the individual stimuli in left MLd showed a trend for tu-
tor song related activation, but left MLd was not activated by the other stimuli
(Left MLd: [TUT-Rest]: mean sum T = 78.2, sd = 40.0, p = 0.09; [CON-Rest]:
no clusters; [HET-Rest]: no clusters).

Earlier results showed adult male tutor song selectivity in right MLd
(Van der Kant et al., 2013). In order to test whether the tutor song selective
response in left MLd could be attributed to the age of the birds, male tutor
song selectivity was additionally assessed at 500 DPH. At this age, the four
remaining males showed a tutor song selective cluster in right MLd, which
did not survive correction for multiple comparisons, but showed a trend (500
DPH [TUT-CON] : mean sum T = 42.8, sd = 30.9, p = 0.081; [TUT-Rest]: mean
sum T = 133.2, sd = 52.5, p = 0.004; [CON-Rest]: mean sum T = 92.8, sd =
23.5, p = 0.01; [HET-Rest]: mean sum T = 16.1, sd = 7.7, p = 0.004).

Lateralization of male tutor song selectivity

Due to the interference of heterospecific song related activity in right MLd at
60 DPH, when tutor song selectivity is found to be prominent in males, a direct
assessment of [TUT-CON] lateralization during song learning would not be
informative. Instead, assessment of the activation induced by the individual
stimuli does reveal a pattern throughout development.

In left MLd we see an initial increase of activation in response to both TUT
and CON at 40 DPH. At the age of 60 DPH the CON related activation shows
a sharp drop, leaving left MLd purely tutor song selective at this age. Later in
development, the activation in response to TUT also drops, leaving left MLd
selective for neither TUT nor CON. Activation in response to HET shows rel-
atively minor changes throughout development in left MLd. In contrast, no
large peaks in TUT or CON related activation are found in right MLd before
adulthood.

At 500 DPH, TUT related activation shows a peak in right MLd, which
is not found in left MLd. However, lateralization of the tutor song selective
signal was highly variable at this age (mean LI [TUT-CON] = -0.13, sd = 0.8,
p = 0.36). Individual analysis of the subjects showed that tutor song selectivity
was highest in right MLd in three out of four subjects (LI’s [TUT-CON]: -0.02,
-0.99 and -0.45), while in the fourth subject, tutor song selectivity was highly
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left lateralized (LI [TUT-CON] = 0.92).

No significant tutor song selectivity in female MLd

In females, no interaction between tutor song selectivity and time point was
found in either right or left MLd. Like the males, the females did not show
TUT selectivity at early age in left Mld ([TUT-CON] at 30 DPH: mean sum T
= 47.3, sd = 42.6, p = 0.28; [TUT-CON] at 40 DPH: no clusters) nor in right
Mld ([TUT-CON] at 30 DPH: no clusters; [TUT-CON] at 40 DPH: no clusters).
In contrast to the males, however, tutor song did not evoke significant differ-
ential activation in left or right MLd of female zebra finches at 60 DPH, when
compared to conspecific song ([TUT-CON] at 60 DPH in left MLd: mean sum
T = 73.5, sd = 38.8, p = 0.19; in right MLd: no clusters). Analysis of the individ-
ual stimuli at this age confirms that none of the stimuli significantly activates
left or right MLd in females ([TUT-Rest]; [CON-Rest]; [HET-Rest]: no clusters
in left or right MLd). At 100 DPH no tutor song selectivity was found in MLd
of female zebra finches ([TUT-CON]: no clusters in right or left MLd).

4.3.2 Conspecific song selectivity

Neural selectivity for conspecific song was assessed by comparing the BOLD
activity evoked by a novel conspecific to that evoked by a novel heterospecific
(European starling) song. The familiarity of both songs might increase with
each measurement due to hearing the song under anesthesia, but the amount
of cumulative exposure is the same for both songs throughout the experiment.

Selectivity for conspecific song as shown by the [CON-HET] contrast was
found to be present in left MLd with sexes and time points pooled. Conspecific
song selectivity showed a significant interaction between sex and time point
in left MLd (sum F on group level = 355.8, p = 0.018). Therefore, conspecific
song selectivity was further investigated in males and females separately.

Conspecific song selectivity in males

Although analysis of the individual stimuli shows a large peak of activation
for TUT and CON in left MLd at 40 DPH in males (Left MLd at 40 DPH: [TUT-
Rest]: mean sum T = 177.0, sd = 85.2, p = 0.012; [CON-Rest]: mean sum T
= 160.0, sd = 65.2, p = 0.008; [HET-Rest]:no clusters), there is no significant
conspecific song selectivity at this age (Left MLd: [CON-HET]: mean sum T =
99.3, sd = 51.2, p = 0.13; [TUT-HET]: mean sum T = 115.9, sd = 58.3, p = 0.15).

In adulthood, at 500 DPH, the right auditory midbrain is selectively acti-
vated by conspecific over heterospecific song (Right MLd [CON-HET]: mean
sum T = 86.8, sd = 23.0, p = 0.011). This is confirmed by the tutor song ([Right
MLd [TUT-HET]: mean sum T = 119.3, sd = 54.2, p < 0.001). There were no
significant differences between conspecific and heterospecific song activations
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in males at 30, 60, 100 and 500 DPH in left MLd and at any juvenile time points
in right MLd.

Conspecific song selectivity in females

TUT-CON CON-HET TUT-HET

DPH T(sd) P T(sd) P T(sd) P

Left MLd 30 178(91)∗ 0.001 178(67)∗ 0.001
60 74(39) 0.19

Table 4.2: Sums of T-values and P -values for female birds. Values as reported in section 4.3. For
contrasts for which female birds did not show a significant BOLD response (p < 0.05), values are
not reported. All values are FWE-corrected at the ROI level and only clusters which contain at
least 5 voxels are reported

Analyses per time point demonstrated that MLd is only selective for con-
specific song in females at 30 DPH, when they have spent only limited time
with their tutor ([CON-HET] in left MLd at 30 DPH: mean sum T = 178.3,
sd = 90.8, p < 0.001) (Figure 4.3). This selectivity was shown only in the left
MLd. In right MLd none of the stimuli induce a significant activation at this
age. After 30 days of age, no significant selectivity for conspecific song was
found in left MLd ([CON-HET] at 40 DPH: mean sum T = 66.9, sd = 71.5, p =
0.248; [CON-HET] at 60 DPH: no clusters; [CON-HET] at 100 DPH: mean sum
T = 71.1, sd = 27.2, p = 0.238).

In order to further investigate whether the selectivity at 30 DPH originated
from hearing a novel conspecific rather than selectivity for conspecific song in
general, we also assessed the differences in BOLD response elicited by the tu-
tor song, which is familiar to the bird, compared to a heterospecific song. This
analysis also showed significant differential activation in the left MLd (Left
MLd [TUT-HET] at 30 DPH: mean sum T = 178.2, sd = 66.7, p < 0.001) (Fig-
ure 4.3). At 30 DPH left MLd is indeed significantly activated by tutor song as
well as conspecific song (Left MLd [TUT-Rest]: mean sum T = 108.5, sd = 60.0,
p = 0.01; [CON-Rest]: mean sum T = 107.6, sd = 93.9, p = 0.049), while show-
ing no activation in response to heterospecific song (Left MLd [HET-Rest]: no
clusters).

4.4 Discussion

The present study for the first time uses a longitudinal fMRI approach to as-
sess song selectivity in juvenile zebra finches. This approach enabled us to fol-
low the same group of birds throughout song learning and address changes in
neural selectivity during development. In the present study we showed that
the left MLd of juvenile male zebra finches shows strong selectivity for their
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Figure 4.3: LEFT: Mean BOLD response of Females to the individual stimuli (TUT, CON, HET).
The sum of positive T-values within each ROI (Left MLd / Right MLd) is used as a measure of
BOLD activity. The zero level corresponds to the mean activation level during rest periods (ex-
posure to scanner noise). Stars on top of the bars indicate statistically significant difference be-
tween stimuli vs. rest. Horizontal lines above the graphs indicate statistical significant differences
between responses to the individual stimuli within the ROI (p < 0.05, corrected for multiple
comparisons). RIGHT: Female conspecific song selectivity in MLd. Only voxels showing a sig-
nificant difference (threshold: p < 0.05) in BOLD response to TUT compared to CON in left and
right MLd are displayed. The specified p-values in the sagittal images are FWE-corrected for the
anatomical ROI (Left MLd or Right MLd) and only clusters containing at least 5 voxels are in-
cluded. T-values are color coded according to the scale displayed on the right side of each panel.
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tutor song at 60 DPH. Moreover, the left MLd of female zebra finches shows
conspecific song selectivity over heterospecific song as early as 30 DPH. At
this time, when they have only been exposed to their tutor for a limited time
span, the female birds do not show selectivity for the tutor song over other
conspecific song.

Tutor song selectivity was found in the male left MLd at 60 DPH. At this
age, the sensory period of song learning approaches its end in zebra finches
(Slater, Eales, & Clayton, 1988). Analysis of the activation in terms of the indi-
vidual stimuli showed that this strong selectivity is caused by a combination
of factors. Tutor song related activation in left MLd stays high compared to the
40 DPH time point, while conspecific song related activity diminishes. This
might relate to the possibility of juveniles including elements from a second
tutor in their song, which does still exist at 40 DPH, but is decreased when the
birds reaches the age of 60-65 days, indicating that the sensory phase is ending
(Eales, 1985). Therefore, when hearing a novel conspecific bird, the auditory
system will not be highly activated anymore at this age. However, tutor song
is still very important at the age of 60 DPH, because the bird is now in a stage
of singing plastic song and needs to compare this song to the tutor song con-
tinuously. Therefore the memory of the tutor song needs to be a strong one.
Moreover, sensory learning has reached its peak at this age and the memory
of the tutor song formed during the sensory phase will be at its strongest. The
finding that tutor song selectivity in left MLd cannot be found at 100 DPH
indicates that this nucleus is mainly selective for tutor song during learning
and is partly lost after song crystallization. Indeed, in an earlier fMRI study in
adult male zebra finches (Van der Kant et al., 2013) no tutor song selectivity
was found in left MLd.

In the abovementioned adult study, male zebra finches showed tutor song
selectivity in the right auditory midbrain nucleus of adult male zebra finches.
Although the last time point (500 DPH) of our longitudinal study contains
only four males, it does show a trend towards tutor song selectivity in right
MLd, which is consistent with our previous study (Van der Kant et al., 2013),
showing significant tutor song selectivity only in right MLd, but no signifi-
cant lateralization. Individual analyses of the four male birds also measured
in later adulthood confirmed that three of these birds showed a left-to-right
shift of tutor song selectivity between the ages of 60 DPH and 500 DPH. Al-
though these data are too sparse to draw any conclusions towards a left-to-
right shift during song development in male zebra finches, they seem to be
in accordance our previous data, which showed tutor song selectivity in the
right MLd of adult male zebra finches. Moreover, a similar change in lateral-
ization of song perception over development was recently found in the zebra
finch NCM using ZENK expression (Moorman et al., 2012). Together, these
data might suggest that there is a broad change in lateralization in the brain
regions which play a role in song memorization. This is the case in humans,
where adult left lateralization for language is not yet present in infants, but
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emerges during development (for a review, see Minagawa-Kawai, Cristià, &
Dupoux, 2011).

If there is indeed a left-right lateralization shift, it might suggest that left
MLd tutor song selectivity found during development and right MLd tu-
tor song selectivity in adulthood represent two different processes, possibly
related to song learning and song maintenance respectively. In order to in-
vestigate this issue and uncover the mechanisms behind the developmental
changes, a longitudinal study with a larger group of males is ongoing in the
Bio-Imaging Lab.

Although the effect was only significant in males, at 60 DPH the left MLd of
females was also activated by the tutor song to a larger extent than the neigh-
boring time points (40 and 100 DPH). This might indicate that the preference
for tutor song found earlier in females (Clayton, 1988; Riebel, 2000) also has
a neural correlate during development and that the process of sensory learn-
ing, although perhaps stronger in males, might be similar in males and fe-
males. The timing of the peak of tutor song related activity, which is similar in
males and females, suggests that, although females do not learn to sing, they
do show signs of a sensory period at the neural level. Female zebra finches
showed highly significant selectivity for conspecific songs in the left auditory
midbrain nucleus at the age of 30 DPH. At this time, left MLd is significantly
activated by the tutor song and an unfamiliar conspecific song, while showing
no activation in response to heterospecific song. This early neural sensitivity
to conspecific song in female birds might contribute to the selection of quality
mates in adulthood (Lauay, Gerlach, Adkins-Regan, & DeVoogd, 2004).

The CON selective activation in left MLd of juvenile female zebra finches
is also in line with selectivity for conspecific song in left MLd found earlier
in an auditory fMRI study in adult males (Poirier et al., 2009). However, in
the present study this early selectivity for conspecific songs was not found in
male birds. This is surprising, because male birds would need to distinguish
a possible model for song learning from other sounds. Moreover, it has been
shown that zebra finches can behaviorally distinguish conspecific from het-
erospecific songs very early in life and this has even been proposed to be an
innate ability (Braaten & Reynolds, 1999). We cannot exclude the possibility
that a neural selectivity for heterospecific song is present in the midbrain at
an early age the developmental fMRI study, which is ongoing and includes a
larger group of birds might be able to address this issue.

A selective response for conspecific songs could be detected in the male
right MLd in adulthood, at 500 DPH. However, at this age the birds were no
longer kept in isolation and had been exposed to other conspecifics. The famil-
iarity of the conspecific song played during the experiment had not changed
at this time, because the conspecifics to which the birds were exposed during
scanning were either no longer present in the laboratory or housed in a differ-
ent aviary. The selectivity at 500 DPH could therefore not be due to recogni-
tion of the song from the bird’s daily environment. A more likely explanation
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is that social interaction in the aviary renders the male birds more sensitive to
territorial behavior and thus to relatively novel conspecific song.

Together with our earlier data (Van der Kant et al., 2013), the present data
show that the neural substrates of tutor song memory in male zebra finches
during song learning and in adulthood show a different lateralization. These
findings are in accordance with both songbird and human data on lateral-
ity changes during vocal development, suggesting that lateralization changes
during birdsong learning are not restricted to MLd, but might occur through-
out the auditory system.





Part II

Neural correlates of artificial
grammar learning in human

adults





In the first part of this thesis, the songbird model was employed in or-
der to study the neural correlates of vocal learning in a species that shows
some interesting behavioral similarities to humans with regard to the de-
velopment of their species-specific vocalizations. The data collected in the
songbird studies have shown that the brain selectively processes the song
that is learned from the tutor early in life. Furthermore, these studies have
shown that this selectivity develops and changes during the song learning
process and that its strength is related to learning success.

In the remainder of this thesis, we will explore whether the neural cor-
relates of human language learning share some of the characteristics found
for birdsong learning. If the neural processes undelying birdsong learning
and human language learning show similarities, this would strengthen the
songbird model for vocal learning. For ethical reasons, humans cannot be
isolated from speech input at any time during or after the sensitive period
for language acquisition, which means that the full extent of their language
knowledge cannot be controlled. Furthermore, human language is highly
complex and learning it requires many levels of analysis. This means that
”what is learned” is too extensive to study in a single experiment. However,
studies of language deprived children have shown that the acquisition of
syntactic structure is most impaired when humans start to learn language
after the sensitive period for language acquistion.

Because the acquisition of syntactic structure is such a central part of hu-
man language learning, we employ an artificial grammar learning paradigm
to simulate and study grammar learning in human adults. This study serves
as a basis for further studies on artificial grammar learning, which will be
focused on children and compare adult learners to children in order to mea-
sure the impact of the sensitive period on the neural correlates of human
language acquisition. In the study described in Chapter 5 the learning pro-
cess is studied on-line using auditory fMRI and related to learning out-
comes. Furthermore, structural and functional connectivity related to arti-
ficial grammar learning are explored in Chapter 6.





CHAPTER 5

Neural correlates of individual differences in
non-adjacent dependency learning in human adults

How does the brain reflect the learning of a new language? In previous studies, the ef-
fects of language learning on the state of the brain have been investigated, but mostly
off-line (after learning). In the present study, individual differences in brain function
were studied during auditory artificial grammar learning. The neural correlates of in-
dividual differences in adult language learning were investigated in a functional Mag-
netic Resonance Imaging (fMRI) study using an auditory artificial grammar learning
paradigm. FMRI data from 20 adults were collected while they were presented with
an artificial grammar containing non-adjacent dependencies and a control language
lacking these dependencies. After exposure participants were tested on learning and
generalization of the artificial grammar. Our data showed a correlation between the
differential neural activation in response to the grammar containing non-adjacent de-
pendencies in the Left Inferior Frontal Gyrus (LIFG) and the bilateral Superior Tem-
poral Gyri and Insulae and the level at which individual subjects showed sensitivity
to the non-adjacent dependencies. Furthermore, during the grammatical judgment
task, LIFG showed a differential activation in response to correctly versus incorrectly
judged violations. These results indicate that individual differences in learning suc-
cess are reflected in neural activation that develops early in the learning process and
is largely dependent on sensitivity to violations.
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5.1 Introduction

Both during first and second language acquisition learners are confronted
with speech streams from which they need to extract word boundaries and
syntactic rules in order to acquire the grammar of the language. In order
to complete this task, the human brain analyzes the input at several levels
(Uddén & Bahlmann, 2012). In the present study, we will focus on the level of
syntactic analysis and the process of syntactic rule learning. This process has
been hypothesized to depend on statistical learning, which might be based on
abstract algebraic rules (Marcus, Vijayan, Rao, & Vishton, 1999) or predictive
dependencies between words or phrases (Saffran, 2001, 2002).

5.1.1 The role of non-adjacent dependency learning in lan-
guage acquisition

Syntactic structures that underlie language are hierarchical and therefore they
cannot be learned purely based on associations between adjacent elements
(Chomsky, 1957). In order to acquire the syntax of a language, one also needs
to acquire the dependencies between non-adjacent words and morphemes
(non-adjacent dependencies) which are abundantly present in natural lan-
guage and often mark syntactic relations such as number and tense agree-
ment (e.g. in English: The dogs are barking and Dutch: Wij hebben gisteren
samen gegeten ”Yesterday we have dined together”. Learning non-adjacent de-
pendencies has proven to be a difficult task for adults (Bonatti, Pena, Ne-
spor, & Mehler, 2005; Grama, Wijnen, & Kerkhoff, 2013; Newport & Aslin,
2004; Onnis, Monaghan, Richmond, & Chater, 2005; Peña, Bonatti, Nespor,
& Mehler, 2002; Perruchet, Tyler, Galland, & Peereman, 2004; Van den Bos,
Christiansen, & Misyak, 2012) as well as infants and children (Gómez, 2002;
Gómez & Maye, 2005; Kerkhoff, De Bree, De Klerk, & Wijnen, 2013; Santel-
mann & Jusczyk, 1998; Van Heugten & Johnson, 2010). Both the linguistic level
of analysis (Bonatti et al., 2005; Newport & Aslin, 2004) and the distance be-
tween the dependent elements (Grama et al., 2013) were shown to influence
the degree to which participants are able to acquire the dependencies (for a re-
view see Sandoval & Gómez, 2013). However, the nature of the computational
mechanisms underlying the ability to acquire non-adjacent dependencies is
still a topic of debate (Newport & Aslin, 2004; Peña et al., 2002; Perruchet et
al., 2004; Van den Bos et al., 2012). In the present study, we ask which neural
mechanisms underlie the acquisition of non-adjacent dependencies.

5.1.2 Artificial Grammar Learning in the brain

Behavioral studies have provided important insights with regard to the mech-
anisms involved in learning non-adjacent dependencies and the difficulties
that learners face when acquiring these dependencies. A number of studies
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have used Artificial Grammar Learning (AGL) paradigms to uncover the neu-
ral underpinnings of non-adjacent dependency learning (e.g. De Vries, Peters-
son, Geukes, Zwitserlood, & Christiansen, 2012; Uddén, Ingvar, Hagoort, &
Petersson, 2012). Implicit Artificial Grammar Learning (Reber, 1967) has been
used in many studies addressing language development and second language
learning because AGL paradigms allow researchers to control a higher num-
ber of variables compared to a natural language learning setting.

Although AGL cannot represent the full complexity of learning a natu-
ral language, it is the paradigm of choice when studying neural correlates
of syntactic development, because syntactic processing of previously learned
artificial grammars has demonstrated a considerable overlap in neural acti-
vation with natural language processing in the posterior part of the left in-
ferior frontal gyrus (BA 44/45), including Broca’s area (Petersson, Folia, &
Hagoort, 2012; Petersson & Hagoort, 2012). Previous AGL studies addressing
non-adjacent dependency learning have mostly used complex artificial lan-
guages which participants learned over a longer period of time based on vi-
sually presented stimuli and have measured brain activation after the learn-
ing process was completed. This approach allows for consolidation, which
has proved to be important in syntactic development (Nieuwenhuis, Folia,
Forkstam, Jensen, & Petersson, 2013), but does not reveal how the brain re-
flects learning from mere exposure in real time. Although listening to a speech
stream requires more sequential processing compared to visual presentation,
the neural correlates of artificial grammar learning during auditory exposure
to a speech stream have hardly been studied. In the present study, we use
functional MRI in a highly controlled auditory artificial grammar learning
paradigm to bridge this gap and to address on-line learning of non-adjacent
dependencies.

The present experiment does not require participants to learn a complex
artificial grammar with an extended vocabulary. However, computing tran-
sitional probabilities between adjacent elements is not sufficient for the ac-
quisition of non-adjacent dependencies, which is expected to require complex
unification operations at the phrasal level. Therefore, we hypothesize that ac-
quiring non-adjacent dependencies from auditory exposure activates brain re-
gions which are known to be involved in structural computations (for a re-
view see Petersson & Hagoort, 2012). Based on an extensive body of research
investigating the neural mechanisms underlying syntactic processing and ar-
tificial grammar learning (e.g. Bahlmann, Schubotz, & Friederici, 2008; Opitz
& Friederici, 2003; Petersson et al., 2012; Uddén & Bahlmann, 2012; Uddén et
al., 2008), we expect the Left Inferior Frontal Gyrus (LIFG) to be involved both
during the exposure phase where the artificial grammar is processed for the
first time and during grammatical judgment. In addition, we expect activa-
tion of the Superior Temporal Gyri (STG) during mere auditory exposure, as
bilateral STG is hypothesized to be involved in speech perception (Hickok &
Poeppel, 2000). Prolonged auditory exposure is expected to induce changes in
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activation over time in both of these structures due to habituation in the au-
ditory cortex and an increase in recognition of non-adjacent dependencies in
LIFG.

5.1.3 Individual differences in brain and behavior

Earlier studies addressing neural correlates of second language acquisition
(Tettamanti et al., 2002; Veroude, Norris, Shumskaya, Gullberg, & Indefrey,
2010) as well as birdsong learning (Bolhuis et al. (2000); Van der Kant et al.
(2013), see also Chapter 3 of this thesis), have uncovered a relation between
neural activation in response to the processing of vocalizations and individ-
ual differences in learning success. Based on these previous results, we will
address the relation between individual differences in learning capacities and
neural activation during learning through mere auditory exposure. Individual
differences in learning ability are expected to correlate with neural activation
especially in LIFG.

Working memory capacity has been suggested to influence syntactic learn-
ing both on the behavioral (Baddeley, 2003; Ellis, 1996) and on the neural level
(e.g. Santi & Grodzinsky, 2007), and is thus expected to play a role in the de-
tection and acquisition of non-adjacent dependencies. Furthermore, previous
studies (Birdsong & Molis, 2001; Johnson & Newport, 1989) demonstrated age
effects on adult second language acquisition, suggesting that age might play a
role in the ability of participants in the present study to acquire non-adjacent
dependencies. Potential correlations between learning outcome and neural ac-
tivity might thus be influenced by individual variation in working memory
capacity and age, which will be considered as factors in the present study.

5.2 Methods

5.2.1 Ethical statement

All participants gave written informed consent prior to inclusion in this study
and were financially compensated for their participation. In accordance with
Leiden University Medical Center (LUMC) policy all anatomical scans were
reviewed by a radiologist. This screening yielded no anomalous findings. All
experimental procedures were conducted under approval of the Medical Eth-
ical Committee of the Leiden University Medical Centre, The Netherlands
(CME no. NL42690.058.12).

5.2.2 Participants

Twenty healthy adult volunteers (12 males, mean age 28, range 18-43) were
included in the present study. All participants were right-handed and re-
ported normal hearing and normal or corrected-to-normal vision. They re-
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Figure 5.1: Artificial grammar containing non-adjacent dependencies Every X can occur in the
middle position, but a is necessarily followed by b and c is necessarily followed by d. In the
control condition, this dependency is absent.

ported no history of speech- or language disorders, other cognitive impair-
ments or neurological damage. All participants were native Dutch speakers
who used Dutch as their main language in daily communication and grew up
in a monolingual Dutch environment.

5.2.3 Materials

For the present study, we employed an artificial grammar learning (AGL)
paradigm where participants were first exposed to a learning set of the gram-
mar described below and consequently tested on learning and generalization
of the grammatical rules with a grammatical judgment task. The Artificial
Grammar Learning paradigm enables us to study language learning in a more
controlled way compared to natural language learning.

Participants were auditorily presented with phrases from an artificial
grammar containing non-adjacent dependencies (NAD) and from a control
language which had the same syllable structure and phonology, but lacked
these dependencies. Stimuli were adapted from earlier behavioral studies
on non-adjacent dependency learning by Dutch-speaking adults and chil-
dren (Grama et al., 2013; Kerkhoff et al., 2013) and infant learners of English
(Gómez, 2002) and were compatible with Dutch phonotactic constraints. Both
the NAD and the control language consisted of strings of three pseudo-words.
In the NAD language, a dependency exists between the first and last pseudo-
word in each string, taking the form of aXb and cXd phrases (Figure 5.1). In the
control language, there was no dependency between the first and last pseudo-
word, resulting in strings where any of the a, b, c, and d-elements could occur
both in the initial and in the final position and could be combined with any
other of the a, b, c, and d-elements, maintaining the syllable structure of the
strings. To allow for assessment of learning of the NAD language, ungram-
matical stimuli containing a violation of the dependency were constructed. In
these stimuli, the dependency between the first and last syllable was switched,
resulting in aXd and cXb phrases.

Two sets of monosyllabic a, b, c and d-elements were used, where for each
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NAD stimuli Control stimuli Ungrammatical
stimuli

Group 1

mo noeba zop poe noeba jik mo noeba ra
tep noeba ra si noeba poe tep noeba zop
mo wadim zop jik wadim si mo wadim ra
tep wadim ra lut wadim jik tep wadim zop

Group 2

poe noeba jik mo noeba zop poe noeba si
lut noeba si ra noeba zop lut noeba jik
poe wadim jik zop wadim tep poe wadim si
lut wadim si tep wadim ra lut wadim jik

Table 5.1: Examples of NAD and control stimuli for auditory presentation For illustration pur-
poses, only a subset of the X elements occurring in the full stimulus set is used. The two groups
only differentiate in the stimuli they hear and are not analyzed separately. NAD: artificial gram-
mar containing non-adjacent dependencies, Control: artificial grammar lacking non-adjacent de-
pendencies.

participant one set was assigned to each language (NAD or Control) to cor-
rect for any effects of acoustic differences between the sets. A set of in total
119 bisyllabic X-elements was constructed and combined with the a, b, c and
d-elements to construct the full set of stimuli. A latin-square design was em-
ployed to counterbalance assignment of the stimuli to participants. Stimuli
containing each of the sets of abcd-elements were either assigned to the NAD
or to the control language for each participant. Moreover, X-elements were as-
signed to either the exposure or the test phase for each participant. A number
of examples of stimuli from the two languages and of violations are given in
Table 5.1.

According to earlier findings (Kerkhoff, personal communication; Peña et
al. (2002)), rule learning only occurred the pseudo-words within a phrase were
separated by short pauses. Therefore, we inserted 250 ms pauses between the
pseudo-words in each stimulus. All pseudo-words were pronounced in carrier
sentences by a Dutch-speaking male adult and recorded using Adobe Audi-
tion (Adobe Systems, San Jose, California) and a Sennheiser directional mi-
crophone (Sennheiser electronic, Wedemark, Germany). They were then iso-
lated from the speech stream and concatenated into the final stimuli using
Praat software (Boersma, 2002), version 5.3.41, freely available from http://
www.praat.org/. The final stimulus inventory contained 476 NAD stimuli,
476 control stimuli and 476 ungrammatical stimuli. Although more combi-
nations were possible for the control condition, a subset was selected for the
stimulus inventory that balanced frequency and position between a, b, c and
d-elements.
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5.2.4 Experimental paradigm
In this two-phase fMRI experiment, participants learned an artificial grammar
containing non-adjacent dependencies from mere auditory exposure. Dur-
ing an initial exposure phase, participants listened to the artificial grammar
(NAD) and the control language, which were presented through pneumatic
headphones, which were part of the scanner intercom system (Philips Health-
care, Best, The Netherlands). In a grammatical judgment task, which followed
the exposure phase, participants listened to items that either followed or vi-
olated the artificial grammar they had been exposed to. Participants were
then asked to judge the grammaticality of these items, thus testing learn-
ing and generalization of the artificial grammar. Stimulus presentation was
controlled and responses were recorded using E-prime (Psychology Software
Tools, Sharpsburg, Pennsylvania).

Figure 5.2: Experimental paradigm for the exposure phase Auditory stimuli (’stim’) are played
through headphones during presentation of a black screen for 2 s.

During the exposure phase, participants listened to the two artificial gram-
mars (NAD and control) which were auditorily presented to them. Partic-
ipants were presented with a total of 100 stimuli during two blocks of ap-
proximately six minutes, with a self-paced pause between the blocks. A dif-
ferent subset from the inventory of NAD stimuli was presented to each par-
ticipant and stimuli were not repeated. Stimulus presentation followed an
event-related paradigm with a stimulus duration of 2,000 ms and a variable
inter-stimulus interval of 2,500-6,000 ms and presentation of each stimulus
was preceded by a fixation cross presented on the screen for 500 ms. Behav-
ioral pilots showed that random presentation of items from the two languages
did not result in any learning (above-chance performance on grammaticality
judgments). Therefore, stimuli from the NAD and control languages were al-
ternated in groups of six stimuli, within which selection of items from the lan-
guage was pseudo-random in the sense that stimuli could not be presented
more than once per participant. During both blocks of the exposure phase a
GE-EPI time-series was acquired.

Following the exposure phase, participants were asked to judge phrases
from the NAD language and violations of the NAD language on their gram-
maticality in a test phase. A total of 66 stimuli were presented through head-
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phones in two blocks of approximately five minutes with a pause between
blocks. Participants were asked to indicate for each stimulus whether the
phrase belonged to the language they had heard during the exposure phase.
Participants were given a 3 s time window, which was indicated with a ques-
tion mark on the screen, to respond with a button press of the right or left
index finger. Stimuli were presented in an event-related paradigm using the
same timing parameters as in the exposure phase. In the grammatical judg-
ment task, stimulus presentation was randomized with no grouping of NAD
or ungrammatical stimuli. Participants were never presented with the same
NAD phrases in the exposure phase and test phase. To further assess gener-
alization of the grammar, part of the stimuli in the test phase contained X-
items that the participants had not heard in the exposure phase. Selection of
the NAD phrases and X-items that were only presented in the test phase was
counterbalanced between participants. During both blocks of the test phase,
fMRI data were acquired.

In addition to the fMRI experiment, participants were tested on their work-
ing memory capacity using both a verbal and a non-verbal working memory
task (WAIS-IV forward and backward digit span (Pearson, The Netherlands)
and Exef mental counters (Department of Developmental Psychology, Univer-
sity of Amsterdam, The Netherlands)). All participants completed a question-
naire on their language background, followed by a questionnaire assessing the
strategies participants had used and the regularities they had detected during
the AGL task.

5.2.5 MRI data collection and analysis

All MRI data were acquired at the LUMC using a 3 Tesla Philips Achieva TX
MRI system (Philips Healthcare, Best, The Netherlands) with a whole-head re-
ceiver coil. Participants were screened for counter-indications before entering
the scanning room. In order to minimize movement and increase the comfort
level of the participant, cushioning was placed around the head and ear plugs
and headphones were provided for hearing protection.

Both during the exposure phase and the test phase, two fMRI time series of
130 T ∗

2 -weighted whole-brain single-shot GE-EPI volumes were acquired for
each participant, including two dummy scans to allow the longitudinal mag-
netization to reach equilibrium (35 transverse slices, TR/TE: 2550/30 ms, flip
angle: 80◦, voxel size 2.75 mm3, including a 10% inter-slice gap, field of view
(FOV): 220 x 217.25 x 96.25 mm). The slightly longer TR and the smaller num-
ber of slices compared to the EPI sequence used for the resting state scans were
selected in order to minimize the gradient noise level. To further reduce the
noise level inside the scanner during presentation of the auditory stimuli, the
gradient slew rate was increased using the Philips soft-tone parameter (factor
5), which has shown to reduce sound pressure levels with 12dB (Rondinoni,
Amaro Jr, Cendes, Dos Santos, & Salmon, 2013).

Preprocessing of the functional data acquired during both the exposure
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phase and the grammatical judgment task was carried out using SPM8 (Well-
come Trust Centre for Neuroimaging, London, UK; http://www.fil.ion.ucl.ac
.uk/spm/). To allow for accurate localization of the functional activations, the
high-resolution T1-weighted anatomical scan of each subject was segmented
and registered to the Montreal Neurological Institute (MNI) T1-template. Each
fMRI time series was realigned to correct for head movement and it was con-
firmed that head movements did not exceed 5 mm in the x, y or z direction.
Functional images were then co-registered to the high-resolution anatomical
scan of the same participant and normalized to the MNI template using the
parameters obtained from the registration of the high-resolution anatomical
scan. Finally, the fMRI images were smoothed with an 8 mm full-width-at-
half-maximum (FWHM) isotropic Gaussian kernel.

Statistical analyses of the fMRI data at the individual and group level were
performed using the General Linear Model implemented in SPM8. Data were
modeled as a series of events and convolved with a canonical hemodynamic
response function (HRF) and low-pass filtered at 128 Hz. For both the expo-
sure phase and the grammatical judgment task, the start of presentation of
each auditory stimulus was modeled as an event of interest. Separate regres-
sors were defined for NAD and control trials from each session in the exposure
phase. For the grammatical judgment task, separate regressors were defined
for correct and incorrect trials and NAD and ungrammatical trials, respec-
tively, resulting in a total of four regressors. Regressors were entered into a
group level random-effects analysis as separate contrast images for each in-
dividual. Statistical differences between stimulus-evoked BOLD signals were
assessed using a one-way repeated measures ANOVA followed by post-hoc
one-tailed t-tests. Regression analyses with behavioral results from the test
phase and behavioral post-tests were also performed to assess potential brain-
behavior correlations. For all group analyses p-values were corrected for mul-
tiple tests using the Family Wise Error method based on the Random Field
Theory (Worsley et al., 1996) on the cluster level and a cluster threshold of five
voxels was applied.

5.3 Results

5.3.1 Behavioral results

Data from the grammatical judgment task which was administered in the
scanner after exposure showed that most participants had major difficulties
learning the non-adjacent dependencies in the NAD grammar. Participants
performed significantly above chance on the rejection of violations (one-tailed:
T = 1.79, p = 0.045), while performance on accepting NAD phrases was below
chance level (Table 5.2). A paired t-test showed that accuracy scores differed
significantly between NAD phrases and violations (two-tailed: T = -3.1, p =
0.005). However, no significant difference was found between reaction times
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to NAD phrases and violations (paired t-test: T = -0.41, p = 0.69, see Table 5.2
for means).

% Correct responses Response time (ms)
Mean (sd) Mean (sd)

NAD phrases 39 (18) 955 (310)
Violations 58 (19) 968 (337)
Total 48 (13) 961 (317)

Table 5.2: Behavioral performance on the grammatical judgment task Percentage of correct re-
sponses is given. For NAD stimuli, a response is correct when the participant accepts the phrase,
while rejecting the phrase is the correct response for violations. 50% correct represents chance
level.

5.3.2 Exposure phase
Unless stated otherwise, all fMRI results are FWE-corrected for multiple com-
parisons at the cluster level with corrected p-values below p = 0.05 considered
significant. R2-values are computed based on the highest T-value within the
reported cluster from the SPM correlation map. MNI coördinates, Z-values
and cluster extents for the results reported in this section can be found in Ta-
bles 5.3 and 5.4.

F-tests on the group level did not reveal a main effect of session. With
a threshold of p < 0.001, a small cluster in the left Insula showed a ses-
sion*stimulus interaction, but this did not survive correction for multiple com-
parisons (Fmax = 14.06, p-FWE = 0.999, p-uncorr < 0.001). Because no differ-
ences between sessions were found, we considered both sessions together in
a paired t-test for stimulus effects. Both NAD minus Rest and control minus
Rest showed activated clusters in bilateral STG (NAD > Rest: LSTG p < 0.001;
RSTG p < 0.001; control-Rest: LSTG p < 0.001; RSTG p < 0.001) and IFG (NAD
> Rest: LIFG p < 0.001; RIFG p < 0.001; Control > Rest: LIFG p = 0.002; RIFG
p < 0.001). F-tests on the group level did not reveal a significant main effect
of stimulus (NAD vs. control) for the exposure phase. Clusters shown in the
right posterior and middle cingulate gyrus at a threshold of p <0.001 did not
survive FWE-correction (Post. Cing.: p-FWE = 0.997, p-uncorr < 0.001; Mid.
Cing.: p-FWE = 0.96, p-uncorr < 0.001). See Figure 5.3 for activated clusters
and Table 5.3 for peak Z-values and cluster extents.

In line with previous fMRI results in humans (e.g. McNealy, Mazziotta,
& Dapretto, 2006; Veroude et al., 2010) and songbirds (see chapter 3 and 4
and Van der Kant et al., 2013), we employed regression analysis to investi-
gate individual differences in brain and behavior. Performance on rejection of
violations was used as an indicator of sensitivity to the non-adjacent depen-
dencies in the grammar, because participants scored below chance level on
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Figure 5.3: Brain activation during exposure to the NAD and Control languages, FWE corrected
for the whole brain with a p < 0.05 5-voxel threshold. Left: Activation in response to the lan-
guage containing non-adjacent dependencies compared to Rest. Middle: Activation in response to
the language without non-adjacent dependencies compared to Rest. Right: Differential activation
induced by NAD compared to Control does not survive whole-brain FWE correction.

the acceptance of NAD phrases. Regression analyses showed a positive corre-
lation between the success with which individual subjects were able to reject
violations of the grammar (% correct) after exposure to the NAD and control
grammars and neural activation in response to the NAD grammar compared
to the control condition in the Left Inferior Frontal Gyrus (LIFG) (R2max =
0.69, p = 0.004) and the bilateral Superior Temporal Gyri (STG) and Insulae
(In) (Left: R2max = 0.79, p < 0.001; Right: R2max = 0.65, p < 0.001). A trend
towards such a correlation was found in RIFG (R2max = 0.7, p = 0.09). See
Figure 5.4 for clusters and correlation plots and Table 5.4 for R2, Z-values and
cluster extents. Correlations with NAD minus Rest were neither significant in
IFG (LIFG: R2max = 0.73, p = 0.206; RIFG: R2max = 0.48, p = 0.998) nor in STG
(LSTG: no clusters, RSTG:R2max = 0.53; p = 0.992) and In (L In:R2max = 0.49,
p = 0.771; R In: R2max = 0.53, p = 0.121). No correlations with NAD > Control
were found for age or any of the behavioral variables digit span and mental
counters.

5.3.3 fMRI results grammaticality judgment task
MNI coördinates, Z-values and cluster extents for the results reported in this
section can be found in Table 5.5. Potential differences between the two ses-
sions of the grammatical judgment task were first explored using a random-
effects analysis. Because no significant effect of session (strongest cluster in
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Figure 5.4: Correlation of NAD > Control activation with the percentage of correctly rejected
violations in the grammatical judgment task. Top: Bilateral STG / Ins and LIFG show a corre-
lation between the differential activation in response to NAD stimuli during the exposure phase
and the number of correctly rejected violations. Bottom: Plots illustrating the correlation between
the total NAD > Control activation within each cluster shown on the top and the performance
on violation rejection in the grammatical judgment task. These plots are shown for illustration
purposes and are not used as a source for the R2-values reported in this section.
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MNI coördinates

Contrast Brain region L/R x y z Z Vox.

NAD STG / In. L -54 -22 -4 6.96 1667
minus R 66 -16 -2 7.52 2173
Rest IFG L -44 24 -12 5.35 41

R 40 26 -8 5.89 151
Front. Par. R 40 22 22 5.82 135

Control STG / In. L -56 -22 -6 6.64 1442
minus R 66 -16 -2 7.51 1986
Rest IFG L -44 22 -12 5.10 7

R 44 22 -18 5.64 141
Ant. Cing. R 24 24 20 5.53 28
Post. Cing. R 28 -30 34 6.17 54

Table 5.3: Brain activation during exposure to the NAD and Control languages. Cluster extents
are based on the FWE-corrected T-map with a p < 0.05 5-voxel threshold as shown in Figure 5.3.
L/R = Left/Right hemisphere, Vox. = cluster extent in voxels, Z = Z-value of the peak voxel in the
specified brain region, NAD = non-adjacent dependencies language, Control = language without
non-adjacent dependencies, Stim = stimulus, Ant. / Post. Cing. = Anterior / Posterior Cingulate
cortex, STG = Superior Temporal Gyrus, In. = Insula, IFG = Inferior Frontal Gyrus.

Right posterior Cingulate gyrus: p = 0.324) or session*stimulus interaction was
present within the test phase, the two sessions were considered together in fur-
ther analyses. One-sample t-tests for NAD phrases minus Rest and violations
minus Rest showed significant activation for violations but not NAD phrases
(violations Anterior Insula: peak-level p = 0.001; NAD: no clusters). F -tests for
differences between NAD phrases and violations did not show significant ac-
tivations, two clusters in the bilateral Middle Temporal Gyri did not survive
correction for multiple comparisons (Left: p-FWE = 0.924, p-uncorr < 0.001;
Right: p-FWE = 0.489, p-uncorr < 0.001). However, a trend towards a main ef-
fect of accuracy was shown in the Left inferior frontal gyrus (peak-level p =
0.066).

To further investigate the origin of this trend a post-hoc t-tests was per-
formed, showing a differential activation for Correct minus Incorrect re-
sponses in LIFG (peak-level p = 0.033). The difference in activation between
correct and incorrect responses was significant in LIFG for violations of the
NAD language (p = 0.003; temporal pole cluster did not reach significance:
peak-level p = 0.099), but was absent for NAD phrases containing grammatical
non-adjacent dependencies (no clusters). However, the stimulus*accuracy in-
teraction in LIFG did not survive corrections (p-FWE = 0.73, p-uncorr< 0.001).
It should be noted here that the only brain activity in response to the presen-
tation of the stimulus and not to the response itself was measured and that no
feedback on the response was given. Although participants did not learn the
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MNI coördinates

L/R Voxels Brain regions x y z R2 Z

L 2022 STG / Insula -48 -22 12 0.79 4.71
Angular Gyrus -46 -44 20 0.59 3.93
IFG -44 22 -2 0.69 4.54

R 1150 STG / Insula 40 -14 10 0.65 4.67
Angular Gyrus 58 -30 18 0.58 3.92

128 IFG 42 26 -6 0.70 4.62

Table 5.4: Correlation between the success in rejecting violations and NAD > Control dif-
ferential activation during the exposure phase Cluster extents and R2 values are based on the
uncorrected T-map with a p < 0.0001 5-voxel threshold as shown in Figure 5.4. L/R = Left/Right
hemisphere, Voxels = cluster extent in voxels, STG = Superior Temporal Gyrus, IFG = Inferior
Frontal Gyrus.

language in the behavioral sense, the brain was sensitive to violations.

Figure 5.5: Activation and contrast values shown during the grammatical judgment task. Left:
LIFG shows differential activation for (correctly) rejected compared to (incorrectly) accepted vio-
lations. Right: Contrast values for correct and incorrect trials per stimulus type.

5.4 Discussion

The present study aimed to unravel how the brain reflects online learning of
an artificial grammar containing non-adjacent dependencies. The behavioral
results showed that overall, participants scored significantly above chance
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MNI coördinates

Contrast Brain region L/R x y z Z Vox.

ME session Post. Cing. R 20 -38 32 4.13 16
viol. - Rest Ant. Insula L -28 28 12 5.60 146
NAD vs viol. Mid. Temp. L -48 -42 -8 3.66 34

R 50 -30 -12 4.06 75
ME accuracy IFG L -50 36 -12 4.66 93
Correct-Incorrect IFG L -50 36 -12 4.80 133
Corr-Incorr viol. IFG L -50 36 -12 5.92 308

Temp. pole L -54 4 -26 4.53 86
Stim*Accuracy IFG L -50 36 -12 3.87 40

Table 5.5: Brain activation during the grammatical judgment task Values are uncorrected with
a p < 0.001 5-voxel threshold. L/R = Left/Right hemisphere, Vox. = cluster extent in voxels, ME
= main effect, viol. = violations, NAD = NAD phrases, Stim = stimulus, Post. Cing. = posterior
cingulate cortex, Ant. = Anterior, Mid. = Middle, Temp = Temporal, IFG = Inferior Frontal Gyrus.

when rejecting violations but had difficulties judging phrases as grammatical
that belonged to the grammar that they were previously exposed to. Because
earlier behavioral pilots yielded higher grammatical judgment scores than the
grammatical judgment task in the scanner, we can assume that despite our ef-
forts to reduce scanner noise, learning the grammar was more challenging in
the noisy scanner environment.

In the grammatical judgment task, we observed considerable individual
differences both in the ability to accept grammatical NAD phrases and to
reject violations. These individual differences were reflected in a correlation
between the success with which participants rejected violations during the
grammatical judgment task and the differential activation induced by the
NAD language compared to the control language during the exposure phase
in the bilateral STG and Insulae and the left Inferior frontal gyrus. Further-
more, during the grammatical judgment task, correct responses induced more
activation in LIFG than incorrect responses for violations but not for NAD
phrases.

5.4.1 Differential activation as a precursor for learning

The correlation between brain activation and learning success found in our
data shows that the LIFG and the bilateral STG and Insulae are involved in
implicit learning of non-adjacent dependencies through auditory exposure.
Involvement of LIFG has been previously demonstrated in numerous artificial
grammar learning studies (e.g. Folia & Petersson, 2014; Uddén & Bahlmann,
2012; Yang & Li, 2012), which among other also addressed hierarchical depen-
dencies (Bahlmann et al., 2008). However, the role of (particularly the right)
STG and Insula appears to be less prominent in most artificial grammar learn-
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ing studies. This could either be a result of the modality of the present ex-
periment, where all stimuli were presented auditorily, or of the fact that data
were collected during as opposed to after exposure to the artificial grammar.
Activation of the auditory cortex during the presentation of auditory stimuli
is not surprising, but it should be noted that the bilateral STG is differentially
activated by the NAD compared to the control language. Participants were
given no clues that they were listening to two different languages and NAD
and control stimuli were only distinguishable based on the higher auditory
variation provided by the control language, which occurred because differ-
ent combinations between first and last elements were possible. This varia-
tion could certainly be reflected in the differential activation induced by NAD
compared to control stimuli. However, the amount of variation did not differ
between participants while the differential activation showed considerable in-
dividual variation. Moreover, like in many AGL studies where fMRI data were
acquired after learning, only LIFG activation was shown during the grammat-
ical judgment task. Therefore, it is likely that both modality and data collection
during learning play a role.

In addition to the involvement of LIFG, the Insulae and bilateral STG in
artificial grammar learning, the correlation between behavioral learning mea-
sures and differential brain activation also indicates that individual differ-
ences in sensitivity to violations are already reflected in the brain during the
learning process. Because the correlation with behavior in IFG, STG and In is
only present for the differential (NAD > Control) activation, it is unlikely that
these correlations are due to individual differences in auditory capacity or at-
tention. Although attention and active processing has been suggested to play
a large role in the ability to learn non-adjacent dependencies (Pacton & Per-
ruchet, 2008), attentional factors cannot explain our results, because the NAD
and control languages were not discernable during exposure and were thus
unlikely to show differences in terms of attention. Because we were able to
collect fMRI data online during learning and participants provided us with
grammatical judgments after exposure, it is likely that the increased differen-
tial activation in more successful learners is a precursor rather than a result of
learning. This interpretation is further supported by the fact that, although no
significant difference between sessions was shown, most differential activity
for the NAD compared to the control language in more successful learners was
seen in the first session. Moreover, the individual differences in activation in
an experiment where exposure times are short indicate that individual differ-
ences in language learning might result from differences in neural recruitment
that develop early in the learning process.

The behavioral data also showed that after the limited amount of expo-
sure to the NAD language, the learning process was not completed for most
participants. The majority scored at or just above chance on the grammatical
judgment task. Furthermore, in the post-test questionnaire administered after
the grammatical judgment task, participants did not report any awareness of
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the non-adjacent dependencies present in the NAD grammar. It is therefore
highly unlikely that the increased differential activation in participants with
higher scores in the grammatical judgment task was due to the use of explicit
learning strategies by more successful learners. In accordance with previous
studies (McNealy et al., 2006; McNealy, Mazziotta, & Dapretto, 2010), these
results show neural reflections of artificial grammar learning before learning
can be reliably determined using behavioral methods. Similar correlations be-
tween learning success and neural activation or connectivity have been found
in language learning studies (Veroude et al., 2010; White, Genesee, & Stein-
hauer, 2012) and in studies of birdsong learning (see Bolhuis et al. (2000);
Van der Kant et al. (2013) and Chapter 4 of this thesis). These results suggest
that increased neural activation during sensory stimulation might aid learning
across modalities and species.

5.4.2 Sensitivity to the deviant as an early stage in learning

From the behavioral as well as the fMRI results from the grammatical judg-
ment task it was apparent that violations of the NAD language served as a
more salient stimulus compared to grammatical NAD phrases. In the gram-
matical judgment task, violations showed a higher response accuracy. More-
over, the differential activation in LIFG for correctly compared to incorrectly
judged phrases was present for violations, but not for NAD stimuli. These
results show that violations are processed differently from NAD phrases,
however, because the segmental content of the languages is counterbalanced
between participants, this difference in processing is purely a result of the
knowledge about the NAD language obtained during the exposure phase.
These findings are in accordance with earlier results which show that viola-
tions in a learned artificial grammar activate LIFG (Petersson, Forkstam, &
Ingvar, 2004).

Both the stronger neural activation and the higher performance on the vi-
olations might result from the more general neural mechanism of deviance
detection. Because participants have been exposed to 100 phrases contain-
ing the same non-adjacent dependencies, expectancies about similar stimuli
have formed in the brain, which are strong enough to induce an error signal
when violated. In contrast, the rules have not been learned to such an extent
that a grammatical phrase can be reliably classified as such. The mechanism
of deviance detection is used in non-linguistic (MMN), semantic (N400) as
well as syntactic (P600) ERP studies to investigate the detection of violations.
The amplitude of the P600 during grammatical judgment in second language
acquisition has been shown to correlate with behavioral performance on the
grammatical judgments (White et al., 2012), further illustrating the role of er-
ror signals in language learning. Deviance detection is also used in behavioral
studies of infant language learning, where babies are expected to show more
interest in new or deviant stimuli after exposure to a string of similar stimuli
(several paradigms are discussed in Aslin & Fiser, 2005). This might suggest
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that the increased sensitivity to violations might be the result of a deviance
detection mechanism, which aids language learners in very early stages of
learning.

The differential activation in LIFG induced by correctly rejected compared
to incorrectly accepted violations in the grammatical judgment task shows
an increased sensitivity to ungrammatical compared to grammatical NAD
phrases, for which no such difference was found. Correctly rejected violations
induced activation of the LIFG and accepted violations induced de-activation
of the same area, while listening to grammatical NAD phrases induced mi-
nor BOLD signal changes in LIFG. Although we should be cautious interpret-
ing the de-activation of LIFG in response to violations that were consequently
not rejected, the activation of LIFG in response to correctly rejected violations
might represent the detection of a deviant dependency structure based on the
knowledge of the NAD language that has been acquired during the exposure
phase. This interpretation is in line with the finding of Hein et al. (2007) that in
an audiovisual integration task incongruent stimuli activate IFG. The neural
dissociation found between NAD and control stimuli in the exposure phase
and the neural sensitivity to violations during the test phase without aware-
ness of any differences suggests that these sensitivities developed based on
statistical computations (Turk-Browne, Scholl, Chun, & Johnson, 2009).

5.4.3 Conclusions
The present study uncovered a number of interesting connections between
brain and behavior during artificial grammar learning, which show how in-
dividual differences in artificial grammar learning and possibly natural lan-
guage learning are reflected in the brain.

First, we showed that the extent to which participants were able to de-
duce non-adjacent dependencies from an artificial grammar correlated with
the strength of activation in brain areas that are implicated in artificial gram-
mar learning and natural language processing. This result suggests that neu-
ral activation in the language network during learning might predict artificial
grammar learning and possibly also natural language learning outcomes.

Participants were found to be more sensitive to violations in the NAD lan-
guage and showed a differential activation for rejected > accepted violations
but not NAD phrases during the grammatical judgment task. Both these find-
ings and the brain-behavior correlation were in absence of reliable behavioral
learning. This suggests that the brain reflects early stages of learning, which
might include the development of sensitivity to violations of regularities that
are present in the input.



CHAPTER 6

Reflections of individual differences in grammar
learning on the language network

How do individual differences in structural and functional connectivity in the hu-
man language network influence adult language learning? Both structural and func-
tional connectivity have been reported to show deficiencies in patients with cognitive
or language disabilities. However, few studies to date have studied how individual
differences in brain connectivity relate to language learning abilities in healthy par-
ticipants. The present study employed a combination on functional connectivity anal-
ysis of resting-state fMRI (rs-fMRI) and Diffusion Tensor Imaging (DTI) in order to
investigate the relation between individual differences in brain connectivity and ar-
tificial grammar learning ability. Results showed that both structural and functional
connectivity between left hemisphere IFG Pars Triangularis, part of Broca’s area, with
posterior regions in the language network correlated with the ability of individual
participants to acquire an artificial grammar. These results suggest that individual
differences in brain connectivity, especially between Broca’s area and other regions
important for language processing, underlie individual differences in language learn-
ing abilities.

6.1 Introduction

Although we share our ability for vocal learning with other species, humans
are unique in their ability to spontaneously learn language, which exhibits
a complex syntactic system. Learning the syntactic system of our native lan-
guage takes up a large part of our development and is a fragile process, which
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can be impacted by developmental disorders or brain trauma. Human infants
are equipped to acquire a highly complex syntactic system without instruc-
tion, whereas adult learners have more difficulties acquiring a new grammat-
ical system and show considerable individual differences in the ability to ac-
quire new syntactic structures.

How do individual differences in the human ability to learn a new gram-
mar relate to the neural systems subserving language processing? In a pre-
vious fMRI study (see Chapter 5), including the same group of participants
that was included in the present study, participants listened to phrases from
an artificial grammar containing non-adjacent dependencies, followed by a
grammatical judgement task. FMRI results showed a correlation between ac-
tivation in the Left Inferior Frontal Gyrus (LIFG), the bilateral Superior Tem-
poral Gyri and the bilateral Insulae and the ability to reject violations of the
grammar in the grammatical judgement task. A similar effect was found in
one of our previous studies assessing the perception of learned vocalizations
in zebra finches, a songbird species (see Chapter 3. Individual differences in
song learning were found to be reflected in activation of the auditory midbrain
in response to auditory exposure to the learned vocalizations.

In humans, A growing body of literature shows that LIFG is an important
brain region for syntactic processing in both natural language processing and
artificial grammar learning (e.g. Folia & Petersson, 2014; Petersson et al., 2012;
Petersson & Hagoort, 2012; Uddén & Bahlmann, 2012; Yang & Li, 2012). Our
previous results suggest that activity in a large part of the network involved
in language processing underlies individual differences in artificial grammar
learning and possibly natural language learning abilities.

However, the brain operates in large-scale interconnected networks rather
than individual regions. Moreover, the possibility that individual differences
in the ability to learn this specific artificial grammar, containing dependen-
cies between non-adjacent elements, were purely task-related, cannot be ex-
cluded based on the fMRI data. The neural basis of individual differences of
artificial grammar learning should thus be investigated on the network level,
rather than in isolated brain regions. In order to assess whether artificial gram-
mar learning is related to individual differences in connectivity within the
language network (Lohmann et al., 2010), we employed resting-state func-
tional MRI (rs-fMRI) and Diffusion Tensor Imaging (DTI) to assess functional
and structural connectivity between LIFG, including Broca’s area and tem-
poral and parietal language processing regions, including Wernicke’s area.
Functional connectivity changes induced by auditory exposure to the artificial
grammar will be assessed by acquiring rs-fMRI data both before and after par-
ticipants listen to the artificial language. Resting-state functional connectivity
has been shown to reflect structural connectivity (Greicius, Supekar, Menon,
& Dougherty, 2009). However, structural connectivity alone does not differen-
tiate between inhibitory and excitatory connections, while functional connec-
tivity between two regions does not necessarily mean there is a direct white
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matter connection between the two. By combining DTI and rs-fMRI measure-
ments, we aim to arrive at a detailed analysis of how connectivity within the
language network is related to artificial grammar learning.

Prior studies have uncovered links between functional and structural con-
nectivity and language impairments as well as individual differences in lan-
guage functions of healthy participants. Individual differences in reading
(Koyama et al., 2011) as well as learning words from an unfamiliar language
(Veroude et al., 2010) have been associated with resting-state functional con-
nectivity differences, while white-matter integrity was shown to be related
to artificial grammar learning success (Flöel, De Vries, Scholz, Breitenstein, &
Johansen-Berg, 2009). In patients diagnosed with primary progressive apha-
sia, impairment of syntactic comprehension was shown to correlate with the
amount of damage to the left hemisphere dorsal language pathway (Wilson et
al., 2011), while autistic individuals with language impairments exhibit de-
creased functional connectivity (e.g. Kana, Keller, Cherkassky, Minshew, &
Just, 2006). We aim to show how functional and structural connectivity to-
gether might subserve artificial grammar learning in healthy adults.

The interconnected network subserving language processing and speech
production in the left hemisphere shows different pathways (Saur et al., 2008),
which subserve different language processing functions. A ventral pathway
connects LIFG with anterior temporal regions through the Extreme Capsule,
while a dorsal pathway connects LIFG to parietal and posterior temporal
regions through the Superior Longitudinal and Arcuate Fasciculi. Prior rs-
MRI data have shown that functional connectivity of language-related regions
along these pathways is highly reproducible across participants (Tomasi &
Volkow, 2012). Furthermore, several studies (for a review, see Friederici &
Gierhan, 2013) have shown that the dorsal language pathway subserves com-
plex syntactic operations. Therefore, individual differences in artificial gram-
mar learning are mainly expected to be related to differences in structural con-
nectivity in the Arcuate or Superior Longitudinal Fasciculus. Functional con-
nectivity between regions connected by the dorsal pathway is also expected
to reflect individual differences in artificial grammar learning. Additionally,
functional connectivity within the language network is expected to show a
larger increase between sessions acquired before and after exposure to an arti-
ficial grammar in participants who were more successful at learning the gram-
mar.

6.2 Methods

6.2.1 Ethical statement

All participants gave written informed consent prior to inclusion in this study
and were financially compensated for their participation. In accordance with
Leiden University Medical Center (LUMC) policy, all anatomical scans were
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reviewed by a radiologist. No anomalous findings were reported. All exper-
imental procedures were conducted under approval of the Medical Ethical
Committee of the Leiden University Medical Centre, The Netherlands (CME
no. NL42690.058.12).

6.2.2 Participants

For the present study, the same participants were included that participated in
the study described in Chapter 5. This group consisted of twenty healthy adult
volunteers (12 males, 8 females, mean age 28, range 18-43). All participants
were right-handed and reported no history of speech- or language disorders,
other cognitive impairments or neurological damage. All participants were
native speakers of Dutch.

6.2.3 Imaging Procedure

All imaging data were acquired at the LUMC using a 3 Tesla Philips Achieva
TX MRI system (Philips Healthcare, Best, The Netherlands) with a whole-
head receiver coil. Participants completed a safety questionnaire to screen for
counter-indications before scanning. In order to minimize movement, cush-
ioning was placed around the head and for the DTI scan participants were
informed about possible vibrations in the scanner bed prior to scanning. Ear
plugs and headphones were provided for hearing protection.

Resting-state (rs) fMRI time-series were acquired prior to and after audi-
tory exposure to an artificial language containing non-adjacent dependencies
and a control language in order to determine how artificial grammar learning
influences functional connectivity between brain areas known to be involved
natural language processing. Furthermore, Diffusion Tensor Imaging (DTI)
data were acquired to assess differences in structural connectivity between
participants that could be related to grammar learning ability. The extent to
which participants were able to acquire the rules of the grammar they were
exposed to was measured using a grammatical judgement task which took
place in the scanner after the second rs-fMRI session. A detailed description
of the stimuli and the procedures of both the exposure phase and the gram-
matical judgement task can be found in Chapter 5.

For each participant, two rs-fMRI sessions (single-shot GE-EPI, 160 repeti-
tions containing 38 transverse slices, TR/TE: 2200/30 ms, voxel size: 2.75 mm3

including a 10% inter-slice gap, FOV: 220 x 217.25 x 104.5 mm) were acquired
(before and after exposure). During the 8 min resting state scans, participants
were instructed to lay with their eyes closed and to relax, but to not fall asleep.
Furthermore, a gradient-echo diffusion weighted scan (60 slices, slice thick-
ness: 2.1 mm, FOV: 224 x 126 x 224 mm) was obtained with diffusion gradi-
ents applied in 33 directions with a maximum b value of 1000 s/mm2 and one
image with b = 0 s/mm2 (60 slices, TR/TE: 6250/70 ms, voxel size: 2.07 x 2.12
x 2.1 mm with no inter-slice gap, FOV: 224 x 224 x 126 mm).
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In addition to the rs-fMRI and DTI scans, a high-resolution 3D T1 weighted
anatomical scan (140 slices, TR/TE: 9717/459 ms, flip angle: 80◦, voxel size:
0.875 x 0.875 x 1.2 mm, FOV: 224 x 168 x 177.3 mm) was acquired for each
participant to allow for a good-quality registration between participants and
normalization of all participant data to the Montreal Neurological Institute
(MNI) template.

6.2.4 Resting State fMRI Data analysis

Pre- and post-exposure resting state fMRI data were preprocessed and fur-
ther analyzed for ROI-to-ROI functional connectivity using the MatLab based
CONN functional connectivity toolbox (Whitfield-Gabrieli & Nieto-Castanon,
2012).

The first ten images of each rs-fMRI session were discarded to allow for T1
equilibration. The remaining images were then band-pass filtered over a low
frequency window of interest (0,008-0,09 Hz), removing physiological noise
and scanner magnetic field drift. They were then detrended, despiked and
convolved with a gaussian kernel. Confounding signal from white matter and
CSF (five dimensions) as well as movement (six dimensions) and session ef-
fects (one dimension per session) were regressed out. Global signal was not
removed, because a large portion of the global signal originates from neuronal
activity (Schölvinck, Maier, Frank, Duyn, & Leopold, 2010).

Separate conditions were defined for the pre- and post-exposure sessions.
Except the one representing Wernicke’s area, all seed ROI’s selected for first-
level analysis were based on the Brodmann atlas included in the CONN tool-
box. Based on the large body of research concerning the network involved
in language processing, we included left hemisphere (LH) Brodmann’s areas
(BA) 44 and 45 (Broca’s area), LH BA 39 and 40 (angular gyrus and supra-
marginal gyrus) and LH BA 22 (superior temporal gyrus). To seed Wernicke’s
area, which spans a number of BA’s (Tomasi & Volkow, 2012), we placed
a 10 mm spherical ROI at MNI coördinates -51 -51 30 (based on Tomasi &
Volkow, 2012). Our analyses were focused on left Pars Triangularis of the In-
ferior Frontal Gyrus (BA 45), because this area has proven to be important for
syntactic processing or (for a review, see Friederici & Gierhan, 2013). Bivariate
ROI-to-voxel correlations for the pre- and post-exposure conditions were then
computed based on the General Linear Model.

Correlation maps for each participant, session and ROI were then entered
into a second-level random-effects analysis to test for functional connectiv-
ity on the group level. Second-level covariates were defined for age, sex and
behavioral measures obtained during the grammatical judgement task and
behavioral post-tests. Because the number of rejected violations during the
grammatical judgement task was shown to correlate with individual differ-
ences in neural activation during listening (see Chapter 5) regression analyses
focused on this measure. Pre- and post-exposure networks for the seeds in
Broca’s and Wernicke’s area were computed and further regression analyses
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were masked with the sum of these networks. All functional connectivity re-
sults discussed in the results section are computed two-sided and reported as
FWE-corrected for multiple comparisons (based on Gaussian Random Field
Theory, Worsley et al., 1996) on the cluster level with FWE-corrected clusters
p < 0.05 considered statistically significant. Only voxels with an uncorrected
p-value < 0.001 were included in the cluster statistics.

6.2.5 DTI Data analysis

Diffusion-weighted images were analyzed using the Diffusion II Toolbox im-
plemented in SPM 8 (Statistical Parametric Mapping, version 8, Wellcome
Trust Centre for Neuroimaging, London, UK; http://www.fil.ion.ucl.ac.uk/
spm/).

The images were first corrected for head movements and eddy currents
using rigid-body realignment and full affine co-registration to the b0-image.
To allow for accurate localization of white matter tracts, the high-resolution
T1-weighted anatomical scan of each participant was normalized to the Mon-
treal Neurological Institute (MNI) T1-template. Each participant’s diffusion
weighted images were then co-registered to the high-resolution anatomical
scan and transformed to the MNI template space using the parameters ob-
tained from the normalization of the high-resolution anatomical scan. Images
were resampled to 2 mm3 isotropic voxels. After all registration steps were
completed, the diffusion gradients were reoriented according to the realign-
ment and normalization parameters.

The diffusion tensor was computed by entering the gradient directions
and strengths into a multiple regression model. Diffusion indices Fractional
Anisotropy (FA) and Mean Diffusivity (MD) were then computed from the
tensor. FA is computed by equation 6.1 (see Le Bihan et al., 2001) and rep-
resents the orientation coherence of the diffusion of water protons within a
voxel. FA is widely used as a measure of white matter integrity.

FA =

√
3((λ1 −MD)2 + (λ2 −MD)2 + (λ3 −MD)2)√

2(λ21 + λ22 + λ23)
(6.1)

Linear regression analysis was employed to assess potential correlations
between FA and behavioral parameters obtained from the grammatical judge-
ment task. In this analysis, only voxels within the brain’s white matter were
considered. Explore DTI software (Leemans, Jeurissen, Sijbers, & Jones, 2009)
was used to compute FEFA maps where FA is color-coded for the principal
diffusion direction, thus allowing for localization on the correlation results in
the correct white matter tract. Visualization of diffusion ellipsoids (showing
diffusion strength in all directions as well as the principal diffusion direction)
on the FEFA maps was also done in ExploreDTI.
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6.3 Results

Figure 6.1: Functional connectivity of Broca’s area pre and post exposure to an artificial gram-
mar Significant ROI-to-voxel correlations at cluster-level p < 0.05 FWE-correction. IFG Pars Trian-
gularis is used as an ROI to represent Broca’s area. Broca’s area is functionally connected to other
regions in the left and right Inferior Frontal Gyri, the left and parts of the right Superior Temporal
Gyri and Angular Gyri. The pre and post exposure networks did not differ significantly.

6.3.1 Behavioral results

The regression analyses conducted in the present study used behavioral pa-
rameters from and artificial grammar learning (AGL) task as covariates in or-
der to gain insight into the relation between artificial grammar learning and
Resting state functional connectivity and structural connectivity measures.

The AGL task which was used to obtain artificial grammar learning mea-
sures is described in detail in Chapter 5. Although participants were generally
not able to fully acquire the artificial grammar, results showed large inter-
subject variability in the success with which they gave grammatical judge-
ments on grammatical and ungrammatical stimuli after auditory exposure to
the artificial grammar (% correct responses, mean (sd): 48% (13%)). They were
also better able to correctly reject violations of the grammar than to accept
grammatical stimuli (two-tailed paired t-test: T = -3.1, p = 0.005).

6.3.2 Functional connectivity

Both before and after auditory exposure to the artificial grammar, a reliable
functional connectivity was observed between Broca’s area (seed ROI: LH Tri)
and other area’s involved in language processing Figure (6.1). Paired t-tests
comparing the pre- and post-exposure networks did not show any significant
differences.
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MNI coördinates

Cond x y z Vox. L/R Brain region

Pre -56 22 18 2164 L Inferior Frontal Gyrus
-54 -56 28 693 L Supramarginal / Ang Gyrus
-42 10 46 573 L Premotor cortex / DFC
-52 10 -20 293 L MTG / Temporal Pole
-64 -30 -2 521 L STG / MTG
58 22 0 694 R Inferior Frontal Gyrus
50 -18 -8 151 R STG / MTG
0 44 40 1650 L/R Medial Frontal Cortex
-4 48 16 246 L/R An PFC / DLPFC

Post -56 20 16 7262 L Inferior Frontal Gyrus
STG / MTG / Temp. Pole
Supramarginal / Ang Gyrus
PMC / An PFC / DLPFC / DFC
Insula

-12 16 64 3680 L/R Medial Frontal Cortex
50 32 -8 1918 R IFG / PMC / DLPFC
48 -34 2 720 R STG / MTG
52 10 -28 73 R MTG / Temporal Pole

Table 6.1: Functional connectivity of Tri in Broca’s area prior to and following auditory expo-
sure to an artificial grammar Values are FWE-corrected with a < 0.0001 threshold, resulting in a
minimum cluster extent of 84 voxels and a minimum T-value of 3.88. Cond = Session pre or post
exposure to an artificial grammar, L/R = Left/Right hemisphere, Vox. = cluster extent in voxels,
Ang. = Angular, DFC = Dorsal Frontal Cortex, MTG = Middle Temporal Gyrus, STG = Supe-
rior Temporal Gyrus, (An) PFC = (Anterior) Prefrontal Cortex, DLPFC = Dorsolateral Prefrontal
Cortex, PMC = Premotor Cortex, IFG = Inferior Frontal Gyrus

MNI coördinates

Brain region BA L/R x y z p-value Vox.

Supramarginal Gyrus 40 L -56 -52 38 0.047 22
Post. Cingulate Cortex 30,23 L -8 -64 4 <0.001 49
Post. Cingulate Cortex 31 R 8 -66 22 <0.001 58
Sup. Temp / Prim. Aud. 41,42,22 L -60 -28 8 0.003 37
Sup. Temporal Gyrus 22 R 50 -24 0 0.031 24

Table 6.2: Regions of which the functional connectivity with Tri correlated with artificial gram-
mar learning Values are FWE-corrected with a p < 0.05 threshold (cluster extents > 22 voxels). BA
= Brodmann area, L/R = Left/Right hemisphere, Vox. = cluster extent in voxels, Post. = posterior,
Sup. = superior, Temp = Temporal, Prim. Aud. = Primary Auditory Cortex.

In order to assess the role of functional connectivity within the language
network in artificial grammar learning, we tested for potential correlations
between individual differences in artificial grammar learning and functional
connectivity within the network found to be functionally connected to Broca’s
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Figure 6.2: Area’s where functional connectivity of Broca’s area correlates with artificial gram-
mar learning success after exposure Correlation map shows significant correlations at cluster-
level with p < 0.05 FWE-correction. IFG Pars Triangularis (BA 45, shown in green) is used as a
seed ROI in Broca’s area. The left Supramarginal Gyrus (BA 40) shows a correlation with positive
functional connectivity, while the bilateral superior temporal gyri show a correlation with nega-
tive functional connectivity. Hemispheres are inflated to show the negative correlation in the right
Insula and Superior Temporal Sulcus

area prior to and following auditory exposure to an artificial grammar. Be-
cause earlier results showed that individual differences in the ability to reject
violations after exposure to an artificial grammar correlate with brain activa-
tion during exposure (see Chapter 5), we used linear regression to test for cor-
relations between this parameter of artificial grammar learning and functional
connectivity. Our results showed that following, but not prior to auditory ex-
posure to an artificial grammar, functional connectivity between Pars Trian-
gularis and a cluster in the left Supramarginal Gyrus (22 voxels, p = 0.047)
correlated with the artificial grammar learning performance of participants.
Furthermore, negative correlations between artificial grammar learning and
functional connectivity were found in the bilateral Posterior Cingulate Cortex
(Left: 58 voxels, p < 0.001; Right: 49 voxels, p < 0.001), and in two clusters cov-
ering part of the left Primary Auditory Cortex and Superior Temporal Gyrus
(37 voxels, p = 0.003; 24 voxels, p = 0.031).

A comparison of the correlation maps (Figure 6.2) shows that both the
Supramarginal Gyrus cluster and the STG clusters are part of the network
that is functionally connected with Broca’s area on the group level both before
and after auditory exposure to an artificial grammar. Therefore, the negative
correlation in the bilateral STG cluster reflects less but present functional con-
nectivity between IFG and STG in more successful learners of the artificial
grammar.
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Figure 6.3: Correlation between artificial grammar learning and white matter integrity in the
Arcuate Fasciculus Saggittal and Axial FA maps with correlation clusters are shown on the left
and FEFA maps with diffusion ellipsoids for participants showing high and low FA’s in the corre-
lation clusters are shown on the right. Color-code principal diffusion direction: green = anterior-
posterior, blue = dorsal-ventral, red = left-right. Top: Correlation between accuracy on violations
and FA. Bottom: Correlation between mean accuracy and FA.

6.3.3 Structural connectivity

Linear regression analyses using both the accuracy on violations and mean ac-
curacy on the grammatical judgement task as regressors showed correlations
between fractional anisotropy in the Arcuate Fasciculus and both measures of
artificial grammar learning.

In order to confirm the localization of the correlations within the Arcuate
Fasciculus, clusters where a correlation with either mean accuracy or accuracy
on violations was found were overlaid on an FA map which was then visu-
ally compared with the FEFA map which is color-coded for main diffusion
direction. A comparison between these maps and a Diffusion Tensor Imaging
atlas (Catani & Thiebaut de Schotten, 2008) showed that the correlation clus-
ters were located in the fronto-parietal and temporal portions of the Arcuate
Fasciculus.

The success with which participants rejected violations after exposure to
an artificial grammar correlated with FA in the fronto-parietal portion of the
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left Arcuate Fasciculus and (p = 0.002, FWE-corrected for whole-brain white
matter: Figure 6.3 and Table 6.3). Furthermore, FA in the bilateral fronto-
parietal and right temporal Arcuate Fasciculus correlated with the mean accu-
racy on grammaticality judgements made on grammatical stimuli and viola-
tions together (Left: p < 0.001; Right: p < 0.001, FWE-corrected for whole-brain
white matter: Figure 6.3 and Table 6.3). In order to test for group differences,
an independent samples t-test was conducted on two groups selected based
on a median split on artificial grammar learning scores. This analysis showed
no significant differences (Left Occipital-Frontal Fasciculus, MNI cöordinates
-34 -44 0: Tmax = 5.37, p = 0.063). Mean diffusivity (MD) was not found to be
correlated with any of the behavioral measures.

Although no correlation was found between age and any of the behav-
ioral parameters of artificial grammar learning, previous research has shown
a decline in white matter integrity with age (for a review, see Moseley, 2002).
A regression analysis testing for the possible negative correlation between
age and FA only revealed a correlation in the left Frontal-Occipital Fascicu-
lus (MNI cöordinates: -32 -40 14, R2max = 0.60, p = 0.042, FWE-corrected for
white matter). No negative correlation of age with MD was found within the
brain’s white matter. This suggests that the relation between individual differ-
ences in artificial grammar learning and white-matter integrity is not driven
by age-related differences in FA.

6.4 Discussion

The present study aimed to investigate how individual differences in artifi-
cial grammar learning capacity are related to functional and structural con-
nectivity in the healthy adult brain. Individual differences in artificial gram-
mar learning were shown to be reflected in both functional connectivity of the
frontal part of Broca’s area, to other regions within the language network and
white matter integrity in the Arcuate Fasciculus (AF).

MNI coördinates

Measure AF section L/R x y z FA Tmax R2max

Viol. acc Front-Par L -40 -14 24 0.65 4.67 0.55
Mean acc Front-Par L -34 -22 -24 0.71 6.82 0.72

R 40 -22 -28 0.66 5.02 0.58
Temp R 36 -30 2 0.80 6.16 0.68

Table 6.3: Clusters with a correlation between FA and artificial grammar learning AF section
= section of the Arcuate Fasciculus where the cluster is located, L/R = Left/Right hemisphere,
FA = mean Fractional Anisotropy in given cluster, Vox. = cluster extent in voxels, Front-Par =
Fronto-Parietal, Temp = Temporal.
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6.4.1 AGL influences resting-state functional connectivity

Resting-state functional connectivity measurements showed a similar net-
work of brain regions that were functionally connected with IFG Pars Trian-
gularis (Tri), the frontal part of Broca’s area before and after auditory expo-
sure to a new artificial grammar. Although AGL did not show a significant
effect on the network connected with Tri, behavioral parameters of artificial
grammar learning were correlated with functional connectivity after, but not
prior to exposure to the grammar. Specifically, after AGL a correlation was
found between artificial grammar learning success and functional connectiv-
ity between Tri and the Supramarginal Gyrus (SMG). Furthermore, a nega-
tive correlation was found between AGL success and functional connectivity
between Tri and the bilateral posterior Superior Temporal Gyrus (STG) and
Superior Temporal Sulcus (STS). This finding suggests that functional connec-
tivity within the language network is influenced by auditory exposure to an
artificial grammar.

The network of brain regions found to be functionally connected to Broca’s
area after AGL exposure is largely consistent with functional connectivity of
Broca’s area reviewed in (Tomasi & Volkow, 2012) and fMRI results reported
in (C. J. Price, 2010) and includes the bilateral posterior STG and STS. There-
fore, the negative correlation between functional connectivity of Broca’s area
with bilateral STG and STS and AGL success should be interpreted as a lower,
not negative, functional connectivity in more successful learners compared to
less successful learners after exposure to an artificial grammar. While show-
ing lower functional connectivity between Broca’s area and bilateral STG/STS,
these participants showed higher functional connectivity between Tri and the
Supramarginal Gyrus. This suggests that a relatively strong functional con-
nectivity between Tri area and SMG combined with a weaker FC between Tri
and posterior STG might enable participants to learn a grammar more suc-
cessfully or, alternatively, might be induced by successful artificial grammar
learning.

Bilateral posterior STG/STS have been implicated in phonological pro-
cesses of speech recognition (e.g. Hickok, 2009) and semantic processing
(Friederici, Rueschemeyer, Hahne, & Fiebach, 2003). Furthermore, the SMG
cluster is adjacent to Wernicke’s area and is consistent with the SMG clus-
ter that was found to be functionally connected with Broca’s area in a meta-
analysis of RS-fMRI data from a large sample of healthy participants (Tomasi
& Volkow, 2012). Furthermore, SMG was previously shown to be functionally
connected to IFG during speech processing tasks with high processing loads
when stimuli were predictable (Obleser, Wise, Dresner, & Scott, 2007). Because
the current experiment was conducted under difficult listening conditions and
stimuli were more predictable for more successful learners, this might explain
the correlation between functional connectivity and artificial grammar learn-
ing. Our data suggest that a higher functional connectivity between IFG Pars
Triangularis and SMG through the anterior part of the dorsal language path-
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way (Hickok & Poeppel, 2004; Parker et al., 2005; Rauschecker & Scott, 2009)
aids syntactic processing.

6.4.2 Contribution of the dorsal language pathway to AGL

Individual differences in artificial grammar learning capacities were not only
related to functional, but also to structural connectivity measures. Our results
showed correlations between Fractional Anisotropy in the fronto-parietal sec-
tion of left Arcuate Fasciculus and the success with which participants rejected
violations of a learned artificial grammar, while response accuracy on both
grammatical and ungrammatical stimuli correlated with FA in the bilateral
fronto-parietal Arcuate Fasciculus.

The Arcuate Fasciculus connects the IFG, Middle Frontal Gyrus and Pre-
central Gyrus with the Superior and Middle Temporal Lobes and the Supra-
marginal Gyrus (e.g Catani & Thiebaut de Schotten, 2008; Parker et al., 2005)
and has since long been established as an important connection in the lan-
guage network (Geschwind, 1965). Together with the Superior Longitudinal
Fasciculus, the Arcuate Fasciculus forms the anatomical basis for the dorsal
language pathway (Hickok & Poeppel, 2004; Saur et al., 2008). Decreased FA
in the Arcuate Fasciculus has been shown to play a role in speech and lan-
guage deficits like stuttering (Chang, Erickson, Ambrose, Hasegawa-Johnson,
& Ludlow, 2008) and Specific Language Impairment (Vallée et al., 2014).

The finding that participants who performed better when learning an ar-
tificial grammar showed a higher FA in the Arcuate Fasciculus, suggests that
the AF and the dorsal language pathway contribute to syntactic processing
and language learning. This is in accordance with previous studies showing
that white matter integrity in the left (Flöel et al., 2009; Lopez-Barroso et al.,
2011) and right (Loui, Li, & Schlaug, 2011) hemisphere can predict different as-
pects of artificial grammar learning and second language learning (Li, Legault,
& Litcofsky, 2014) success.

Purely based on the results of the current study, it cannot be determined
whether the presence of more coherent white matter in AF leads to better
grammar learning capacities, whether increased grammar learning experience
and ability leads to higher FA in the Arcuate Fasciculus through a ”use-it-or-
lose-it”-effect or whether a third factor drives both. FA can reflect both macro-
structural (fiber orientation coherence) and micro-structural (myelination) at-
tributes of white matter and myelination has been suggested as a source of
adult plasticity because it extends into adulthood and has been associated
with activity-driven plasticity (Fields, 2005). Therefore, increased FA in the
Arcuate Fasciculus can be both a cause and an effect of higher (artificial) gram-
mar learning capacity. Further studies addressing the development of individ-
ual differences in grammar learning ability will be needed to shed light on this
issue.
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6.4.3 Conclusion

Figure 6.4: Ventral and dorsal language pathways in relation to the correlations found between
functional connectivity and AGL. Correlation between accuracy on violations and FA in the left
Arcuate Fasciculus (green cluster) and positive (red cluster) and negative (blue cluster) correla-
tions between accuracy on violations and FC with Tri. Pathways: green = Dorsal Pathway, yellow
= Ventral Pathway. The dorsal pathway runs through the Arcuate Fasciculus and the Superior
Longitudinal Fasciculus and the ventral pathway runs through the Extreme Capsule

An integrated analysis of functional and structural connectivity within
participants might allow for a better understanding of the underlying mecha-
nisms leading to individual differences in artificial and possibly natural gram-
mar learning. Figure 6.4 summarizes the correlations found between behavior
and both functional and structural connectivity. Prior research has shown that
artificial grammar learning in older adults is linked to functional and struc-
tural connectivity (Antonenko, Meinzer, Lindenberg, Witte, & Flöel, 2012). The
present study revealed both a higher FA in the anterior part of the Arcuate Fas-
ciculus, and a higher functional connectivity between Pars Triangularis and
the Supramarginal Gyrus in participants who performed better on an artifi-
cial grammar learning task. These results suggest that increased connectivity
between Tri and SMG through the dorsal language pathway, specifically the
Arcuate Fasciculus, is beneficial to artificial grammar learning and might thus
play a role in syntactic processing.

It is conceivable that a higher white matter integrity or myelination of AF
in more successful learners also allows for increased functional connectivity
in these participants. Although the correlation between functional connectiv-
ity and artificial grammar learning measures was only found after auditory
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exposure to and artificial grammar, it is unlikely that this correlation is purely
task-related, because the structural connectivity data show a similar effect. A
possible explanation is that successful learners possess a language network
with stronger white matter connections, within which important connections
are engaged when they are faced with the task of acquiring an artificial gram-
mar. In learners who have more difficulties learning the grammar, the struc-
tural connectivity between Tri and SMG might be weaker, allowing for less
functional connectivity between these regions.





CHAPTER 7

Summary and conclusions

Vocal learning is a rare trait in the animal kingdom, but it is not unique to humans. It
is also a trait that is restricted by the brain rather than by a species’ vocal apparatus.
The present thesis delved into the neural substrates of vocal learning in the two species
in which vocal learning behavior has been most extensively studied: zebra finches and
humans. Functional Magnetic Resonance Imaging was employed in both species in
order to explore potential common neural mechanisms which underlie both the abil-
ity to develop species-specific vocalizations through memorization and imitation of an
adult model and the restrictions that sensitive periods for vocal learning, which have
been hypothesized for both songbirds and humans, impose on this ability. In zebra
finches, a songbird species that learns one specific song, neural responses to songs
learned during development were compared to neural responses to songs that were
familiar, but not learned for production. In human adults, who possess a language
system too extensive and complex to test in a single experiment, neural responses
were recorded before, during and after learning an artificial grammar, comparing a
grammar with and without learnable regularities in the form of non-adjacent depen-
dencies. In Section 7.1, each chapter is briefly summarized and the main findings from
each experiment are reviewed. Furthermore, a number of limitations to the compara-
tive approach employed in this thesis are discussed in Section 7.2 and in Section 7.4
suggestions are made for methodological advancements and future studies that might
shed light on some of the issues that could not yet be resolved in the research covered
by this thesis. To conclude, the implication of our studies for potential common neural
substrates of vocal learning as well as the implications for the use of songbird and
human fMRI in comparative studies into the neural substrates of vocal learning are
stated in Section 7.3.
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7.1 Summary

7.1.1 Processing of learned song in the auditory midbrain of
adult and juvenile zebra finches

In the first part of this thesis functional MRI is applied in the zebra finch model
in order to gain insight into the neural basis of vocal learning in songbirds.
Chapter 1 describes the development of songbird fMRI, its application for the
study of vocal learning and refinements of the method employed in recent
studies. Among others these include the detection of subtle BOLD differences
induced by songs that are acoustically close and the detection of an auditory
BOLD response in juvenile zebra finches, developments which allowed for the
studies reported in Chapter 3 and Chapter 4 of this thesis.

Early in the song learning process, zebra finches form a memory trace
based on the song of one or several tutors (usually their father), which guides
their vocal practice in later stages of song learning. In Chapter 3 and Chapter
4 on-line processing of song in the zebra finch brain is studied using fMRI in
order to explore where in the songbird brain this memory trace is formed and
how the zebra finch brain processes the tutor song compared to other song
stimuli.

Chapter 3 shows that in adult zebra finches the right Dorsal part of the
Lateral Mesencephalic nucleus (MLd), the main auditory midbrain nucleus in
the songbird brain, selectively responds to the song of the bird’s tutor. This
response is shown to be distinct from the selective response to the bird’s own
song, which is also found in right MLd (Poirier et al. (2009) and Chapter 3
of this thesis), and does not reflect acoustic differences or familiarity differ-
ences between the stimuli. Furthermore, a positive correlation was observed
between the amplitude of the differential activation induced by the tutor song
and the strength of song learning, as expressed by the similarity of a bird’s
song to the song of its tutor. These findings suggest that early auditory ex-
perience creates a lasting memory trace of the adult song model in the audi-
tory midbrain of the zebra finch, which might subserve further stages of song
learning.

The aim of the study described in Chapter 4 was twofold. Firstly, this study
aimed to establish functional MRI in juvenile zebra finches, which was at-
tempted for the first time in this study. Secondly, this study aimed to explore
the development of the selectivity for the adult song model revealed in Chap-
ter 3, in relation to song learning. Taking a longitudinal approach, fMRI data
were collected from juvenile zebra finches at different stages during their song
development. Results showed a strong selectivity for the adult song model in
the left MLd of male zebra finches at 60 days post hatching (DPH). In con-
trast, at 500 DPH, the same individuals show tutor song selectivity in right
MLd, confirming the findings of Chapter 3. The auditory midbrain of male
zebra finches was thus demonstrated to develop selectivity for the adult song
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model towards the end of song memorization, but the lateralization of this
selectivity changes after song learning is completed. Female zebra finches do
not learn to sing, but the males’ song plays an important role in their mate
choice. It was thus not surprising that the left MLd of 30 DPH juvenile female
zebra finches only showed selectivity for conspecific over heterospecific song.
At later ages, the female selectivity for conspecific song was no longer signifi-
cant. This early sensitivity to conspecific song in female birds might contribute
to the selection of quality mates in adulthood (Lauay et al., 2004).

7.1.2 Artificial grammar learning in human adults

In the second part of this thesis, human fMRI studies are discussed which
were designed to shed light on the neural substrates of our own capacity for
vocal learning, the human language learning capacity. However, learning a
human language encompasses an intricate process of which the resulting lin-
guistic knowledge of even an individual speaker cannot be captured in a sin-
gle stimulus or set of stimuli. The human language learning capacity is char-
acterized by the ability to derive the presence and the nature of syntactic rela-
tions between words and constituents from the input and use this knowledge
to express meaning in an uncontrained way, despite to constrained number
of words and sentences that a single human can memorize. Because this ca-
pacity to learn syntactic rules is so central to language and is also an ability
hypothesized to be most impacted by the closing of the sensitive period for
language acquisition, we chose to simulate it in adult humans and compare its
neural correlates to those of tutor song learning in zebra finches. In order to in-
vestigate the neural correlates of the acquisition of syntactic rules, Chapters 5
and 6 employed fMRI, resting state functional connectivity and Diffusion Ten-
sor Imaging (DTI) in an Artificial Grammar Learning (AGL) paradigm with a
grammar containing non-adjacent dependencies.

In Chapter 5 the brain responses of adult subjects are examined who are
faced with the task (i) to learn an artificial grammar containing non-adjacent
dependencies from mere auditory exposure and (ii) to subsequently give
grammaticality judgments on grammatical and ungrammatical stimuli. Al-
though in the limited time of exposure within the experiment most partici-
pants were not able to learn the language to such a degree that they performed
above chance level on the grammatical judgment task, fMRI results showed
that they did develop a neural sensitivity to the non-adjacent dependencies
that were present in the artificial grammar.

FMRI data from the auditory exposure of participants to the grammar
containing non-adjacent dependencies (NAD grammar) and a control gram-
mar showed a correlation between the extent to which individual participants
showed sensitivity to the non-adjacent dependencies and the amplitude of
the differential activation in response to the NAD grammar in the left Infe-
rior Frontal Gyrus (LIFG) and bilateral Superior Temporal Gyri and Insulae.
Furthermore, when giving grammaticality judgments, participants showed a
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differential activation in LIFG in response to correctly judged compared to in-
correctly judged items only when judging ungrammatical stimuli. Addition-
ally, participants were shown to be more sensitive to ungrammatical stimuli,
both at the behavioral and at the neural level. These results suggest that neural
activity in language-related brain regions during learning reflects the degree
to which grammatical rules are derived from the input. This activation might
represent the formation of a syntactic rule in memory, leading a high sensitiv-
ity to violations of this rule.

The relation between learning and neural activation of language-related
brain regions was further supported by the results from connectivity measures
discussed in Chapter 6, which were obtained during the same artificial gram-
mar learning study. These data showed that functional as well as structural
connectivity between part of Broca’s area and primarily left superior tempo-
ral and inferior parietal regions in the language network was related to in-
dividual differences in artificial grammar learning and possibly also to their
natural language learning capacity. Functional connectivity data from resting
state fMRI scans showed a correlation between frontal-parietal connectivity in
the left hemisphere, possibly through the dorsal language pathway, and arti-
ficial grammar learning. Moreover, Fractional Anisotropy, a measure of white
matter integrity, in the left Arcuate Fasciculus was shown to correlate with the
degree to which participants had learned the grammar. These results suggest
that structural and functional connectivity along the dorsal language path-
way might subserve the capacity for implicit learning of artificial grammars
and possibly natural language syntax.

7.2 Discussion

7.2.1 Implications for neural correlates of vocal learning

Adult as well as juvenile zebra finch fMRI data show that MLd, the zebra
finch auditory midbrain, differentiates the tutor’s song from other conspecific
songs. Furthermore, the strength of the selectivity is related to the strength of
song learning in adult birds. These results suggest that MLd plays a role in
tutor song memorization.

Furthermore, lateralization of tutor song selectivity was found to be rela-
tively unstable in juvenile birds with a clear left lateralization at 60 DPH which
was no longer observed at 100 DPH. However, in adulthood, male zebra finch
from both studies showed a stable right lateralization of selective activation
for the tutor song. These findings suggest that the final lateralization of tu-
tor song selectivity is reached after song learning, implying that lateralization
of selective responses in the midbrain, like in telencephalic regions (Phan &
Vicario, 2010), depends on auditory experience. Exposure to a tutor during
the sensory phase thus creates a memory trace of the tutor’s song which is
more specific in more successful learners and becomes right lateralized after
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prolonged auditory experience.

The timing of the stabilization of lateralization with auditory experience
coincides with song crystallization and the end of the sensitive period for vo-
cal learning. This neural mechanism might underlie the changes in the nature
and function of tutor song memory during development. During song learn-
ing, tutor song memory is plastic and continuously shapes song production,
while it is no longer plastic and only needed for song maintenance in adult-
hood.

Our artificial grammar learning studies in adult human participants also
revealed a correlation between behavioral learning measures and selective ac-
tivation for the learned grammar in brain regions implicated in language pro-
cessing, among which the inferior frontal gyrus, which has been associated
with processing of syntactic rules (Petersson et al., 2012) and was hypothe-
sized to show a gradient of abstraction (Uddén & Bahlmann, 2012). When
judging new phrases on grammaticality, this region was also selectively acti-
vated in response to ungrammatical stimuli that were correctly rejected com-
pared to ungrammatical stimuli that were accepted. These results confirm the
role of LIFG or Broca’s area in artificial grammar learning, which has been
proven to be a good model for natural syntax learning (Petersson et al., 2012)
and suggest that individual differences in neural activation during learning
are related to individual differences in language learning outcome. The ab-
sence of a correlation with age suggests that the individual differences in
learning capacity and selective activation are not caused by a sensitive period
effect, but might represent differences in language learning capacity rooted in
development, but independent of age in adulthood. Thus, in human partici-
pants both on-line artificial grammar learning (Chapter 5) and processing of
learned linguistic structures in artificial grammar as well as natural language
(Petersson et al., 2012) selectively activates brain regions associated with au-
ditory processing and more importantly, left lateralized brain regions which
process stimuli with a high level of abstraction (Uddén and Bahlmann (2012)
and Chapter 5 of this thesis).

Furthermore, additional assessment of structural and functional connec-
tivity uncovered a relation between artificial grammar learning capacity and
functional as well as structural connectivity between Broca’s area and tempo-
ral and parietal regions in the left hemisphere. Although white matter changes
greatly surpass the time-scale of a single fMRI session, anisotropy does in-
crease with age in childhood and adolescence (Barnea-Goraly et al., 2005;
Schmithorst, Wilke, Dardzinski, & Holland, 2002) and can be enhanced by
training in adulthood (e.g Scholz, Klein, Behrens, & Johansen-Berg, 2009). This
suggests that the individual differences in white matter integrity in the arcu-
ate fasciculus could either be the result of developmental structural differ-
ences, in turn leading to differences in grammar learning capacities or that the
individual differences in both white matter structure and grammar learning
capacities are the result of experience.
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In contrast to white matter structure, individual differences in functional
connectivity were only related to artificial grammar learning measures af-
ter auditory exposure to the artificial grammar. This indicates that functional
connectivity within the language network is modulated by artificial grammar
learning. The fact that functional connectivity between Broca’s area and the in-
ferior parietal lobule (IPL) positively correlates with artificial grammar learn-
ing, while functional connectivity between Broca’s area and the auditory cor-
tex negatively correlates with artificial grammar learning, supports an inter-
pretation in terms of levels of abstraction in processing. IPL activation during
syntactic processing was shown to be related to second language proficiency
(Wartenburger et al., 2003), suggesting that participants who learn more suc-
cessfully engage regions implicated in syntactic processing while less success-
ful learners engage regions that process stimuli at a lower level of abstraction.

7.2.2 Insights from cross-species fMRI studies

The studies described in this thesis encompass different species, different ages
and show results in different brain regions. However, all of the tasks per-
formed by subjects during fMRI measurements assessed how vocal learning
impacts brain function. Together, the studies on both zebra finches and hu-
mans showed that, in both species, the brain responds selectively to vocaliza-
tions that are learned over those that are acoustically very close, but were not
learned. Furthermore, even though in the zebra finch experiment the expo-
sure to the learned stimuli took place during development while the human
adults learned the artificial grammar from mere exposure in the same experi-
ment, the strength of the selective responses was related to behavioral learning
strength in both species.

Although these effects are found in different species and in different brain
regions, they may indicate how brains process learned vocalizations during
adulthood and vocalizations of adult conspecifics during language acquisi-
tion or song learning. The presence of selective processing might indicate that
a memory is formed, which later can be used for either the perception of vocal-
ization uttered by others or the processing of auditory feedback of one’s own
vocalizations in order to adapt them. To gain insight in any similarities in the
relation between perception and production, the role of this neural selectivity
in processing auditory feedback during production should be studied in both
species, but the results in this thesis indicate that similar memory traces of
learned speech and birdsong might develop through mere exposure.

This thesis aimed to gain insight in both similarities between the neural
correlates of birdsong learning and language acquisition and in the value of
the songbird model for vocal learning to brain studies of human language
learning. Our studies have shown that, while similar stimuli presented to hu-
mans and songbirds might induce very different brain responses, the study
of a similar behavioral process, such as learning new vocal structures, can
uncover similar brain-behavior coupling in two very distantly related species.
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For the songbird model of vocal learning this means that it can inform the neu-
ral basis of human language acquisition and evolution as long as the behavior
is not left out of the analysis. Because of the evolutionary distance between
humans and songbirds one should keep in mind that convergence on the be-
havioral level might go hand in hand with convergence on the neural level,
meaning that non-homologous brain regions might subserve similar neural
processes underlying vocal learning.

7.2.3 Limitations of cross-species fMRI studies

The human and zebra finch fMRI data presented in this thesis showed some
similar relations between neural activation and vocal learning, but these ef-
fects were not observed in homologous brain regions. Although learning of
new speech sounds was previously shown to correlate with activation of the
inferior colliculus (IC), the human auditory midbrain region (Chandrasekaran
et al., 2012), the role of the human IC in vocal learning is not assessed in our
studies. Partly, this is due to technical limitations, including the fact that fMRI
in IC is complicated by its adjacency to the fourth ventricle, which is a poten-
tial cause of artifacts due to the continuous movement of cerebrospinal fluid
through this ventricle.

However, based on earlier AGL studies, the level of abstraction and gen-
eralization of auditory information needed for artificial grammar learning is
likely to depend on cortical rather than sub-cortical regions (e.g. Folia & Pe-
tersson, 2014; Uddén & Bahlmann, 2012; Yang & Li, 2012). In vocal learning,
gradients of abstraction as proposed by Uddén and Bahlmann (2012) might
not be restricted to the left Inferior Frontal Gyrus, but might also be present in
the auditory pathway (Ranasinghe, Vrana, Matney, & Kilgard, 2013). Lacking
the productivity of human language, memorization of the tutor’s song does
not require the same level of abstraction as artificial grammar learning. There-
fore, similar neural mechanisms are observed at different levels of abstraction
in the human and zebra finch brain.

When discussing levels of abstraction of auditory stimuli it should be
kept in mind that the zebra finch brain activation found in Chapters 3 and
4 was measured under anesthesia, while the human artificial grammar learn-
ing studies (Chapters 5 and 6) were conducted in awake and attentive par-
ticipants. Imaging awake animals, however, requires extensive training (e.g.
De Groof et al., 2013) and this technique has not yet been developed for zebra
finches (see Chapter 2). Although song selectivity in the auditory midbrain
of zebra finches is not expected to be markedly influenced by anesthesia, the
degree of abstraction which is employed when processing the stimuli might
have been influenced. This would explain the lack of selective activation in
the Caudomedial Nidopallium (NCM), a secondary auditory area which had
previously been linked to tutor song memory (Bolhuis et al., 2000) and might
thus complicate the comparison with our human studies, in which partici-
pants were awake and the task required a higher level of abstraction.
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Another limitation of the studies presented in this thesis is inherent to the
use of auditory stimuli, which was done in order to preserve the role of audi-
tory processing in the perception of human speech and birdsong. MRI scan-
ners are noisy environments due to the switching of gradients during scan-
ning. This complicates the delivery of auditory stimuli to participants. For the
zebra finch studies, stimuli were delivered by small commercial loudspeakers
with the magnets removed (see Chapter 2), resulting in amplification but min-
imal distortion of the stimuli. For safety reasons, in the human studies stimuli
were delivered via pneumatic headphones, which led to minimal distortion
and produced a maximum sound level at which participants needed to stay
attentive in order to correctly identify the phonemes. Neuroimaging results
from both species and reports from the human participants on the discernibil-
ity of the auditory stimuli indicated that stimuli were properly perceived and
processed. However, the precise influence of the sound quality and perceived
loudness on the neural activation in either species cannot be determined.

7.3 Conclusions

Despite their limitations, the studies described in this thesis provide addi-
tional insight into the neural correlates of vocal learning and the processing
of learned stimuli. Both when learning their own vocalizations and process-
ing those of others, humans and songbirds need to abstract the acoustic input
at some level. Human language is characterized by a significantly higher level
of abstraction than zebra finch song, resulting in distinct patterns of neural
activation. In spite of these considerable differences, tutor song processing in
zebra finches and artificial grammar learning in humans showed a number of
neuro-functional similarities, allowing for the following conclusions:

• In both humans and zebra finches, vocal learning and processing of
learned species-specific vocalizations and their structure induce selec-
tive activation in brain regions associated with auditory processing and
abstraction of vocal signals.

• The amplitude of this selective activation is related to learning outcomes
both in humans and in zebra finches

• Structural and functional connectivity within the network processing
human language is related to (artificial) grammar learning capacity.

Within the scope of this thesis, not all measures could be obtained in both
species or both developmental stages, leaving some questions unanswered
regarding the shared neurobiological mechanisms underlying vocal learning.
Section 7.4 will touch upon a number of the issues that could not be addressed
in this thesis and proposes how future studies could shed light on them.
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7.4 Future Prospects

The present thesis encompasses a series of studies aimed at uncovering the
common neural correlates of vocal learning in songbirds and humans. Song-
bird studies were able to show how learned vocalizations are processed in
the juvenile and adult brain, while the human fMRI studies assessed both the
neural correlates of on-line learning and those of processing artificial gram-
mar. Additionally, resting state and DTI data provided insight into the role of
neural connectivity in artificial grammar learning. In both species, selective
activation for learned vocalizations was found. However, a number of ques-
tions still remain.

7.4.1 Artificial grammar learning within the sensitive period
for language development

In songbirds, neural substrates for tutor song perception were observed to
change after song learning. Because our human studies only included adult
participants, our data do not allow us to place the neural correlates for gram-
mar learning in a developmental perspective. Currently, additional studies
are run, which replicate the same experiment in pre-pubertal children in or-
der to uncover whether and how the neural correlates of artificial and possi-
bly natural grammar learning are influenced by the sensitive period for lan-
guage development. Both our study assessing tutor song selectivity through-
out song development in juvenile zebra finches and infant neuroimaging
studies addressing early speech perception (Dehaene-Lambertz, Dehaene, &
Hertz-Pannier, 2002) observed a different lateralization of activation induced
by learned vocalizations. Therefore, lateralization of activation induced by ar-
tificial grammar learning, in particular in the inferior frontal gyrus, is expected
to be less profoundly left lateralized in school-age children.

In addition to fMRI measurements during artificial grammar learning, the
study run in children, like the one described in adults, includes measurements
of functional and structural connectivity, potentially answering the question
whether the correlation between white matter integrity and artificial gram-
mar learning performance can be ascribed to developmental or experience-
dependent white matter changes. If age-related white matter changes in chil-
dren are also found to be correlated with artificial grammar learning capacity,
the individual differences observed in adult participants are likely to have a
developmental origin.

7.4.2 Different levels of abstraction

The tasks administered to songbirds and human participants of the studies
described in this thesis could be expected not to elicit activation in homol-
ogous regions, because the level of abstraction that was needed to learn the
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grammar or recognize the learned vocalizations differed greatly. This corre-
lation between level of abstraction and species limits the possibility to draw
any conclusions about the neural correlates of the ability of zebra finches to
generalize over vocalizations (for a review, see Ten Cate & Okanoya, 2012).
Zebra finches were observed to generalize prosodic (Spierings & Ten Cate,
2014) rather than syntactic patterns (Van Heijningen et al., 2009) to new stim-
uli. Consequently, a task that requires abstraction of frequency patterns might
for example recruit the Caudomedial Nidopallium (NCM), a region in the ze-
bra finch auditory pathway that contains more complex neurons than MLd
(for a recent review, see Woolley, 2012) and might therefore allow for more
complex computations.

Chapter 3 showed that the zebra finch auditory midbrain discriminates
between learned and non-learned, though familiar, vocalizations, suggesting
that this nucleus exhibits a rudimentary auditory memory function. Because
the human inferior colliculus (IC), the homologue of MLd, plays a role in
learning tones of foreign (tone) languages (Chandrasekaran et al., 2012), a
similar role for IC in the recognition of native phonemes is conceivable. Fur-
ther fMRI studies focusing exclusively on IC could shed light on the role of
this nucleus in the process of discriminating native-language from non-native
phonemes in language processing.

Lastly, fMRI studies in awake and attentive zebra finches might enable
birds to process vocalizations at a higher level of abstraction, which might
allow for studies addressing the neural correlates of rule learning in zebra
finches. This technical advancement, together with developments that would
introduce a social context, might also enable zebra finches to learn in the scan-
ner, allowing for real-time imaging studies of vocal learning.



References

Akutagawa, E., & Konishi, M. (2010). New brain pathways found in the vocal
control system of a songbird. Journal of Comparative Neurology, 518(15),
3086–3100.

Amaro, E., Williams, S. C., Shergill, S. S., Fu, C. H., MacSweeney, M., Picchioni,
M. M., . . . McGuire, P. K. (2002). Acoustic noise and functional magnetic
resonance imaging: current strategies and future prospects. Journal of
Magnetic Resonance Imaging, 16(5), 497–510.

Amin, N., Doupe, A., & Theunissen, F. E. (2007). Development of selectivity
for natural sounds in the songbird auditory forebrain. Journal of Neuro-
physiology, 97(5), 3517–3531.

Amin, N., Grace, J., & Theunissen, F. (2004). Neural response to birds own
song and tutor song in the zebra finch field l and caudal mesopallium.
Journal of Comparative Physiology A, 190(6), 469–489.

Andalman, A. S., & Fee, M. S. (2009). A basal ganglia-forebrain circuit in the
songbird biases motor output to avoid vocal errors. Proceedings of the
National Academy of Sciences, 106(30), 12518–12523.

Antonenko, D., Meinzer, M., Lindenberg, R., Witte, A. V., & Flöel, A. (2012).
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Glossary

Anterior Forebrain Pathway (AFP)
A network of nucleı̈ in the songbird forebrain which is responsible for
”babbling” behavior in juvenile songbirds and plays an important role
in birdsong learning.

Arcuate Fasciculus (AF)
White matter tract connecting frontal with parietal and temporal brain
regions. Anatomical basis of dorsal language pathway.

Artificial Grammar Learning (AGL)
Paradigm used to study acquisition of grammatical rules. In AGL par-
ticipants acquire grammatical rules from exposure to phrases generated
by a grammar and are subsequently tested on their ability to generalize
these rules to new phrases.

Bird’s Own Song (BOS)
Individual song of a zebra finch, in good learners a subtly different copy
of the adult song model.

Blood Oxygen Level Dependent (BOLD)
Signal on which fMRI measurements are based, representing the frac-
tion of deoxygenized hemoglobin in a brain region. A higher level of
deoxy hemoglobin results in BOLD signal loss, the increased BOLD sig-
nal associated with neural activation is caused by the increased supply
of oxygenized blood to the activated region.

Broca’s area
Region in the Inferior Frontal Gyrus which has been associated with
both speech production and syntactic processing. Broca’s area encom-
passes Brodmann’s area’s (BA) 44 and 45. In this thesis, Broca’s area is
seeded by selecting BA 45, because this area has most often been associ-
ated with grammar learning.



158 Glossary

Conspecific song (CON)
The song of a bird of the same species, either familiar or unfamiliar

Diffusion Tensor Imaging (DTI)
Neuroimaging technique that uses the diffusion of water protons in the
brain to visualize white matter tracts.

Fractional Anisotropy (FA)
Scalar value representing the anisotropy of diffusion, where relatively
high FA levels are associated with diffusion along an axis, as happens in
axonal bundles. Used as a measure of white matter integrity reflecting
axonal diameter, fiber density and myelination.

functional Magnetic Resonance Imaging (fMRI)
Neuroimaging technique dependent on the BOLD signal, which is used
to measure brain activation.

Heterospecific song (HET)
Song of a bird from another species. In this thesis, song of the European
Starling is used as a heterospecific stimulus.

Language network
Set of regions which have been demonstrated to be implicated in lan-
guage processing and which are functionally connected.

MLd
Dorsal part of the Lateral Mesencephalic nucleus, the primary auditory
midbrain nucleus in the songbird brain. MLd is considered the homo-
logue of the human Inferior Colliculus.

Non-adjacent dependencies (NAD)
Dependencies between non-adjacent linguistic elements, often at the
level of constituents. In this thesis non-adjacent dependencies exist
within three-word phrases which by participants might be interpreted
as two constituents, resulting in an adjacent dependency according to
linguistic theory. However, the contrast of interest is the presence vs. ab-
sence of a dependent rule.

Resting State Functional Connectivity
FMRI technique where the data are collected in the absence of stimula-
tion (in this thesis: with eyes closed) and analyzed for correlations be-
tween the low-frequency BOLD signal in different regions. Regions are
considered functionally connected when their BOLD signals are corre-
lated under the assumption that ”What fires together, wires together”.

Song Control System (SCS)
Network of nucleı̈ in the songbird brain which is responsible for the pro-
duction of song.
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Tutor’s song (TUT)
Adult song which is memorized by a juvenile bird and used as a model
when learning its own song. In the natural environment this is usually
the father’s song. In this thesis, birds are tutored by other adult males of
the same species.

Vocal learning
In this thesis: process in which a juvenile learns its vocalizations by im-
itating an adult. A criterion for vocal learning is that vocalizations will
not develop normally without exposure to adult vocalizations.





Samenvatting in het Nederlands

Een van de grote uitdagingen voor een pasgeboren baby is het aanleren van
zijn of haar moedertaal. Voor een succesvolle verwerving van gesproken taal
is het nodig dat baby’s (i) aan gesproken taal worden blootgesteld en (ii)
dat deze blootstelling vroeg genoeg plaatsvindt, tijdens de zogenaamde sen-
sitieve periode voor taalverwerving. Omdat ook jonge zangvogels aan vol-
wassen zang moeten worden blootgesteld om zelf zang te ontwikkelen en
sommige soorten, zoals de zebravink, hun zang alleen binnen een sensitieve
periode kunnen leren, zijn zangvogels, en in het bijzonder zebravinken, op
dit moment het beste diermodel voor het bestuderen van vocaal leergedrag in
andere soorten dan de mens. In dit proefschrift worden zowel zebravinken
als mensen met functionele Magnetische Resonantie Beeldvorming (fMRI)
bestudeerd om meer te weten te komen over de overeenkomsten en ver-
schillen in de neurale basis van het leren van taal in mensen en het leren van
zang in zebravinken.

Aangezien fMRI relatief recent is geı̈mplementeerd in kleine zangvogels
wordt de techniek en de toepasbaarheid hiervan in hoofdstuk 2 beschreven.
Vervolgens wordt in hoofdstuk 3 de studie beschreven waarin ik onderzocht
hoe zebravinken de zang verwerken die ze tijdens het leren van hun zang
van een volwassen mannetje (hun tutor) gekopieerd hebben. Hiervoor krijgen
vogels, terwijl er een reeks fMRI beelden wordt opgenomen, zang te horen
van hun tutor, zichzelf en een andere zebravink waarmee ze de kooi delen en
die van dezelfde tutor geleerd heeft. De resultaten van deze studie laten zien
dat de rechter MLd, een auditieve kern in de middenhersenen die homoloog is
aan de inferieure colliculus bij de mens, bij volwassen zebravinken nog steeds
selectief geactiveerd wordt door de zang van hun tutor in vergelijking met
de zang van andere bekende vogels. Bovendien correleerde de amplitude van
deze selectieve activiteit met de mate waarin elke vogel de zang van zijn tutor
had kunnen kopiëren. Deze bevindingen laten zien dat MLd een rol speelt
bij het creëren van een geheugenspoor van de tutorzang tijdens het leren van
zang in zebravinken.
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Hoofdstuk 4 beschrijft wederom hoe de hersenen van zebravinken tu-
torzang verwerken, maar in dit hoofdstuk worden de hersenen van jonge
vogels bestudeerd om de ontwikkeling van het geheugen voor de tutorzang
op de voet te volgen. In dit onderzoek wordt fMRI voor het eerst in jonge
zangvogels geı̈mplementeerd en krijgen de vogels zang te horen van hun tu-
tor, een andere zebravink en een spreeuw. De resultaten laten zien dat ook
in jonge vogels MLd selectief geactiveerd wordt door de zang van de tu-
tor. Echter, tegen het einde van de periode waarin jonge zebravinken de tu-
torzang in hun geheugen opslaan is de linker MLd selectief actief bij het
horen van de tutorzang. Bij een vervolgmeting op volwassen leeftijd bleek
ook bij deze groep zebravinken de rechter MLd selectief geactiveerd te wor-
den door de tutorzang. Hoewel de groep gemeten jonge vogels klein was,
suggereren deze bevindingen dat er tijdens de ontwikkeling van zebravinken
lateralisatieveranderingen plaatsvinden in het neuraal substraat van het tu-
torzanggeheugen. Dit zou een gevolg kunnen zijn van het eindigen van de
sensitieve periode voor zangleren.

In tegenstelling tot zebravinkenzang is menselijke taal productief (er is
geen limiet aan het aantal mogelijke zinnen en betekenissen), waardoor deze
niet geleerd kan worden door imitatie alleen. Woorden en klanken kunnen
niet alleen in het geheugen worden opgeslagen, maar ook tot betekenisvolle
uitingen worden gecombineerd door middel van grammaticale regels en
structuren. In hoofdstukken 5 en 6 wordt een studie beschreven waarin on-
derzocht werd hoe de hersenen van volwassenen reageren op het leren van
de grammaticale regels van een artificiële taal door auditieve blootstelling aan
zinnen die aan deze regels voldoen. Volgens de sensitieve periode hypothese
zouden volwassenen moeite hebben met het impliciet leren van nieuwe gram-
maticale regels.

Hoewel de volwassenen inderdaad moeite hadden met het verwerven van
de grammaticale regels is zonder vergelijkend onderzoek met kinderen niet
te bepalen of dit een gevolg is van het eindigen van de sensitieve periode. De
fMRI resultaten lieten zien dat deelnemers wel degelijk geleerd hadden: de se-
lectieve activatie voor de zinnen met vergeleken met zinnen zonder de gram-
maticale regel die gevonden werd in temporele en frontale taalgebieden, cor-
releerde met het succes waarmee deelnemers later konden aangeven of een zin
grammaticaal correct was. Deze correlatie tussen succes bij het leren en herse-
nactiviteit werd bij de zebravinken in de middenhersenen gevonden. Deze
bevinding is een indicatie voor het bestaan van algemene vocale leermecha-
nismen die op verschillende hersen-niveaus tot uitdrukking komen, afhanke-
lijk van het niveau van abstractie dat nodig is om de vocalisaties te leren of te
verwerken.

In de hierboven beschreven onderzoeken werd steeds selectieve activatie
in specifieke hersengebieden onderzocht. Onze hersenen functioneren echter
in netwerken, waarin verschillende hersengebieden met elkaar verbonden
zijn. Hoofdstuk 6 gaat in op de relatie tussen functionele en structurele hersen-
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verbindingen en het leren van een artificiële grammatica. De resultaten laten
zien dat zowel functionele als structurele connectiviteit tussen frontale en tem-
porele hersengebieden die een rol spelen in taalverwerking correleert met de
mate waarin deelnemers een artificiële grammatica kunnen leren. Aangezien
structurele connectiviteit niet afhankelijk kan zijn van de taak, suggereren
deze bevindingen dat de individuele taalontwikkeling een rol speelt in de re-
latie tussen taalleervermogen en connectiviteit.

Hoewel mensen en zangvogels zowel op hersenniveau en op het niveau
van de complexiteit van hun vocalisaties sterk verschillen, doen onze resul-
taten vermoeden dat er overeenkomsten zijn tussen de neurale mechanismen
die vocaal leergedrag mogelijk maken. De studies beschreven in dit proef-
schrift hebben laten zien dat zowel vocaal leergedrag als de verwerking van
geleerde vocalisaties resulteert in selectieve activatie in auditieve gebieden
(zebravinken) en gebieden geassocieerd met het abstraheren uit vocalisaties
(mensen). Bovendien is de amplitude van deze selectieve activatie gerelateerd
aan het individuele leervermogen. Tot slot is bij mensen de functionele en
structurele connectiviteit binnen het netwerk dat taal verwerkt ook gerela-
teerd aan dit individuele vermogen om nieuwe taalstructuren te leren.
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