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Abstract

�e plasticity of nervous systems allows animals to quickly adapt to a changing envi-
ronment. In particular, the structural plasticity of brain networks is o�en critical to the
development of the central nervous system and the acquisition of complex behaviors. As an
example, structural plasticity is central to the development of song-related brain circuits and
may be critical for song acquisition in juvenile songbirds. Here, we review current evidences
for structural plasticity and their signi�cance from a computational point of view. We start
by reviewing evidence for structural plasticity across species and categorizing them along
the spatial axes as well as the along the time course during development. We introduce the
vocal learning circuitry in zebra �nches, as a useful example of structural plasticity, and
use this speci�c case to explore the possible contributions of structural plasticity to com-
putational models. Finally, we discuss current modelling studies incorporating structural
plasticity and unexplored questions which are raised by such models.
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1 Introduction

Plasticity is de�ned as the capacity of the neural activity generated by an experience to modify neu-
ral circuit function and therebymodify subsequent thoughts, feelings, and behavior according to [1].
�is de�nition of plasticity encompasses a broad range of phenomena that have been observed to
induce an alteration of the function or the structure of a neural component. For instance, plastic-
ity can be induced by an external stimuli, an internal state, a lesion, etc. Such alterations of neural
components occur across a large range of spatial scales and take place through di�erent mecha-
nisms: i) intrinsic plasticity relates to the continual alteration of a neuron’s inherent biophysical
characteristics by neuronal activity [2] ii) synaptic plasticity relates to the activity-dependent
modi�cation of the strength or e�cacy of synaptic transmission at preexisting synapses [1] iii)
representational plasticity relates to the re-organisation of distributed responses as a result of
persistent external changes [3]. On the temporal scale, short-term plasticity occurs on the sub-
second to minutes time scale in response to an external event such as, for example, an external
stimulation and may be transient. Long-term plasticity occurs on the hours, days or years time
scale and encompasses long-lasting changes such as the modi�cation of behavior, the formation
of new memory, development of new connections across regions, etc.

Across these di�erent spatial and temporal scales, plasticity operates via di�erent means and
there are two main forms in which plasticity manifests itself: functional and structural. Func-
tional plasticity involves changes in synaptic strengths without any change in the anatomical con-
nectivity between neurons [4]. �is can be realized through the insertion or the removal of synap-
tic receptors, change in the presynaptic release of transmi�ers or change in the thickness of
the synapse and has been studied in a large number of works [5, 1]. Structural plasticity refers
to changes in the physical anatomical connections (excluding the simple insertion/removal of
synaptic receptors). �ere are numerous evidences of structural plasticity: from the excessive ax-
onal branching during ontogeny with ensuing pruning to the rapid increase in synaptic density
during infancy with subsequent slower synapse elimination to adult neurogenesis in the mam-
malian hippocampus [6, 7, 8, 9, 4]. Major structural reorganisation of the primary somatosensory
cortex has also been observed following amputation or sensory deprivation [3] in primates while
the trimming of whiskers in juvenile rats have been shown to induce a realignment of the den-
drites of stellate neurons in the barrel cortex [10]. Such evidences suggests that a change in
neural activity may induce structural plasticity. �e mechanisms underlying plasticity and its
relationship with behaviour, learning and memory have been studied for several decades [11, 12,
13] with a major focus on functional plasticity more than structural plasticity [14, 15, 16]. For
example, long term potentiation, long term depression and spike time dependent plasticity have
been intensively explored experimentally and widely incorporated in a number of computational
works [17, 18, 19, 20, 21]. However, with the advent of new experimental techniques, such as
di�usion tensor imaging, the number of studies in structural plasticity has increased [22] and
several of these studies from the last decade have clearly demonstrated the importance of struc-
tural rearrangements [23]. It has been widely discussed that structural plasticity confers several
advantages, such as improving energy e�ciency of network formation, increasing information
capacity, amongst others (discussed further in section 4) [24, 25, 26]. Moreover, it holds the ca-
pacity to improve learning in a circuit, while conserving resources [27]. �is leads us to explore
the role played by such structural plasticity in learning and development. While there are sev-
eral instances across species, from ontogeny to seasonal plasticity (discussed in section 2 and 3),
where the role played by such plasticity can be deduced based on the hypotheses prevalent in
literature, bene�ts speci�c to a particular circuit and function may emerge in certain ecological
contexts. Using this particular case of sensorimotor learning in the vocal learning circuitry of
birds, where the function ful�lled by structural plasticity is not immediately evident, we inves-
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tigate if structural plasticity can additionally contribute directly to circuit function.

In this article, we propose to review current evidences for structural plasticity and their signi�-
cance from a computational point of view. More precisely, we aim at investigating if, and how,
structural plasticity is critical for vocal learning in juvenile songbirds. To do so, we start by re-
viewing evidences for structural plasticity across species and categorizing them along the spatial
axis as well as along the time course of development. We, then, proceed to draw a parallel with
songbirds, showcasing similar phenomenon observed therein. We introduce the vocal learning
circuitry in songbirds, as an important example of structural plasticity, and use this speci�c case
to explore the possible contributions of structural plasticity to computational models. Finally,
we discuss properties that can be exploited computationally, and unexplored questions which
are raised by such models.

2 Structural plasticity

Structural plasticity1 pertains to the physical changes in neuronal connections. It comprises
of changes in synapse numbers, axonal �bre densities, axonal and dendritic branching pa�erns,
synaptic connectivity pa�erns, and even neuronal cell numbers [4]. Structural plasticity can be
categorised according to the spatial scale (e.g. synaptic, axonal, network), the temporal scale
(e.g. sub-seconds, minutes, days) and the development period (e.g. sensitive period, childhood,
adulthood). Depending on the development period, we can further categorise it based on the
cause for structural plasticity: hormonal, learning, pathological, injury-induced.

2.1 Spatial scale

Structural plasticity occurs across the whole range of cerebral scales through morphological
changes, such as enlargement, growth or apoptosis, that target spines to axon terminals to glia
[23]. Recent breakthroughs in recording techniques such as in vivo confocal microscopy have
made it possible to gain deeper knowledge onto the underlying mechanisms.

Synapses go through an exuberant growth during early brain development and most of them
will permanently disappear as a result of a competitive process involving neurons, synapses
and neural growth factors [28]. It has further been observed that lesions in adult brains can
lead to an alteration in the synaptic connectivity pa�erns, due to structural plasticity [29]. Be-
sides sprouting and pruning, structural plasticity can also manifest through neuro-degeneration,
neurogenesis [5] and synaptic rewiring, i.e. modi�cation of existing connections, e.g. dendritic
spines or axonal branches, by dissociating a pre/post synaptic element, and later, linking it to a
di�erent target [30, 31].

Dendritic spines are both highly motile and transient structures. For example, in the barrel
cortex, about two thirds of the spines remain for less than a month while some of them appear
and disappear within a day [30]. It has been observed in mice that spine turnover and stabilisation
can also correlate with learning and memory consolidation, respectively [32]. In addition to
their motility, dendritic spines occur in a wide range of size, shape and organelles, which in turn
potentially a�ects di�erent functional properties such as, the synaptic strength, its stability, the
postsynaptic receptors, etc [23]. Morphology does indeed have a direct impact on the functional
role, with large spines helping to form stable connections, and the transience of thin spines being
an aid in learning, for instance.

1Before diving into the details of the song-learning circuitry, we �rst need to brie�y review generic concepts and
principles related to structural plasticity. �e knowledgeable reader can skip this section and head directly to section 3.
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Axon arbor structure can be manipulated within a circuit-level mechanism of learning. In
macaque monkeys, trained to perform a contour detection task, Van Kerkoerle et al. [33] found
that there is an extensive sprouting and pruning of axonal collaterals in cortical regions which
correspond to the trained area of the visual �eld. In addition to neurogenesis, neurons have the
capacity to degenerate part of their axon in order to re�ne connections through axon pruning
or more drastically, cell apoptosis [34, 6]. Both, the mechanisms underlying such formation of
short-range or long-range axonal connections as well as the selective degeneration of unoptimal
axonal branches could potentially have long-term impacts on circuit function [35].

At the network level, signi�cant structural changes occur that a�ect large cerebral regions. For
instance, in blind Braille readers, representation of the reading �ngers in the somatosensory cor-
tex is larger than nonreading �ngers or any �nger of non-Braille readers [36]. Similarly, it has
been shown that a massive reorganization of the motor cortex occurs within a few hours follow-
ing the transection of the facial nerves in the rat [37]. �ere is, thus, overwhelming evidence
that structural plasticity serves a functional role by manipulating various elements of the cen-
tral nervous system, from spines to synapses to axonal arbors to neurons. We won’t detail adult
neurogenesis since it is beyond the scope of this review, but we redirect the reader to the studies
by Gould [38], Paredes et al. [39] and Py�e [40].

2.2 Time course across development

Structural plasticity can be initiated by several factors at several timepoints in one’s lifespan.
During development, dendritic spines exhibit structural plasticity, by variable sprouting and
pruning, depending on experience. Synaptic turnover is extremely high during this period, and
a majority of newly sprouted dendritic spines in the mice somatosensory cortex, are lost, within
the span of a mere few days [41]. As development of an individual progresses, the course of
puberty also marks some structural changes. �e beginning of higher rates of pruning of den-
dritic spines in the human frontal cortex, and cortical thinning in humans have been shown to
correspond with pubertal development [42].

During development, structural plasticity is limited in time by what is known as ‘sensitive pe-
riods’. �ese periods designate limited periods of time wherein several connections or skills are
modi�ed permanently and signi�cantly, based on the information acquired through experience
[43]. Sensitive periods occur in the prenatal brain and continue throughout development but are
very limited during adulthood. For instance, newly hatched chicks memorize the characteris-
tics of the �rst moving object they encounter, and subsequently show a preference for it. �is
“imprinting” behavior can only be acquired within the �rst few days following hatching, and
involves age-dependent remodeling of neural networks in the visual and associative areas of the
chicks’ brains [44]. In humans, language acquisition is, o�en, a highly cognizant and arduous
task for adults, as compared to the relative passive learning by children. It can be argued that,
before the end of puberty, certain neural circuits are more susceptible to assimilating such skills
[45]. A prominent study by Hubel and Wiesel [46] found that closing one eye of ki�ens, but
not of adult cats, causes the permanent loss of visual responsiveness of neurons in the primary
visual cortex to stimulations to the deprived eye (ocular dominance plasticity). Moreover, axonal
sprouting and branching of thalamic neurons is curbed by visual deprivation during develop-
ment in rodents, and retinal ganglion cells extend their receptive �elds in turtles which have
been raised in the dark [4, 47]. Hence, while the beginning and end of sensitive periods are trig-
gered by molecular signals delivered timely during development, sensory experience is crucial
and can modulate the opening and closing of sensitive periods, especially during development
[43, 48].
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Beyond development as well, structural plasticity has an impactful presence throughout the lifes-
pan of an animal, triggered by various reasons, ranging across hormonal, lesion-induced, patho-
logical and training. Hormonal changes lead to structural changes in neural circuits. Structural
changes in the circuitry is crucial for the seasonal control of reproduction. Morphological rear-
rangements cause seasonal inhibition of a certain hormonal secretion in adult ewes [49]. Similar
hormonal changes can be internally triggered, as in the previous case, or caused due to external
chemical in�uence. Administration of drugs, such as, amphetamine or methylphenidate alters
the organization of dendrites in the prefrontal cortex, causing reduced play initiation, as well as
impaired working memory functioning [50]. Furthermore, lesions or adverse conditions can in-
duce changes in the network. Lesioning a part of the retina leads to an adjustment in the cortical
topography, by causing the receptive �elds of cells in the cortical scotoma to adapt to representing
the retinal area surrounding the lesion [37]. Pathological conditions can cause major upheaval in
the neuronal networks. Uncharacteristically higher spine densities has been observed in certain
parts of the frontal, parietal and temporal lobes in patients with Autism Spectrum Disorder [51].
Continuous exposure or targeted training can also potentially cause structural changes. �e dif-
ference in pro�ciency, between professional musicians, amateur musicians, and non-musicians,
in discriminating tones has been traced to certain structural di�erences, including the higher
gray ma�er volume in the le� Heschl’s gyrus in musicians [52]. Structural plasticity clearly
plays a sensitive and functional role in several processes during and a�er development.

2.3 Interaction between structural and functional plasticity

�e previous section has demonstrated the ubiquitous presence of structural plasticity across
species and across developmental and spatial scales. Structural plasticity encompasses a variety
of mechanisms that depends on the level under consideration; the processes underlying spine
turnover are very di�erent from the ones that drive axon arborisation [53, 54]. However, such
processes of structural plasticity do not occur in isolation. We �nd abundant evidences wherein
structural plasticity interacts with the other various forms of plasticity within neural circuits.
As discussed in section 1, plasticity in neural circuits ranges from the alteration of the intrinsic
biophysical properties of a neuron, and the experience-dependent modi�cation of the e�cacy
of synaptic transmission, to a massive overhaul of axonal connections within and across brain
regions. Inducing synaptic plasticity not only a�ects the generation of action potentials by a
neuron but also a�ects the intrinsic properties of a neuron, such as synaptic integration. For
instance, induction of long-term potentiation in slices of CA1 pyramidal and purkinje neurons
from the rat hippocampus and cerebellum, respectively, has been shown to have strong e�ects
on the intrinsic excitability of a neuron as well as dendritic integration [55, 56]. Conversely, al-
teration of neuronal excitability, by blocking a�er-hyperpolarisation (AHP), enhances induction
of long-term potentation in the hippocampal pyramidal neurons [57]. Reduced AHP of pyra-
midal neurons in the rat piriform cortex, following operant conditioning, also has been linked
with improved learning capacity [58]. Similarly, functional and structural plasticity are tightly
inter-connected. Initiation of structural plasticity may be triggered due to an external lesion, or
by an internal hormone release [16]. In this wide landscape, there is an interesting case where
structural plasticity is driven �rst and foremost by neural activity. De Roo, Klauser, and Muller
[31] observed an increase in spine turnover following induction of long term potentiation in slice
culture of neurons. Further, Oh, Hill, and Zito [59] showed an activity-dependent shrinkage of
dendritic spines. It has been also observed in hippocampal slice cultures that stimulation led to an
increased stabilisation of stimulated synapses and faster pruning of non stimulated synapses [23,
60]. On the other hand, such synaptic pruning can lead to an increased inhibitory nature of the
circuitry, which can have varied impacts. For instance, the late development of an inter-neuron
subset in the primary visual cortex causes the maturation of the inhibitory circuitry which plays
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a crucial role in the opening and closing of the sensitive period [43]. �us, we can see that struc-
tural and functional plasticity have a strong mutual interaction, and are both closely related to
the neural activity of the related network. While, in the former examples, a functional change
is able to trigger structural plasticity, in the la�er case, structural plasticity shows a prominent
functional impact. At a larger scale, the increase in inhibitory activity curtails the generation of
new synapses and the elimination of existing ones, which ultimately leads to the stabilisation of
the circuitry [61].

�ese observations suggest that certain instances of structural plasticity stem from functional
changes, and in turn, have the potential to induce a prominent functional impact. It seems more
than relevant to investigate the interactions between structural plasticity, neuronal activity and
the function of the related networks. Given the complex interactions between network structure,
activity and function, theoretical investigations in computational models will likely be required
to shed light on the underlying mechanisms. Structural plasticity has been sporadically incor-
porated into computational models (see section 4). We hypothesise that via such interactions,
structural plasticity could potentially ful�ll, not merely an auxiliary role in the functioning of a
circuit (e.g. energy optimisation), but also a more direct role towards facilitating the intended
function of a circuit. We will advocate below that vocal learning in songbirds is a useful paradigm
to understand the implications of structural plasticity on the organization of neural networks
during development and beyond, on the network function and the underlying neural code, and
ultimately on behavior.

3 From structure to neural activity to song

Firstly, we shortly review the analogies between birds and mammals, in both a behavioral and
neuroanatomical sense, and touch on the evidence accumulated in support of the hypothesis that
the two taxa share general principles in the organization of brain networks, the constraints bear-
ing on their construction during development and re-organization following injury or natural
remodeling of brain circuits. Whether these common principles are conserved, or the result of
convergent evolution, is beyond the scope of our review (see [62]). Once the parallels have been
established, we will highlight that structural plasticity is ubiquitous in the bird brain, just as it is
in mammals. We will then focus our survey on the brain circuits involved in the acquisition and
production of complex vocalizations in songbirds, where the relation between neural structure,
activity and function has been best studied. To this end, we brie�y describe the vocal learning
circuitry, then delve into the details of structural plasticity in this circuitry and �nally extract
computationally useful properties herein. As we will focus our review on structural changes un-
dergone by the song-related network across development and adulthood, we deliberately leave
aside the likely crucial role of functional plasticity in song acquisition and maintenance, discussed
elsewhere [63, 64].

3.1 General behavior and brain anatomy in birds

�e successful evolution of mammals in diverse ecological contexts is thought to rely, at least in
part, to the evolution of their large brains, conferring them with behavioral �exibility and cogni-
tive abilities and making them e�cient predators and competitors. �ese cognitive abilities are
diverse and include (but are not limited to) complex sensorimotor coordination and adaptation,
memorization, planning and anticipation capacity, analytical and deductive reasoning, sophisti-
cated social interactions, and introspective judgement. While many of these complex cognitive
skills have �rst been thought to be the hallmark of humans, or exclusively present in mammals
gi�ed with large brains, abundant experimental evidence now demonstrates that several bird
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species also display many, if not all, of the same cognitive functions as mammals [65, 66]. So-
phisticated sensorimotor learning abilities are demonstrated in songbirds by song acquisition,
with remarkable parallels to human speech learning, including its reliance on high auditory pro-
cessing of auditory feedback, tight coordination of vocal muscles and social interactions [67, 63].
Various bird species display food caching behavior and rely on months-old spatial memory traces
to retrieve their spread-out cached food [68], illustrating their excellent episodic-like memoriza-
tion and planning capacities. Tool use and other problem-solving tasks have been successfully
solved by several bird species, many from the corvidae family [69]. Many species of birds, in-
cluding starlings, crows and parrots, have been found to maintain complex social organization
among colonies of thousands (and more) of subjects [70, 71], relying at least partly on vocal com-
munication. Finally, parrots display cognitive abilities that we have until now considered unique
to humans and other primates (conceptual representation, combinatory learning, counting [72])
and magpies can recognize themselves in a mirror [73], a skill thought to require a representation
of oneself and only sparsely present in mammals.

Altogether, the similar cognitive abilities of birds compared to mammals suggest that similar
constraints apply to the organization of their nervous system to optimize their behavior. Studying
the emergence of brain function during development or re-organization in adulthood in birds is,
thus, just as promising as it is to rely on mammalian animal models.

�e complex behaviors displayed by birds and brie�y summarized above rely on brain circuits
that display, for the most part, major biochemical, anatomical, and physiological di�erences as
compared to their mammalian counterparts, but still remain surprisingly analogous in their func-
tional organization [62, 66]. Basic avian brain anatomy already di�ers from that of mammals,
the most notable discrepancy being the absence of a laminated neocortex in the avian telen-
cephalon [74, 75]. Rather, the avian pallium is inherited from the reptilian Dorsal Ventricular
Ridge and is organized into a largely continuous �eld of nuclei. For this reason, the avian telen-
cephalon has long been considered to mainly consist of a hypertrophied basal ganglia structure
(or paleostriatum, see [76, 77]). While this organization appears very di�erent, the nuclei of the
avian pallium show similar connectivity, neuronal types and functional properties to those of
the mammalian cortex, amygdala, and claustrum. Within this area, birds clearly display a hip-
pocampus, piriform cortex and olfactory bulb. �e hyperpallium in birds (previously/also called
the Wulst), also included in this area, displays a strong analogy with the primary visual area and
a primary somatosensory area of the mammalian cortex, in terms of thalamic input, connectivity,
and electrophysiological properties [78]. �e Nidopallium contains various auditory areas that
display a similar functional organization as the mammalian auditory cortex, although the spatial
arrangement of the various network components is very di�erent in birds [79, 80]. At a �ner
scale, comparative developmental analysis and neurochemical data reveal a surprising extent of
similarities in the neuronal subtypes and among birds and mammals [81, 82].

In the ventral part of the avian telencephalon, ‘subcortical’ structures are older from an evolu-
tionary point of view as compared to the pallium, and therefore share even more similarities
with mammalian subcortical structures. In particular, the avian brain contains homologues of
the mammalian septum, basal ganglia (BG) and several other nuclei, as unveiled by develop-
mental, topological, neurochemical, cellular, connectional and functional data [83]. Moreover, a
modern revision of the avian anatomical nomenclature has now provided a common language
for studying the function of the avian subcortical nuclei [77].

Concerning the BG, there is an avian circuit that has been looked deeper into: the song-related
BG-thalamo-cortical loop of songbirds. Indeed, songbirds have specialized a portion of their
forebrain–BG circuitry expressly for the purpose of song learning. Recent advances in anatom-
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ical, physiological and histochemical characterization of avian BG neurons and circuitry have
revealed a homology between this circuit and the mammalian motor loop of the BG-thalamo-
cortical network [84, 76]. In particular, the song-related BG nucleus Area X di�ers from mam-
malian BG in its gross anatomical structure, but it displays surprisingly similar circuitry at a
�ner scale. It is embedded within a region homologous to the mammalian striatum and receives
a particularly strong dopaminergic projection [85]. It contains neuron classes corresponding
electrophysiologically and morphologically to those in the mammalian striatum [86, 87]. In ad-
dition, Area X contains a class of neurons with pallidal properties, which directly project to the
thalamic nucleus DLM [88, 89]. We will focus below on the song-related circuits in songbirds,
including this BG-thalamo-cortical loop.

Given the strong homology (for subcortical structures) or analogy in the organization of brain
circuits driving complex behavior between birds and mammals, it is most likely that the func-
tional organization of these circuits rely on the same basic principles. �erefore, studying the
computational advantages of structural plasticity in birds will improve our understanding of this
basic principle and provide generalizable theories for how development and remodeling acts to
(re)shape brain function. Now, we will discuss the speci�c case of the vocal learning circuitry in
songbirds.

3.2 Avian vocal learning

For context, we begin by providing a brief overview of the vocal learning process in birds, along
with the related anatomy.

Song acquisition and production

Songbirds use learned vocalizations to communicate during courtship or aggressive behaviors.
Akin to speech learning in humans, vocal learning in young birds requires the coordination of
vocal muscles to reproduce previously experienced adult vocalizations. Singing is a sensorimotor
skill and song acquisition in juvenile birds is also highly dependent on hearing the adults they will
imitate, as well as themselves as they practice, and this dependence wanes as the birds mature.
Strikingly, the gene FoxP2, linked to speech learning in humans [90], is also implicated in avian
song learning [91]. Similar neural mechanisms underlying vocal learning are most probably
involved in humans and birds [67], and the study of these mechanisms in birds could shed light
on the neurobiological bases of speech learning.

Interestingly, in birds, as in humans, imitative vocal learning is characterized by several phases
[67]: (i) the sensory phase enables human infants or juvenile birds to build a neural representa-
tion of adult vocalizations, which will guide later vocal production; (ii) during the sensorimotor
phase the young subjects start to vocalize, initially producing babbling sounds and then adapting
its vocal output to imitate previously heard vocalizations; (iii) �nally the produced vocalization
becomes more and more stereotyped and vocal plasticity signi�cantly drops. �is �nal phase is
called crystallization in birds. Each of these phases is bounded by a sensitive period [63]. In most
bird species, if the young subjects have not experienced conspeci�c adult vocalizations before
a species-speci�c age limit (e.g. 60 days post hatch (dph 60) in zebra �nches, around 2 years
in children), imitation will be virtually impossible because the sensory phase of vocal learning
is closed past that age. Similarly, the sensorimotor phase closes with puberty in many species
(around dph 90 in zebra �nches, 12-14 years in humans) when vocal exploration drastically de-
creases (and vocalizations become more stereotyped), making vocal imitation more di�cult and
reducing greatly the vocal plasticity. Seasonal birds may re-open the sensorimotor phase yearly
and therefore display cyclic sensitive periods locked to seasonal changes.
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Figure 1: Schema of the neural substrates involved in vocal learning in zebra �nches. �e cor-
tical pathway, shown in black, comprising the HVC and RA, is primarily responsible for vocal
production. �e anterior forebrain pathway (show in grey), consists of the LMAN, Area X (BG
homologue) and DLM (thalamus homologue) and plays a crucial tutor role in vocal learning.

�ese sensitive periods and the underlying phases of vocal learning are driven by physiologi-
cal signals that constrain the development of neural circuits in the central nervous system, and
thereby a�ect the behavioral plasticity. What are the changes undergone during vocal learning
by the related neural circuits? Can we understand the various behavioral phases in light of cir-
cuit changes? In other words, how does structural plasticity related to the development of brain
circuits underlying vocal learning a�ect the imitation process? We will illustrate below how be-
havioral, anatomical, neurochemical and electrophysiological data collected in songbirds (mostly
in zebra �nches) may help bridge the gap between structural plasticity and behavior.

Anatomy of the song system

In birds, the sensorimotor skill of song production and its learning has a dedicated set of inter-
connected brain nuclei collectively known as the “song system” (see Figure 1), that ultimately
coordinate the pa�erned breathing and vocal muscle activity necessary for vocalization. �is
dedicated circuit makes the songbird an outstanding model to study the neural mechanisms of
vocal learning and more generally, the function of neural circuit in sensorimotor learning.

�e song system includes a ‘motor pathway’ that is required throughout life for normal song
production, and a BG-thalamo-cortical circuit necessary for song learning, plasticity and main-
tenance, called the ‘anterior forebrain pathway’ [92]. �e song system receives auditory infor-
mation through the projections from the high-level auditory areas Field L, NCM (caudo-medial
nidopallium) and CM (caudal mesopallium), and the pallial regions analogous to the auditory
cortices of mammals (see section 3.1), to the nucleus HVC (used as a proper name) [93].

�e motor pathway includes the premotor cortical nucleus HVC and the robust nucleus of the
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arcopallium (RA), which is functionally equivalent to the laryngeal motor cortex. �e HVC is
involved in generating the timing and sequencing of song [94, 95]. RA receives inputs from the
HVC and projects directly to respiratory centers and to the brainstem motor neurons control-
ling the vocal organ; the respiratory centers send recurrent information back to the HVC via
the thalamus, re�ecting the importance of bidirectional coordination between telencephalic and
brainstem structures in vocal control [96, 97].

�e BG-cortical loop indirectly connects the HVC and RA, and like the cortico-basal ganglia cir-
cuitry in mammals, plays a crucial role in motor learning. It consists of three nuclei connected
in a loop: the BG nucleus Area X, the medial portion of the dorsolateral thalamic nucleus (DLM),
and the lateral magnocellular nucleus of the anterior nidopallium (LMAN). �is loop is closed
in the macroscopic sense (i.e., the projections form a recursive loop). �e LMAN - Area X, Area
X-DLM and DLM - LMAN projections within the loop are topographic [98, 99], thus demon-
strating that this BG-cortical loop is also microscopically closed. �e song-related BG nucleus
Area X receives strong dopaminergic innervation from the midbrain [84]. Because this special-
ized cortico–BG circuit is discrete and devoted to a speci�c well-de�ned and naturally learned
sensorimotor task rather than a broad range of motor behaviors, it is particularly tractable for
elucidating the interwoven sensory, motor and reward signals carried by BG, and the function
of these signals in skill learning and execution [83].

During song acquisition, the integrity of the song-related BG-cortical loop is required for proper
imitation of adult vocalizations [100, 101]. Although its precise role in song learning has long
remained mysterious, recent experimental studies have shed light on its function during learning.
Multiple lines of experimental evidence support a role of the BG-cortical loop in driving and
modulating acoustic variability in song. In particular, lesions or inactivations of the cortical
output of the loop (LMAN) reduce the acoustic variability of plastic song in juvenile birds [102,
103] and changing dopaminergic input to the circuit triggers changes in song variability [104].
�e song-related BG circuit also guides changes in motor output by generating an error-reducing
motor bias that is rapidly incorporated into the cortical premotor network [105]. In birds, as in
mammals, it is believed that the adaptive motor changes elicited by the BG are learned through a
reinforcement learning mechanism. Accordingly, dopamine delivery in the BG provides an online
evaluation of song quality [106] analogous to reward prediction errors signaled by dopamine
during conditioning in mammals [107]. �is dopaminergic signal provides a reinforcement signal
that drives error correction during learning [108, 109]. �e dopaminergic input is known to
modulate synaptic plasticity in birds [110], akin to mammals [111]. �ereby, the BG output
implements behavioral adaptations guided by dopaminergic reinforcement signaling to optimize
motor output. �ese behavioral adaptations are ultimately consolidated in cortical networks
following extensive training [105, 112].

�e whole network of brain nuclei involved in song production in songbirds - the song system -
o�ers a great model for studying brain circuits and their role in behavior. �e numerous genes
implicated in human diseases that are enriched in the song system nuclei and exhibit di�erential
expression, both at speci�c points in development and during behaviors, such as listening to
song or singing, also opens up interesting paths for the study of pathophysiological processes
[113, 114]. We argue that studying the bene�ts and consequences of structural plasticity in this
system, through a functional standpoint, may shed light on the general principles that make
structural plasticity advantageous for the central nervous system in the perspective of learning
complex skills.
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Figure 2: Timeline of development of the vocal learning circuitry in zebra �nches [115, 116,
117, 118, 119, 120, 121, 122]. �e bo�om panel shows the axons from HVC entering the RA, to
form the cortical pathway responsible for vocal production, much a�er the anterior forebrain
pathway (theorised to provide a tutor signal for vocal learning) is completed (bo�om panel).
�is is accompanied by signi�cant changes in the neural regions involved. During the initial
sensorimotor period, the volume of the RA and HVC increase with a signi�cant decrease in the
LMAN volume, while the synapses within the RA increase, both from HVC axons and from RA
interneurons. In the later stages of the sensorimotor learning, decreasing song variability is
accompanied with a stabilisation of the volume of the LMAN and HVC and a slight decrease in
RA volume.
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3.3 Structural plasticity in songbirds

Similar to mammals, birds display plasticity from the scale of dendritic spines to synapses to
networks throughout their lifespans, both during development and in adulthood. Internal fac-
tors (such as the concentration of circulating hormones) and external factors (such as daily light
cycles, but also injury or lesion), can trigger plasticity in birds. For instance, the avian olfac-
tory pathway which projects into paralimbic areas, before hatching, is displaced competitively
by the development of visual, auditory and motor pathways a�er hatching, as a result of higher
audio-visual exposure [123]. Neurogenesis and circuit reorganization is also common in adult
birds. �e hippocampus undergoes seasonal neurogenesis and reorganization in food-storing
birds and brood parasites [124], and higher exposure leads migrating species (passerines) to un-
dergo more neurogenesis in areas that process spatial information, than non migratory species
[125]. Interestingly, similar mechanisms underlie adult neurogenesis in both avian and mam-
malian species [97]. �e brain circuit where structural plasticity has been most studied in birds
is arguably the song system in songbirds [126]. In this section, we provide a short review on the
current evidence for structural plasticity in the vocal learning circuitry in birds.

During development

Song acquisition happens in juvenile birds while their brain is still in development. As a conse-
quence, the song-related neural circuits are still in the process of being built and there are many
forms of structural plasticity in the network, during the song learning period.

Auditory experience may already have an in�uence on brain development before hatching [127]
and the auditory pathway from the ears to high auditory areas in the pallium is built early in
development. �e anatomical structure of the auditory network is thus largely mature in young
birds when the sensory learning phase starts (dph 20), with all major anatomical connections
being present. Exposure to adult vocalization, at that stage, shapes the auditory responses of
neurons in the high-level auditory nuclei of the pallium where song-selective responses occur
relatively early (before dph 35) [128]. Receiving strong a�erents from these auditory nuclei,
neurons in HVC and its e�erent structures show a progressive emergence of song selectivity
during the sensory period of song learning [67]. Chen and Meliza [129] demonstrate that during
development, there are signi�cant changes in the phasic excitability in the caudal mesopallium
CM, a cortical auditory region which exhibits selective responses to familiar conspeci�c songs.
Exposure to tutor song has been shown to induce cell-type speci�c changes within the ion chan-
nel expression pa�erns of HVC neurons, depending on whether they project to the RA or the
Area X. �ese changes happen at a magnitude that can potentially alter network function [130].
Moreover, daytime exposure to tutor song had profound e�ects on the distributions of inter-spike
intervals of RA bursting activity during sleep, depending on the tutor song [131]. Deafening adult
birds, on the other hand, decreases dendritic spine size and stability of Area X projecting HVC
neurons, along with an increase in mean spontaneous action potential �ring rates and decrease
in inter-spike intervals [132]. Daou and Margoliash [133] investigate the intrinsic properties of
Area X projecting HVC neurons further, and discover that birds displaying good copies of their
tutor’s song exhibit similar spike morphology, spike trains, and ion current magnitudes, indicat-
ing that these intrinsic dynamics may be molded by auditory and vocal experience. Additionally,
considering conditioning using distorted auditory feedback also elicits a prominent e�ect on the
intrinsic properties of HVC neurons in adults, it has been suggested that such intrinsic plasticity
could form an alternate/complementary mechanism for learning via their e�ect on synaptic ef-
�cacy and network interactions [133, 134]. Further, functional plasticity is likely involved in the
shaping of auditory responses in this network [135]. �e synaptic rewiring in HVC is also evi-
denced by a large turnover of dendritic spines early in the sensory learning phase, followed by a
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rapid stabilisation of spine dynamics [136]. �is correlation of circuit changes with tutoring may
indicate a functional role of structural plasticity in sensorimotor learning. On the other hand,
with development, spine turnover in the HVC decreases in untutored birds too. Hence, this stabil-
isation might potentially underlie the closing of a sensitive period, where they are more receptive
to learning behavioural change. �e underlying cellular and molecular mechanisms triggering
the changes in plasticity are still under investigation. Interestingly, perineuronal nets surround-
ing groups of neurons and limiting axonal and dendritic processes could mediate changes in
plasticity [137]. Further work is however required to con�rm their causal role in the opening
and closing of sensitive periods.

Contrary to the ascending auditory pathway, the song system is highly immature when birds
start the song learning process, and structural plasticity is ongoing both during the sensory and
the early sensorimotor period of song acquisition (Figure 2). Among the two pathways of the
song system, the BG-cortical loop develops �rst and is fully formed by dph 20, before the senso-
rimotor phase begins [122]. Indeed, in juvenile male zebra �nches, at the onset of song learning,
axonal terminals from LMAN enter Area X (dph 20), Area X terminals enter DLM by dph 20
[121], and DLM terminals enter LMAN before dph 15 [120]. �is BG-thalamo-cortical circuit is
topographic in nature and reaches maturity before dph 20. [98, 138]. Concerning the input path-
way of the BG-thalamo-cortical loop, HVC neurons projecting to Area X innervate this target by
dph 20 [139, 118]. �e output pathway of the loop is also formed early, with LMAN projections
entering the RA by dph 15 [119]. �e number of synapses made by LMAN axons onto RA neu-
rons decreases substantially (-70% between dph 20 and 60) over the course of vocal development
[119]. While anatomical connections between the nuclei are stable from dph 20 to adulthood, the
nuclei of the BG-cortical pathway nonetheless experience dramatic volume changes. Between
20 dph and 60 dph, LMAN volume and neuron number decline by 50%, while the volume of Area
X increases by 50%, due to neurogenesis [140, 118] .

�e motor pathway, on the contrary, develops very late in the song learning process. First, both
HVC and RA grow slowly, reaching adult size only a�er dph 40 and dph 70, respectively [117]. In
HVC, the number and size of neurons both increase dramatically [116]. Meanwhile, the synapses
in the RA, from the HVC and LMAN are drastically rearranged at the onset of the sensorimotor
phase. HVC axons reach the dorsal border of RA by dph 15, but, unlike the LMAN, they form
synapses with the RA only between dph 30 and 40 [119, 122]. In the sensorimotor period, between
dph 20 and 60, the reduction of synapses between the LMAN and RA is accompanied by a tripling
of the number of synapses within the RA and an increase of the RA volume [119, 116, 117].

�e most striking consequence of the late development of the song system is that the motor
pathway, which drives adult vocalizations, does not contribute to the babbling vocalization, called
subsong, produced by juveniles in the early sensorimotor phase of song learning [141]. At that
stage, the HVC-to-RA pathway is not yet functionally strong enough to drive singing and LMAN
projections are driving subsong-related activity in RA. During the following days, the formation
and strengthening of inputs from HVC to RA leads to the emergence of plastic song, driven both
by LMAN and HVC [119, 142]. As learning progresses, the in�uence of the LMAN inputs to
the RA reduces due to the strengthening of the synaptic connections from the HVC. Further,
the variability of the song decreases with development and practice (dph 60–90), along with a
signi�cant pruning of the HVC inputs to the RA, albeit with a strengthening of the surviving
connections [142].
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During seasonal plasticity

Post-development, hormonal changes and external factors continue to induce structural changes
in the brain in many vertebrates beyond the developmental period [143]. Most temperate song-
bird species breed seasonally and display a pronounced seasonal plasticity in their singing behav-
ior [144]. �e song initially learned as a juvenile undergoes a pa�ern of yearly changes triggered
by changes in the light cycle and mediated by sex steroid signaling in the brain [145, 146]. Pro-
ducing highly stereotyped songs during breeding, birds stop singing during the summer molt,
resume singing in fall with short-duration songs of variable structure at lower rate and volume
and gradually sing longer, louder and more stereotyped songs until the next breeding season
[147, 148]. �ese changes in song are accompanied by a large structural reorganization of the
neural circuits in the song system [149], auditory areas [150] and beyond [151]. �is naturally
occurring plasticity in the songbird brain is perhaps the most pronounced observed in any adult
vertebrate. �e volume of many song-related brain regions, as well as their number of neurons
and synapses, increase dramatically in anticipation of the breeding season [147, 126], while the
physiological and functional properties of their neurons are altered [152, 153]. �e entire vol-
umes of several song nuclei, including HVC, RA and Area X, are considerably larger during the
spring breeding season than during autumn and winter in seasonal birds [154]. �e increase in
volume may re�ect an addition of new neurons through neurogenesis, notably in the HVC [155,
156], or dendritic growth and synaptogenesis, with an increase in the number of dendritic spines,
as seen in the RA or Area X [157]. Meanwhile, neuron number in LMAN and their inputs to RA
remain relatively constant [158]. Altogether, it is interesting to note that the strengthening of the
HVC-RA pathway before the breeding season recapitulates at least in part the late development
of the motor pathway during song acquisition in juveniles. Interestingly, seasonal plasticity is
regulated by the same endocrine signals as juvenile song learning [159, 160] and may therefore
exploit similar mechanisms as those acting during early ontogeny [161].

3.4 Functional impact of structural plasticity

�ere are parallels in the manifestation of structural plasticity between mammals and birds. In-
sights drawn from the songbird literature can be used to understand neural circuitry and be-
haviour in mammals, as well. �ey present an avenue to explore the contributions of changes in
neural circuitry beyond functional plasticity.

Certain fundamental elements of structural plasticity can potentially confer bene�ts when incor-
porated into computational models. During song learning, there is an early excessive sprouting
of neurons in HVC and RA, followed by a signi�cant pruning of the HVC-RA synapses, and
strengthening of the surviving connections [119]. �is form of abundant sprouting followed by
selective pruning is a commonly adopted technique to model changes in network connectivity.
�is phenomenon can also be employed to encode the trade o� between exploration and exploita-
tion, to represent decreasing tendencies to explore, as learning proceeds [162, 142]. Also, spine
turnover and terminal size can be useful parameters in modeling the consolidation of learned
motor action or behaviour, in lieu of solely modifying synaptic weights [136, 119]. Beyond struc-
tural plasticity, it could also be interesting to consider integrating features of intrinsic plasticity
within computational models, for instance, by simulating the alteration of intrinsic excitability
of a neuron by introducing activity-dependent modi�cations within the activation functions in
typical neural network models, as suggested by Daou and Margoliash [134].

Apart from the general usage of these basic elements to computationally exploit the proper-
ties of structural plasticity, there are speci�c insights that can be drawn from vocal learning in
songbirds, where structural plasticity directly has a crucial functional impact on learning. As
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we have seen in the section 3.3, a common feature of the developmental and seasonal struc-
tural plasticity in the song system is the progressive strengthening of the motor pathway and
its increased synaptic drive on RA neurons compared to the early shaped and steady input from
LMAN. Interestingly, in both cases, induction of large variability in the song by LMAN occurs
in the condition where HVC inputs to RA are not as prominent [163, 141]. �e putative e�ect of
this relative change in the balance of inputs from HVC and LMAN in RA is crucially in�uencing
the activity of neurons in RA and how they mediate changes in song.

Both in the early phase of juvenile learning and during fall in seasonal songbirds, LMAN drives
variable pa�erns of activity in RA, resulting in less structured and more variable songs [163, 102].
Accordingly, the singing related activity of RA neurons gradually changes from highly variable
�ring pa�erns to precise and sparse bursts of spikes locked to song motifs during juvenile learn-
ing [164]. LMAN input is necessary for the expression of RA �ring variability, and the change
from variable to stereotyped �ring pa�erns in RA throughout development could be explained
by the strengthening and pruning of HVC inputs to RA (that drive stereotyped pa�erns) while
LMAN inputs remain unchanged [142]. As HVC input to RA becomes larger, it drives stronger
bursting in RA interleaved with hyperpolarized periods of silence due to recurrent inhibition
[164]. LMAN inputs to RA are mediated mostly through voltage-dependent NMDA receptors
[165, 102], and its in�uence on RA �ring is weak in this condition. �e in�uence of LMAN on
RA is thus diminished, resulting in a progressively more stereotyped song [102]. Interestingly,
this scenario does not require any seasonal or developmental modi�cation in the BG–forebrain
circuit to see its in�uence on song strongly modulated. It ensures that LMAN-driven variability
is expressed long before the HVC driven temporal structure of the song motif emerges, and likely
results in the two-phase learning, including early babbling in subsong followed by temporally
structured plastic song.

�e strong in�uence of the LMAN on the RA early in development initially drives subsong and
then drives the variability in plastic song; therea�er, HVC plays an increasingly strong role in
driving the stereotyped �ring of RA as the bird approaches crystallization. �e same scenario
seems to be recapitulated at least partially during seasonal plasticity due to the regrowth of HVC
and the entrance of new axons in RA. Why is HVC input arriving so late in the RA during song
acquisition or during seasonal relearning? And why is learning divided in these two phases -
babbling and plastic song? In the next section, we draw a parallel with optimisation techniques,
commonly used in machine learning, to investigate the potential roles of these phenomena in
sensorimotor learning.

4 From biology to machine learning

We have seen that structural plasticity is shared among di�erent species, occurs (non-uniformly)
across the whole lifespan and scales from the level of dendritic spines up to distributed cortical
regions. It leads us to question why plasticity of this kind is as prevalent, and if it confers any ben-
e�ts to the development of neural circuitry. Models of experience-dependent structural plasticity
have shown that rules of dendritic and synaptic growth, derived from experimental data [166],
improve information transmission in networks with small-world topology (i.e. high clustering
coe�cients and short path lengths) [167]. Knoblauch et al. [168] simulate structural plasticity by
accommodating potential future synapses and �nd that this leads to a higher storage capacity per
synapse than networks with only synaptic weight plasticity. Moreover, Chechik, Meilijson, and
Ruppin [24] show that energy e�ciency of memory storage, indeed, is improved by using the
strategy of excessive sprouting followed by synaptic pruning. Structural plasticity can also in�u-
ence the development of synaptic connectivity within networks. Poirazi and Mel [169] show that
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memory formation or long-term information storage might also be governed by the co-activation
of synapses on a shared dendritic branch rather than merely synaptic weights. Stepanyants, Hof,
and Chklovskii [170] complement this study, using geometric analysis to demonstrate that den-
dritic spines improve information capacity by increasing the speci�city of dendritic connections.
Sailor et al. [171] further demonstrate the functional role of dendritic arborisation of adult-born
granule cell inter-neurons in the olfactory bulbs of adults. Simulations by Spiess et al. [27] show
that structural plasticity improves learning by decreasing response noise, and when combined
with pruning, also reduces the training time. Further, models such as Lightheart, Grainger, and
Lu [172] incorporate the e�ect of structural plasticity by using constructive algorithms to sim-
ulate network growth which also account for the creation of new neurons. Such comparatively
slower structural plasticity could balance the trade-o� between stability and plasticity in order
to help evade catastrophic forge�ing [26, 168]. Knoblauch, Palm, and Sommer [173] further
demonstrate that this strategy also helps optimise information capacity in biological networks
[174].

Despite these clear advantages of incorporating structural plasticity, it has seldom been used in
machine learning and computational neuroscience literature. Most of the time, the architecture
of a model is chosen prior to the learning phase and remains �xed until the end. �ere are
of course notable exceptions. One of the earliest and best known example of a computational
model taking full advantage of structural plasticity is the growing neural gas model [175] that
learns the topology of the input thanks to the dynamic topology of the network. Connections
between units can be created or removed dynamically during the learning phase according to
a precise criterion that depends on both the data and the history of the model. �is dynamic
recon�guration allows the model to faithfully map the topology of the data as opposed to, for
example, a regular self-organising map [176] that uses a �xed topology.

A couple of years before this model was introduced, pruning algorithms [177] were popularized
by the Optimal Brain Damage algorithm [178] that aim at �nding the optimal size (in terms of
the number of connections) of a feed-forward model in order to establish a trade-o� between the
complexity and the error magnitude of the resulting model. �is algorithm starts from a fully
connected feed-forward model (multi-layer perceptron) and removes, a�er training, the weights
that have the lowest saliency. With the advent of deep-learning during the past decade and the
in�ating size of models, there has been a renewed interest in such pruning techniques [179].
However, pruning is the simpler side of structural plasticity since you start from a situation
where you can objectify the in�uence of a neuron A onto a neuron B based on the existence of
a connection between them. �e careful analysis of this in�uence can then help to decide if the
connection can be removed or not.

On the other hand, the case of sprouting is quite di�erent because there is a need to establish a
new connection between a neuron A and a neuron B that are, by de�nition, not connected. �is
implies that, from a structural point of view, this selection cannot be based on the correlation of
activity, for instance, since no connection exists. Hence, one obvious way to perform the selec-
tion is to randomly choose the source and the target. �is is the technique used in a number of
generative models that search for the best architecture [180]. �ere exist however non random
techniques, such as marker induction, as proposed by [181]. In this model, markers are used to
induce presynaptic �bers to connect to the post-synaptic sheet. �is results in a neighbouring
presynaptic region to connect to a neighbouring postsynaptic region in an ordered fashion and
this model is used to explain the formation of ordered retinotectal projections in amphibians and
�shes. �ere exist similar models for the development of the retino-geniculo cortical pathway
[182] and more generally, the formation of topographic maps [183, 184]. In addition to several
widely applicable advantages of structural plasticity such as optimising energy consumption (as
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discussed in section 4), structural plasticity, in the case of topographic maps (e.g. visual maps),
can help to embed pa�ern of synaptic strengths in the network topology [185] and may explain the
existence of a critical period as well. However, from a computational point of view, the advantage
of such structural plasticity compared to, for instance, an initially fully connected model that is
later pruned, is not clear. Departing from the pure formation of topographical maps, the model
by Kappel et al. [186] explains and exploits structural plasticity to give a functional account on
the development of a dedicated architecture for solving reward based tasks. As explained by
the authors, this model uses reward-driven network plasticity as continuous sampling of network
con�gurations that results in policy sampling. �is model is interesting because it provides a
functional interpretation of structural plasticity and justi�es its presence. Without such plastic-
ity, it would be more di�cult or longer for the model to solve the task. However, we suggest
that the functional role of the sprouting phase should be considered beyond the formation of
topographic maps.

Now while several advantages of structural plasticity have been noted across the literature, rang-
ing from energy e�ciency to optimisation of information storage (as discussed in section 4), we
investigate if structural plasticity, within a speci�c circuitry, contributes directly to the function
of said circuitry. In order to look into the potential direct functional advantages of structural
plasticity, we scrutinize a hypothesis that is gaining popularity in the literature. �is hypothe-
sis states that the development of automatized skills, such as song production, is driven by the
basal ganglia through dopamine-modulated reinforcement learning in order to guide learning in
a parallel cortical pathway, which eventually governs the production of the skill [187, 188, 105].

From a theoretical perspective, this can be considered as a dual learning system, one is reactive
and dependent on instantaneous reward (reinforcement learning) while the other is much slower
and independent of reward but can strongly bias the output. Reinforcement learning builds an
approximation of the local error contour via its exploration techniques, and can implement gra-
dient descent in its pursuit to maximize the expected reward (or minimise the error) [189]. A
strong parallel can be drawn between such a system and the notion of momentum in the �eld
of machine learning. Momentum is a simple and popular technique in supervised learning for
improving stochastic gradient descent and to escape local minima [190]. �is technique averages
the last few gradients in order to maintain a consistent direction of the gradient. �is has been
proven to work be�er and faster than pure stochastic gradient descent. Very recently, such usage
of momentum has been adapted to the framework of reinforcement learning in the case of the
value iteration algorithm [191] but the technique can be adapted to any reinforcement learning
algorithm, including actor-critic architectures. For this la�er case, it is a ma�er of replacing the
critic by the average of successive critics.

Now, we hypothesise a role for structural plasticity in directly aiding the process of song learn-
ing, by building an analogy between momentum-guided reinforcement learning and the dual
pathway hypothesis for avian vocal learning. As we have seen in earlier sections, in the case of
songbirds, the vocal learning circuitry comprises of two parallel pathways. �e primary cortical
motor pathway (involving the HVC and RA) is believed to be responsible for controlling song
generation, while a secondary BG-thalamo-cortical pathway (involving the LMAN, Area X and
DLM) functions as a tutor and sends signals to in�uence the course of vocal production. Area X
receives strong dopaminergic innervation from the midbrain, which provides an online evalua-
tion of song quality [85]. Moreover, there is experimental evidence showing activity-dependent
synaptic plasticity at HVC and LMAN projections to spiny neurons in area X [192]. �us, along
with LMAN-driven variability, Area X forms an ideal site to facilitate reinforcement learning. On
the other hand, activity dependent synaptic potentiation and depression have also been described
at the HVC-RA synapses[193]. �is provides an avenue for synaptic plasticity based on Hebbian
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Figure 3: Momentum guided reinforcement learning can be understood using an analogy of ve-
locity and acceleration. In this illustration, velocity corresponds to Hebbian learning, which
represents the momentum of the trajectory, while acceleration corresponds to reinforcement
learning and can modify the velocity vector up to a certain degree (10% in the �gure). �e il-
lustration simulates the trajectory from a �xed initial position to a target, when the direction
of the velocity is continually modi�ed by the acceleration. In the �gure, four trajectories with
increasing initial delays (le� to right) are shown. �ese delays correspond to the moment when
velocity is activated/allowed to initiate the trajectory. Before that, the acceleration in�uences the
direction of the velocity, however without any displacement. When there’s no delay, the initial
velocity vector can potentially drive the trajectory away from the target (as shown in this speci�c
example), while with longer delays, the acceleration can explore and identify a more conducive
direction in order to exhibit a more direct trajectory to the target.

learning, or co-activation of pre-synaptic and post-synaptic terminals, within the cortical motor
pathway. Models such as Teşileanu, Ölveczky, and Balasubramanian [194], also, use STDP-like
learning mechanisms, modulated by the parallel BG pathway, to describe the functioning of the
cortical pathway. Similar to the mammalian literature discussed above, there is a range of em-
pirical evidence to support the hypothesis that the tutor signals from the BG-thalamo-cortical
pathway guide song learning and are eventually consolidated within the cortical pathway[102,
164]. In addition to the synaptic plasticity described in the two parallel pathways, as discussed
previously, it has been observed that the HVC axons wait at the dorsal border of RA and enter the
RA to form synapses only a�er the formation of the BG-thalamo-cortical loop [119, 122]. �is
leads us to investigate if this delayed circuit completion, induced by structural plasticity, might,
in fact, have a crucial functional role in the process of vocal learning using the dual pathway
architecture.

Drawing an analogy with momentum-guided reinforcement learning, the BG pathway biases
the motor output towards the target syllable using reinforcement learning, akin to the role of
acceleration in the aforementioned illustration, as both play the role of modulating the direction
of the system. �e growth of the slower and more stable cortical pathway can be compared to
the role of velocity, where both maintain a steady direction in the learning phase. �ey provide
a central locus around which acceleration/the BG loop are able to explore locally and bias the
output. �e local changes made by acceleration/the BG loop are gradually incorporated and con-
solidated within velocity/the cortical pathway. Within this analogy, we extend the �ndings of the
illustration to the dual pathway system. We have observed that the slowly-modulated velocity
parameter can govern the direction of the system, and can thus provide the momentum required
to escape local minima by countering the e�ect of the acceleration parameter that would prefer-
entially guide the system towards the local minima. �is overshooting of shallow local minima in
an a�empt to reach the global minimum could be a potential role ful�lled by the development of
the cortical pathway and the transfer of information from the sub-cortical to cortical pathways.
Moreover, in the absence of momentum (as simulated using initiation delays), acceleration can
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exercise comparatively greater in�uence over velocity, which could, in turn, help �nd a more
conducive direction for the system to begin its trajectory. �us, during the early babbling stage
of vocal learning, where the BG loop is formed, but the cortical pathway isn’t yet fully formed,
the avian BG can explore the sensorimotor space and �nd a desirable direction with respect to
the local contour. Such early exploration would result in the system moving more rapidly in the
chosen direction, eventually, when momentum kicks in or, in this case, when the HVC axons
innervate the RA. Considering the cortical motor pathway to implement an equivalent of the
notion of momentum, it might be necessary for this pathway to be active only a�er the initial
direction of the gradient is determined. �e alternative being a momentum, in a random ini-
tial direction, that may cause delays in learning, or ultimately drive the learning away from the
actual target. Hence, the developmental delay facilitates an initial period of high exploration,
which could be hindered by the presence of a comparatively change-resistant cortical pathway.
�e delay in the development of cortical pathway, thus, might have a crucial role in control-
ling the exploration-exploitation trade-o� by allowing for an initial predominantly exploratory
phase, while additionally assisting in escaping local minima in the later stages of sensorimotor
learning. Providing this auxiliary support to gradient descent could be a potential functional
role for the otherwise unaccountable delay observed in the innervation of RA neurons by HVC
axons.

�e comparison of the structural plasticity within the cortical motor pathway with the technique
of momentum is also in agreement with a prevalent hypothesis (discussed in section 3) that the
innervation of RA by the HVC axons causes an increased inhibitory nature of the RA, which in
turn diminishes the in�uence of the mainly NMDA receptor-based LMAN inputs to the RA [142,
164]. �e development of the cortical pathway, thus, slowly diminishes the exploratory LMAN
in�uence and, over time renders the vocal production to be more stereotypical in nature.

While this hypothesis might be di�cult to test at the experimental level, it is much more feasi-
ble to simulate a comparison between a random initial momentum and a late gradient-directed
momentum. Our prediction is that in the former case, learning would be deeply hindered, as
illustrated in Figure 3, using an accelerated velocity analogy. It is to be noted that the illustra-
tion has been made in 2D and may misleadingly suggest that the initial velocity vector has a fair
chance of pointing in the right direction. However, in higher dimensions, this probability would
be much lower and therefore, the delay in the activation of the Hebbian-based pathway would
be functionally critical 2.

5 Conclusion

Beyond the speci�c case of birds, for which non-seasonal structural plasticity has been hypothe-
sised to be critical for both acquisition and automatization in juvenile songbirds, we may question
to what extent such structural plasticity is similarly critical in vertebrates and more speci�cally,
in mammals. �e similarity in brain organization between birds and mammals is indeed striking,
especially when considering the cortex-basal ganglia loop. We explained in [196] how the devel-
opment of automatized skills relies on the BG teaching cortical circuits and is actually a late feature
linked with the development of a specialized cortex or pallium that evolved in parallel in di�erent
taxa. Alongside this hypothesis, there is a growing number of computational models of decision
making that takes into account this dual pathway hypothesis, where the BG acts as a general
training machine for cortico-cortical connections [112]. In this context, it is natural to wonder
if the initial delay in connection might exist as well in other species and if this would provide

2�e scripts are available on h�ps://github.com/rsankar9/Review-momentum-illustration and archived in a Zen-
odo repository h�ps://doi.org/10.5281/zenodo.4063714 [195]
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a similar bene�t in early learning. In humans, this would correspond to the phase preceding
the babbling phase that is known to be characterized by rapid structural and functional changes.
However, as explained by Vasung et al. [197], the study of early human brain development re-
mains a challenge.

Beyond the interactions between the basal ganglia and the cortex, other learning-related brain
circuits function with a ‘two-stage’ learning process where the initial learning stages rely on
subcortical structures while long-term memory is imprinted in neocortical areas through on-
line and/or o�-line training of cortical networks by the subcortical regions. Concerning motor
learning, BG and cerebellar circuits may teach neocortical motor areas where the motor pro-
grams are engrained for long-term storage of motor tasks [198]. Here, we have shown how
BG motor output matures earlier than cortico-cortical connections in songbirds, and how this
may be bene�cial for song learning. Similarly, the cerebello-neocortical circuit driving motor
cerebellar-dependent learning may mature before the cortico-cortical connection in motor ar-
eas of the motor cortex are mature enough to store the motor memories. Purely speculative,
this hypothesis could be tested experimentally by comparing the contribution of cerebellar and
neocortical circuits to motor learning across development. Whether delaying the maturation of
cortico-cortical connections bene�ts learning could be tested further in theoretical models of the
BG-cortical and cerebello-cortical networks [199].

For declarative memory, the experimentally con�rmed ‘two-stage’ theory [200, 201, 202] posits
that new memories are transiently encoded in the hippocampus before they are gradually trans-
ferred in the prefrontal cortex for long-term retention. �e hippocampus has appeared before the
neocortex in evolution, and it is tempting to speculate that ontogeny partially recapitulates evo-
lution with an early maturation of hippocampal circuits involved in declarative memory before
the maturation of the prefrontal cortex, which only terminates in adolescence or even later [203].
Such two-stage motor learning and episodic memory formation continues in adulthood, albeit
with diminished in�uence of the cerebullum and hippocampus, respectively. Whether such two-
stage developmental process could be bene�cial for the development of memory circuits, during
development, remains to be investigated both experimentally and theoretically.
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