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Abstract
Song learning, maintenance and production require coordinated activity across multiple auditory,
sensory-motor, and neuromuscular structures. Telencephalic components of the sensory-motor
circuitry are unique to avian species that engage in song learning. The song system shows protracted
development that begins prior to hatching but continues well into adulthood. The staggered
developmental timetable for construction of the song system provides clues of subsystems involved
in specific stages of song learning and maintenance. Progressive events, including neurogenesis and
song system growth, as well as regressive events such as apoptosis and synapse elimination, occur
during periods of song learning and the transitions between stereotyped and variable song during
both development and adulthood. There is clear evidence that gonadal steroids influence the
development of song attributes and shape the underlying neural circuitry. Some aspects of song
system development are influenced by sensory, motor and social experience, while other aspects of
neural development appear to be experience-independent. Although there are species differences in
the extent to which song learning continues into adulthood, growing evidence suggests that despite
differences in learning trajectories, adult refinement of song motor control and song maintenance
can require remarkable behavioral and neural flexibility reminiscent of sensory-motor learning.

Introduction
Vocal learning is remarkably similar in songbirds and humans. In both cases, the capacity to
learn is constrained by inborn predispositions, relies on hearing, is modulated by social context,
and wanes with increasing age. Moreover, even in songbirds that do not normally change their
songs in adulthood, the maintenance of song stereotypy, as with speech, is an active process
dependent on hearing. Finally, vocal learning in birds and humans relies on a specialized series
of brain regions (Doupe and Kuhl, 1999; Kuhl, 2003).

Research over the past two decades has revealed that a substantial amount of avian brain
development occurs after hatching and continues well into adulthood. This provides an
exceptional opportunity to relate specific developmental neurobiological events to the
acquisition and expression of learned vocal behavior. This developmental timetable also raises
the possibility that the building and refinement of avian vocal control circuitry is dependent
on vocal experience, and there is ample evidence that this is at least partially true. However,
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growing evidence also suggests that this plasticity is constrained in important ways. The
purpose of this review is to provide an outline of what is known about key aspects of brain
development as they relate to song learning. While the list of species in which song learning
and brain development have been explored is increasing, the most comprehensive analyses
have been done on the zebra finch and canary and so much of the work that will be described
comes from these two species. However, comparative work incorporating more species has
begun to provide important new insights and so, where appropriate, this work will be cited as
well.

Timetable for song learning
In nearly all oscine songbirds that have been examined, song learning begins when juveniles
memorize the songs of one or more adults. Auditory memories are then used to guide vocal
motor development during a sensory-motor stage. The sensory-motor phase progresses through
several stages beginning with sub-song, which bears little resemblance to adult song, followed
by a plastic song stage where individual notes or syllables can be recognized but are highly
variable from one song rendition to the next, followed finally by song crystallization, where
notes and, in some species, note sequences, are sung in a highly stereotyped manner (see
Williams, 2008 for review).

All songbirds studied to date require auditory experience for normal song development and in
some species, exposure to song must occur during an early critical period for it to be copied
(Konishi, 2004). There is also evidence for a critical period during which vocal motor practice
is essential in the zebra finch (Pytte and Suthers, 2000). Among songbirds, canaries and zebra
finches may represent the extremes on a continuum in terms of song learning. While in both
species, song is predominantly or exclusively produced by males, and in both species song is
initially learned during juvenile life, these species differ with respect to learning trajectories.
The zebra finch is often referred to as “close-ended” or “age-limited” in that most of song
development is over by 90-120 days after hatching, around the time birds reach sexual maturity
(Immelmann, 1969; Arnold, 1975). Zebra finch song is comprised of one to several short,
introductory notes, followed by 4-7 individually distinct and more complex ‘syllables’ or note
complexes, which are typically produced without repetition and in a fixed sequence. This
comprises the bird’s “motif”, which can be sung one-to-several times in rapid succession
(referred to as a song bout). After puberty, there is very little change in the acoustic structure
of individual notes, but occasional variation in note number and sequence persists (Nordeen
and Nordeen, 1992, 1993; Williams and Mehta, 1999; Lombardino and Nottebohm, 2000;
Brainard and Doupe, 2001; Williams, 2004; Glaze and Troyer, 2006). In contrast, the canary
is considered an “open-ended” learner. Canaries sing up to 30-40 distinct notes, repeating each
several times before transitioning to another, and note sequence is not fixed (Guttinger,
1985; Nottebohm et al., 1986). Canaries go through a similar early learning sequence (Marler
and Waser, 1977; Marler, 1997), but the process of remodeling song continues throughout life
on a seasonal basis. Canaries as old as 4-5 years have been known to learn new song from
conspecifics (Guttinger, 1979). Song is remodeled by the addition of new syllables as well as
the loss or modification of pre-existing syllables. Canaries also retain some syllables from
previous years and there may be strain differences in the amount of new song material learned
each year (Nottebohm et al., 1986; Leitner et al., 2001; Voigt and Leitner, 2008).

The open-ended versus age-limited classification of these two species is somewhat inaccurate.
While it is true that unlike canaries, normally raised zebra finches cannot (or will not) learn to
produce the songs of other conspecifics after song crystallization (Eales, 1985; Zevin et al.,
2004), zebra finch song note stereotypy increases with adult age, (Pytte et al., 2007) and relies
on auditory feedback (Nordeen and Nordeen, 1992; Wang et al., 1999; Brainard and Doupe,
2000a; Lombardino and Nottebohm, 2000; to be discussed in more detail later). Adult song
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refinement and maintenance may reflect an active process reminiscent of the later stages of
juvenile song learning, whereby slight deviations from a target song are corrected based on
auditory feedback. In support of this idea, recent work has shown that naturally occurring drift
in adult zebra finch song is corrected by re-exposure to the original tutor song (Funabiki and
Funabiki, 2008) and that adult zebra finches will alter note pitch to avoid masking white noise
(Tumer and Brainard, 2007; also see Sober and Brainard, 2009) Thus, while zebra finches will
normally not learn new songs as adults, it is likely that sensory-motor matching and error
correction, used in the later stages of juvenile song development, continue well into adulthood.
At the other end of the spectrum, song modification in the open-ended canary appears to
decrease with adult age (Nottebohm et al., 1986) and a relatively large fraction of the syllables
produced in a breeding season were learned at some earlier (perhaps juvenile?) stage in life
(Nottebohm et al., 1986; Leitner et al., 2001; Voigt and Leitner, 2008). Although it is clear that
adult vocal plasticity in the canary exceeds that in the zebra finch, it seems equally clear that
zebra finches retain vocal flexibility after puberty. Moreover, although canaries do modify
songs annually, they recycle some previously learned notes. From these behavioral insights,
one might also expect more similarities in adult vocal control system plasticity than is implied
by the age-limited/open ended labels.

The Vocal Control System
Arguably the single most important discovery in the history of the songbird field, from a
neuroethologist’s perspective, was that there is a discrete series of brain regions dedicated to
song learning and production (Nottebohm et al., 1976). This provided an unprecedented
opportunity to explore the neurobiological control of a single, well-defined and learned
behavior in endothermic vertebrates. Subsequent work has added important brain regions to
this circuitry and refined functional distinctions. The vocal control system as well as important
auditory structures is illustrated in Figure 1. A timetable for the development of this complete
series of brain regions is lacking and so, for the purpose of this review, the focus will be
restricted to a few key structures essential for vocal learning and song production. One major
pathway, often referred to as the ‘motor’ pathway, includes two pallial (cortical) structures,
HVC (used as a proper name) and RA (robust nucleus of the arcopallium). HVC projects to
RA and neurons of this type (HVC⇒RA) make up approximately 60% of all HVC neurons
(Alvarez-Buylla et al., 1988; Kirn et al., 1991; Kirn et al., 1999). In turn, RA projects directly
and indirectly onto brain stem regions innervating respiratory motor neurons, as well as motor
neurons innervating the vocal musculature (syrinx). The ‘motor’ designation is based in part
on this anatomical configuration, the fact that the temporal pattern of activity in this pathway
closely maps onto and precedes sound production, and also on the fact that lesions at any point
within this circuit disrupt adult song production, although deficits vary based on lesion
placement (Margoliash, 1997). A second major circuit, referred to as the anterior forebrain
pathway (AFP), is analogous to basal ganglia-cortico-thalamic circuitry in mammals (reviewed
by (Bottjer, 2004). This pathway begins with HVC and a cell population distinct from that
synapsing on RA. This latter population (HVC⇒X) projects to a medial striatal region, Area
X, which, in turn, projects to the thalamus (DLM, dorsal lateral nucleus of the medial thalamus).
DLM then projects to a cortical region called LMAN (lateral magnocellular nucleus of the
anterior nidopallium). LMAN projection neurons have bifurcating axons, with one terminal
field in Area X and the other in RA (Vates and Nottebohm, 1995). A key feature of these two
pathways is that they both have efferent projections originating in HVC that directly or
indirectly converge on the dendrites of neurons in RA (Canady et al., 1988; Herrmann and
Arnold, 1991; Mooney and Konishi, 1991). Lesions within the AFP have modest, if any, effects
on fully stereotyped song but severely disrupt vocal development (Bottjer et al., 1984; Sohrabji
et al., 1990; Scharff and Nottebohm, 1991; Nordeen and Nordeen, 1993; Williams and Mehta,
1999; Kao et al., 2005).
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Based on the results from early lesion studies, there has been a strong tendency to parse the
two pathways just described into a song production pathway and a learning pathway. While
these labels accurately describe essential features of song that require the integrity of the two
pathways, several lines of evidence suggest that both pathways are important for sensory-motor
learning and song maintenance. For example, there is evidence that both pathways are involved
in song production. Neurons throughout both pathways exhibit song-related pre-motor activity
and acute, micro-stimulation applied to either pathway during singing alters song structure
(Vu et al., 1994; Yu and Margoliash, 1996; Hessler and Doupe, 1999; Kao et al., 2005). There
is also evidence that both pathways serve auditory functions, perhaps related to song learning
and maintenance. Under appropriate conditions, neurons in both pathways respond to sound
stimuli (reviewed by Doupe et al., 2004) and this is even true of the brainstem motor neurons
innervating the syrinx (Williams and Nottebohm, 1985). Moreover, many neurons in both
pathways are most responsive to playbacks of the bird’s own song (BOS) and in RA, this
attribute is dependent on input from HVC and not LMAN (Doupe and Konishi, 1991; Vicario
and Yohay, 1993). Further blurring the distinction, the very same neurons that exhibit BOS
auditory preferences also display song-related pre-motor activity (Mooney, 2000; Rosen and
Mooney, 2003) an attribute that has received new interest due to its similarities to the properties
of “mirror neurons” in primates (Prather et al., 2008; Striedter and Charvet, 2008). Finally,
select subtypes of neurons in each pathway (to be discussed later) are replaced throughout life-
a process that may facilitate learning. Thus, both pathways may contain multiple sensory-motor
representations of song and exhibit substantial neural plasticity. Although this poses challenges
in terms of delineating the specific functions of different brain regions, it probably also points
to the need for multiple stages of sensory-motor computation during vocal learning and
production.

Development of the vocal control system
Much work has been devoted to delineating the timetable for construction of vocal control
circuitry. This research has been driven by an interest in relating specific developmental
neurobiological events to particular stages of song learning or maintenance. In a broader sense,
this research may provide clues for how developmental programs have been altered in order
to create a vocal control system that is present in songbirds but absent or much diminished in
birds that do not learn their species-typical vocalizations.

A. Neurogenesis
The vocal control circuitry represents a network of cell populations distributed throughout the
brain. It is, therefore, not surprising that the timetable for production of neurons destined for
different vocal control nuclei spans a broad range of ages, from midembryonic stages to
adulthood (Figure 2; Alvarez-Buylla et al., 1994). Although a complete characterization of the
timetable for production of neurons destined for all nuclei implicated in vocal control is lacking,
to date two general trends can be seen. On a coarse temporal scale, the relative timing of neuron
production for a particular song system region follows that of surrounding tissue. For example
most thalamic regions as well as arcopallium are generated prior to hatching, as is true for most
neurons in the embedded song control structures DLM and RA, respectively. In contrast, much
of the striatum and nidopallium are generated after hatching as is true for Area X and HVC,
respectively. However, at a more fine-grained temporal scale, neuron production for some
vocal control regions is delayed or protracted compared to surrounding tissue. This is most
evident for DLM, but can also be observed in HVC (Alvarez-Buylla and Ling, 1991;Alvarez-
Buylla et al., 1994). These results suggest that the evolution of vocal control regions may have
been constrained by the timetable for the generation of major diencephalic and telencephalic
subdivisions, but also that delayed or protracted neurogenesis relative to these regions may
have contributed to the emergence of the vocal control system.
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Cells lining the walls of the lateral ventricles give rise to all telencephalic neurons (Goldman
and Nottebohm, 1983; Alvarez-Buylla and Nottebohm, 1988; Alvarez-Buylla et al., 1998), and
an important question that has not been fully addressed is whether vocal control neurons are
formed in discrete locations. In the extreme, is it possible that all telencephalic vocal control
neurons arise in the same location within the ventricular zone? This simple model is not
supported by the limited data available, at least for neurons generated in juveniles and adults
(Stellitano et al., 2003; Scott and Lois, 2007). A complete fate map of the vocal control system
may shed important insights concerning the developmental-evolutionary origins of this unique
circuitry and the capacity for avian vocal learning.

There is a general trend for projection neurons in the AFP to be produced early. As already
mentioned, DLM neurons are formed prior to hatching, as is true for HVC X neurons and
neurons destined for LMAN (Alvarez-Buylla et al., 1988; Alvarez-Buylla and Ling, 1991;
Alvarez-Buylla and Kirn, 1997). This can be contrasted with the HVC⇒RA neurons, which
are generated almost exclusively after hatching (Alvarez-Buylla et al., 1988; Nordeen and
Nordeen, 1988; Alvarez-Buylla et al., 1990).

B. Establishment of connectivity
The timetable for the establishment of connections within the vocal control system follows that
for neurogenesis. One of the most unanticipated findings was that neurons within the
HVC⇒RA pathway, so critical for song motor control (Scharff et al., 2000), are first produced
and establishing connections with RA after song vocal development begins and incorporation
of this cell type continues throughout song learning in both zebra finch and canary (Fig. 3).
Acquisition of a song auditory template (sensory learning) begins at 20-25 days after hatching
in the zebra finch and the sensory-motor stage, when birds use auditory memories to guide
vocal motor development from sub-song to plastic song and, finally song crystallization, spans
the ages of 30-90 days (Immelmann, 1969). In the zebra finch, HVC⇒RA axon terminals do
not begin to innervate RA until 30-35 days after hatching (Konishi and Akutagawa, 1985;
Mooney and Rao, 1994). In contrast, many of the connections between AFP nuclei develop
substantially earlier. For example, HVC⇒X neurons have already formed connections with
Area X neurons by day 20 after hatching (Mooney and Rao, 1994). Indeed, many connections
in the HVC⇒Area⇒X⇒DLM⇒LMAN⇒RA pathway are in place by day 20, although
development of this circuit is far from complete at this age (Johnson and Bottjer, 1992; Mooney,
1992; Sohrabji et al., 1993). These results suggest that the AFP is critically important for early
stages of song development.

A key question is whether the AFP is the locus of the auditory template used to guide vocal
motor development (Doupe et al., 2004; Theunissen et al., 2004). Electrophysiological studies
have revealed some AFP cells as well as cells in HVC in juveniles that are equally responsive
to tutor song and the bird’s own song (BOS) but cells exclusively responsive to tutor song are
rare (Volman, 1993; Solis and Doupe, 2000). Growing evidence suggests that the forebrain
auditory area NCM may be one region involved specifically in template formation or storage.
Many NCM cells respond preferentially to tutor song and not to BOS and the strength of the
response to tutor song correlates with the degree to which birds copy tutor song (Phan et al.,
2006). Similar results have been observed using immediate early gene (IEG) expression as a
marker of neuronal activity (Bolhuis and Gahr, 2006), and recent work indicates that disruption
of IEG expression in NCM and surrounding auditory structures during song tutoring prevents
young zebra finches from copying tutor song, without altering performance on auditory
perception tasks (London and Clayton, 2008). It is possible that sensory template information
is stored in NCM and related auditory structures which relay this information to HVC and the
AFP where it is used to guide sensory-motor learning in young juveniles (Bolhuis and Gahr,
2006; Phan et al., 2006).
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There is strong evidence that the AFP is critical for much of the sensory-motor stage of song
development. This has been confirmed by the findings that lesions of LMAN or Area X prevent
normal song development (Bottjer et al., 1984; Sohrabji et al., 1990; Scharff and Nottebohm,
1991). More recent work extends these observations. HVC lesions or transection of
HVC⇒RA axons before post hatch day 45 have little effect on juvenile subsong morphology.
In contrast, electrolytic lesions or pharmacological inactivation of LMAN before 45 days of
age abolishes subsong (Aronov et al., 2008). It is worth noting that HVC lesions would destroy
HVC⇒Area X projection neurons, which represent the origin of the AFP. Apparently these
cells are not critical for subsong. LMAN inactivation after 45 days of age has more modest
effects whereas HVC lesions or transection of the HVC⇒RA pathway interfere with the final
stages of song development (Aronov et al., 2008). These results suggest that the earliest song-
related vocalizations are controlled by a pathway partially distinct from circuits involved in
later stages of song development and mature song production (Aronov et al., 2008). In turn,
these results are consistent with the staggered timetable for the development of connectivity
within the AFP relative to the HVC⇒RA pathway.

These results point to the development of RA and the confluence of inputs from HVC and
LMAN as a locus for synaptic events critical to song learning and maintenance. Synaptic
terminals from HVC and LMAN intermingle on the dendrites of RA neurons (Canady et al.,
1988; Herrmann and Arnold, 1991) One characteristic of the transition from song development
to song stereotypy appears to be a shift in the weighting of RA synapses from these two sources
of input. Changes in the weighting of inputs to RA from HVC and LMAN during development
are due to dramatic postnatal changes in neuron and synaptic number. There is considerable
growth of some song control nuclei after hatching. For example HVC and RA volume nearly
triple in size between post-hatch days 12 and 53 in male zebra finches (Bottjer et al., 1985;
Bottjer and Arnold, 1997). Increases in HVC size are largely due to protracted neurogenesis
(Nordeen and Nordeen, 1988; Kirn and DeVoogd, 1989; Alvarez-Buylla et al., 1992). Few
neurons are added to RA post hatch in zebra finches and canaries and so RA growth is due,
predominantly, to increases in neuron size and spacing (Kirn and DeVoogd, 1989; Konishi and
Akutagawa, 1990). Thus, over the course of song learning the number of HVC neurons,
including HVC⇒RA neurons increases dramatically relative to the number of target RA
neurons, suggesting progressive increases in RA synapses derived from HVC neurons, a
finding supported by ultrastructural counts of synapses (Herrmann and Arnold, 1991). In
contrast, LMAN volume decreases dramatically over the same interval. Decreases in LMAN
volume are partially due to apoptosis but also the refinement of thalamic input, which initially
extends to regions surrounding LMAN, becoming topographically more restricted with
increasing age (Bottjer, 2004). Concurrently, dendritic spines on LMAN neurons as well as
LMAN axon branches within RA are pruned (Iyengar and Bottjer, 2002a) and LMAN derived
synapses in RA are reduced by roughly 80% (Hermann & Arnold, 1991).

These results suggest that inputs to RA from LMAN and HVC are in a dynamic equilibrium,
with LMAN inputs dominating during early stages of song development and motor plasticity
and HVC inputs dominating as song stereotypy is achieved. This balancing act may continue
into adulthood. Recent work has shown that micro-lesions of HVC in adult zebra finches lead
to transient song variability, which can be blocked or reversed by LMAN lesions (Thompson
and Johnson, 2007). LMAN lesions can also prevent changes in song normally induced either
by adult tracheosyringeal nerve transection or deafening (Williams and Mehta, 1999; Brainard
and Doupe, 2000b). These results suggest that LMAN is either permissive for song plasticity
or actually induces it under appropriate conditions. It would be interesting to see whether the
ratio of HVC:LMAN inputs to RA in adult zebra finches changes to favor LMAN after
deafening and tracheosyringeal nerve transection.
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Inputs to RA from LMAN and HVC are glutamatergic. HVC⇒RA synapses contain a mix of
N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazoleproprianate
(AMPA) receptors, whereas NMDA receptors predominate at LMAN⇒RA synapses (Mooney
and Konishi, 1991; Mooney, 1992; Stark and Perkel, 1999). NMDA receptors have been
implicated in Hebbian plasticity in a number of systems (Tsien, 2000) whereby correlated
activity between pre- and post-synaptic cells strengthens synapses. Changes in the kinetics of
NMDA receptor activation over the course of song development may lend themselves to the
trial and error refinement of song motor programs (Nordeen and Nordeen, 2004)). The number
of these receptors, their sub-unit distribution and the duration of receptor currents decrease as
song learning progresses (Mooney and Konishi, 1991; Livingston and Mooney, 1997; Stark
and Perkel, 1999; Singh et al., 2000; Boettiger and Doupe, 2001; Scott et al., 2004; Wang and
Hessler, 2006). The developmental change from longer to shorter durations of NMDA receptor
activation could facilitate the initial reinforcement and strengthening of synapses associated
with production of rough approximations of a target song and then require progressively tighter
temporal correlations in activity between inputs, leading to greater refinement of song motor
programs. Although the precise mechanisms by which AMPA and NMDA receptors contribute
to song learning are still not fully understood (Nordeen and Nordeen, 2004), it is clear that
NMDA receptor activation is necessary for song development. Treatment with the NMDA
receptor antagonist MK-801 during song tutoring sessions (but not on alternate days when no
tutoring occurred) has been shown to disrupt song learning (Aamodt et al., 1996).

By far the largest nucleus in the song system of adults is Area X, also part of the AFP, which
has reciprocal connections with LMAN (Vates and Nottebohm, 1995). Between days 25-50,
Area X nearly doubles in size and, as with HVC, much of this growth is due to neuron addition
(Kirn and DeVoogd, 1989; Burek et al., 1991). However, unlike HVC, Area X cell addition
over this time appears to be restricted to interneurons (Sohrabji et al., 1993). Many of the cells
added to Area X after hatching express FoxP2 (Rochefort et al., 2007) and knockdown of this
gene interferes with song development (Haesler et al, 2007). FoxP2 is of particular interest as
it has been implicated in human speech comprehension and production, though its distribution
in the brain is widespread among vertebrates (Scharff and Haesler, 2005).

Despite differences in growth trajectories among these song control regions, it is likely that
programmed neuron death occurs in HVC, RA, Area X and LMAN at ages encompassing initial
song learning, as shown by counts of degenerating cells (Bottjer and Sengelaub, 1989; Kirn
and DeVoogd, 1989; Bottjer and Johnson, 1992). The growth and remodeling of these regions
by cell addition, loss and synaptic remodeling during juvenile life are likely to have important
consequences for song development. Conversely, the incomplete development of these
structures at birth opens the door for experience to shape their anatomical and physiological
properties.

Neuronal attributes that co-vary with song attributes
Before describing what is known about the relationship between post-hatching experience and
vocal control system development, it may be worthwhile to describe the adult song attributes
known to co-vary with neuronal structure. Songbird species can be roughly categorized along
a continuum where, at one extreme, only males sing, and at the other extreme males and females
engage in complex, interactive duets (Brenowitz and Arnold, 1986). There is a relationship
between the degree of behavioral sexual dimorphism and the size of vocal control regions,
suggesting that the capacity to sing may be constrained by the size and number of neurons in
vocal control regions (Brenowitz et al., 1985; Brenowitz and Arnold, 1986). Moreover, it
appears that in the case of extreme behavioral sexual dimorphism as with zebra finches where
only males sing, the pathway from HVC to RA is much diminished or completely absent
(Konishi and Akutagawa, 1985). This brain-behavior relationship is further supported by work
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in which adult female waterschlager canaries, who normally do not sing, show dramatic growth
of the song system when given testosterone in adulthood and this growth is accompanied by
the development of a stereotyped, male-like song (Nottebohm, 1980; DeVoogd and
Nottebohm, 1981; Gahr and Garcia-Segura, 1996).

Variation between vocal control system size and song behavior has been further explored across
individual males within a species. In the first study to address this question it was shown that
there is a positive correlation between the volume of HVC, RA and song complexity (as defined
by the number of acoustically unique syllables) in adult male canaries (Nottebohm et al.,
1981). Subsequent studies have shown a relationship between song complexity and HVC
volume across individuals within other species and when comparing species, genera and
families (Airey and DeVoogd, 2000; DeVoogd, 2004). In most of these studies, only the
volume of HVC (and other regions) was measured and so we do not know the extent to which
volume differences reflect variation in neuron number, size, density or some combination of
these attributes. Interestingly, a positive correlation was found between HVC neuron number
and the level of accuracy with which male zebra finches had copied the songs of their adult
‘tutors’ (Ward et al., 1998). Significant positive correlations have also been found between
song complexity and LMAN size (Airey and DeVoogd, 2000). Collectively, these results
suggest that there is a relationship between the complexity of a learned task and the amount of
brain space devoted to that task. Somewhat surprisingly, there is a negative relationship
between song complexity and Area X volume in the zebra finch (Airey and DeVoogd, 2000)
and Cassin’s finch (Macdougall-Shackleton et al., 2005; also see Hamilton et al., 1998). While
the significance of this finding us unclear, it underscores the value of examining multiple
regions with potentially different functions within the vocal control system. Perhaps in at least
some species, it is the relative sizes of distinct but interconnected cell populations that is most
important with respect to song behavior. In support of this notion, it has been reported that
while HVC size is predictive of repertoire size in the zebra finch, the amount of explained
variance in song attributes increases significantly when LMAN and Area X are added as co-
variates (Airely & DeVoogd, 2000).

Although song system size seems to matter, caution must be used when interpreting its
functional significance. One of the earliest reports of a relationship between song system
anatomy and song showed a robust positive correlation between amount of singing and the size
of HVC and RA in the seasonally breeding canary and this has been replicated in a number of
species (Ball et al., 2004; Brenowitz, 2004). This raises the possibility that the amount of vocal
motor activity (or auditory feedback from singing), independent of song complexity, is a better
correlate of vocal control brain space. However, these two proposals need not be mutually
exclusive. An intriguing possibility is that while all canaries show seasonal changes in song
system volume in conjunction with amount of singing, those with the most complex repertoires
have the largest HVCs. Recent work has replicated seasonal vocal control system size changes
using fMRI (Van der Linden et al., 1998; Van Meir et al., 2006; Van der Linden et al., 2007).
With further refinement, this method might be used to follow seasonal changes in singing rate,
vocal repertoire size and song system volume within the same birds across more than one
breeding season.

Neurogenesis and the addition of new neurons to some song system regions continue from
early post hatch ages into adulthood and there have been several studies conducted to explore
potential links between neuronal replacement (addition and loss) with song attributes. Adult
neuron addition has been studied in HVC, Area X in the AFP, and the auditory region NCM
(Lipkind et al., 2002; Barnea et al., 2006; Barkan et al., 2007; Adar et al., 2008b). However,
the most intensive study has focused on HVC, with particular interest in the replacement of
HVC neurons that project to RA. The fact that these cells become incorporated in an otherwise
mature brain, manage to synapse on target cells 2-3 mm away, and achieve their sparse and
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highly specific response properties (Hahnloser et al., 2002) is truly a remarkable developmental
feat.

HVC neurogenesis is high throughout song learning and then tapers off dramatically around
the time of song crystallization at 90-120 days post hatch in the zebra finch (Wilbrecht and
Kirn, 2004). A similar trend occurs with a somewhat different timetable in young canaries
(Alvarez-Buylla et al., 1988). In the adult male canary, HVC neuronal replacement, including
the addition and loss of HVC⇒RA neurons (Fig. 4) occurs throughout the year. However,
replacement varies seasonally, with high rates of neuron addition and loss occurring at times
of year when new song learning occurs (Fig. 5, (Alvarez-Buylla et al., 1990; Kirn et al.,
1994). Over a six-month period spanning the transition from spring, when singing rates in
canaries are high and syllables are stereotyped, to fall, when song is extensively remodeled
and song rates are lower, there is a 30-50% loss and replacement of the entire HVC⇒RA
pathway (Figure 4; Kirn and Nottebohm, 1993). This raises the possibility that neuronal
replacement promotes or enables new song learning (Alvarez-Buylla et al., 1990, Kirn et al.,
1994; reviewed by Nottebohm, 2004; Wilbrecht & Kirn, 2004). However, many song-related
attributes change seasonally. As previously mentioned, canaries retain some syllables from
one year to the next. Between breeding seasons, these notes become variable in structure, and
it is at these times that highest rates of neuron addition occur. Thus, perhaps the process of
achieving song stereotypy, regardless of when notes are initially learned, is a better correlate
of elevated HVC neuron addition. Support for this hypothesis comes from studies of western
song sparrows, who learn their entire song as juveniles but show seasonal variation in song
stereotypy in adulthood. These birds also show higher rates of HVC neuron addition during
periods of song instability that precede and follow the breeding season (Tramontin and
Brenowitz, 1999). Another piece of evidence for this hypothesis comes from the zebra finch.
Zebra finches continue to receive new HVC neurons throughout life, however rates of neuron
addition decline with increasing adult age (Wang et al., 2002). This decline coincides with
progressive, post-song crystallization increases in song stereotypy (Pytte et al., 2007) and a
decrease in the dependence of song on auditory feedback (figure 6; Lombardino and
Nottebohm, 2000; Brainard and Doupe, 2001). Thus, as song becomes more stereotyped,
neuronal replacement decreases. The decrease in neuron addition is not accompanied by a
change in total HVC neuron number, indicating that as birds get older, both the HVC⇒RA
cell population and the song motor program become more stable. Collectively, these results
support the hypothesis that highest rates of HVC neuronal addition and replacement are
associated with periods when song structure is highly variable but is progressing toward
stereotypy. Perhaps ongoing neuronal replacement in HVC provides birds with the motor
flexibility to achieve song stereotypy, regardless of when song was initially learned. One model
for explaining this process is that when new neurons arrive in HVC, their survival and
recruitment depend on the extent to which they contribute to a bird’s achievement of a target
song (Wilbrecht and Kirn, 2004). This model implies that there is some basis for evaluation of
a neuron’s response properties, which, on a more general level, would require that experience
modulates adult neuron addition, a topic to be discussed shortly.

There has been much less work exploring potential associations between neuron addition to
Area X and song. The age-related increases in song stereotypy reported in adult zebra finches
are not associated with changes in Area X neuron addition, suggesting that its control and
functions may differ from those for neuron addition to HVC (Pytte et al., 2007). Moreover, the
seasonal changes in song stereotypy in sparrows that co-vary with changes in HVC neuron
addition are not also accompanied by seasonal changes in Area X neuron addition (Thompson
and Brenowitz, 2005). Given that Area X is part of the AFP necessary for song learning, it
would be interesting to see whether canaries, which, unlike sparrows, learn some new song
material annually, do show seasonal changes in Area X neuron replacement.
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The role of androgens in the development of song and the song system
The termination of vocal plasticity at puberty (zebra finch) and at the onset of the breeding
season (canary) may be controlled by rising steroid hormones and, in particular, testosterone
(Nottebohm, 1989; Bottjer and Hewer, 1992; Bottjer and Johnson, 1997). Testosterone (T) is
detectable in male zebra finches during song development (Pröve, 1983; Adkins-Regan et al.,
1990), raising the possibility that androgens or related steroids are necessary for regulating the
timing of vocal learning. Excess androgens during juvenile life interfere with normal song
development, perhaps due to precocious development of one or more song system regions
(Korsia and Bottjer, 1991). However, normal song development depends on at least some
androgenic stimulation as androgen blockade also disrupts song development (Bottjer and
Hewer, 1992). It is tempting to conclude that during normal development, lower levels of
androgens or their metabolites are permissive for vocal exploratory behavior and that rising T
levels at puberty curtail this plasticity and promote song crystallization and song stereotypy.
Peripheral circulating levels of T have been reported to surge at the time of song crystallization
in young male zebra finches (Prove, 1983). However, peripheral T levels in younger birds
during the plastic song phase are not necessarily lower than in fully mature males (Adkins-
Regan et al., 1990). It is possible that more localized changes in hormone secretion within the
brain itself orchestrate the timing and sequence of stages that constitute normal song
development. Peripheral circulating levels of steroids do not always reflect levels in the brain
(Remage-Healey et al., 2008), and it has been shown that all of the enzymes necessary for
steroid synthesis are present in brain tissue (Baulieu, 1998, London et al., 2009) (also see
Vockel et al., 1990). Therefore, some caution must be used when relating peripheral hormone
levels to behavior.

There has been considerable work exploring the potential role of steroids in the establishment
of sex differences in the song system, and although early exposure to gonadal steroids promotes
the development of a male-like song system in female zebra finches, it has also been shown
that neither the gonads, T or estradiol (E) are necessary for the initial development of song
control region size and neuron number in male zebra finches (Wade and Arnold, 2004).
However, it is possible that within males, more subtle variation in HVC neuron number might
be related to early variation in T exposure. There is large inter-clutch variability in egg T levels
as well as adult HVC neuron number in zebra finches (Ward et al., 2001), however, a causal
link between early T exposure and neuron number has not yet been explored.

In contrast, androgens have been shown to play a pivotal role in the regulation of adult, seasonal
plasticity in the song system of some species. In canaries, seasonal peaks in cell death and
replacement are preceded by declines in androgen levels (Nottebohm et al., 1987; Kirn et al.,
1994), and adult female canaries treated with T exhibit growth of song control regions that
accompanies the development of male-like song (Nottebohm, 1980). The initial growth of song
system regions in late winter is critically dependent on androgens in white-crowned sparrows
and castration early in the breeding season (after HVC has reached maximal size, results in a
rapid decline in HVC volume (Tramontin et al., 2000; Thompson et al., 2007). HVC growth
and regression reflect steroid influences on neuron addition and survival. An elegant model
has been developed suggesting that steroids regulate the trophic factor BDNF, which, in turn,
regulates HVC neuron survival (Rasika et al., 1999; Louissaint et al., 2002; Nottebohm,
2004), perhaps by modulating the activity of the caspase family of proteases known to promote
programmed cell death (Thompson and Brenowitz, 2008).

When taken together, available data suggest that steroids can influence the development of
both song and the song control system. In some species, steroid influences extend well into
adulthood. In seasonal breeders, there is a trend for steroids to be highest at times associated
with highest singing rates and song stereotypy. Conversely, lower singing rates and increases
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in song variability and/or new song learning are associated with lower steroid levels. One can
see similar trends with respect to steroids and adult seasonal neural plasticity. Seasonal declines
in steroids are associated with regression of song system nuclei and an increase in HVC cell
death. Subsequent increases in steroids that precede the breeding season promote the
replacement of lost neurons, re-growth of HVC, and when birds have high steroid levels and
are in full breeding condition, HVC volume and total neuron number are highest and neuronal
replacement is low. Interestingly, even in the adult zebra finch, where singing and song
variability are not modulated seasonally, the capacity for song modification appears to be
influenced by androgens. Unilateral ts (tracheosyringeal) nerve cuts result in varying degrees
of song reorganization and the amount of song rearrangement is inversely related to circulating
T. Moreover, experimentally induced increases in T inhibit song modification in birds with ts
nerve cuts (Williams et al., 2003). These results raise the possibility that steroids play a pivotal
role in the regulation of behavioral and neural plasticity both during development and
adulthood, and across species with different learning trajectories.

The role of experience in guiding vocal control system development
Due in part to the extensive role of experience in guiding vocal development there have been
many experiments designed to test the role of various kinds of experience in the establishment
of connectivity, size and number of neurons in the vocal control system. Most of the
manipulations that have been employed to study vocal learning on a behavioral level have been
co-opted to explore the role of experience in vocal control system development. Perhaps the
most profound manipulation involves early deafening, which, depending on when it is done,
blocks song model memorization, a bird’s ability to use song memories to guide vocal
development, or both (Konishi, 2004). However, deafening deprives birds of all auditory
experience. In an attempt to more selectively deprive birds of song-related sensory experience,
other work has involved exposure of hearing-intact birds to an impoverished social
environment lacking song tutors during development, which can delay the normal closure of
the sensitive period for song learning (Eales, 1985). Perhaps the most powerful approach has
been to expose birds to different song models in order to see whether variation in song model
complexity and the resulting complexity of learned song correlate with song system attributes
(Brenowitz et al., 1995; Airey et al., 2000a).

Particular focus has been placed on the AFP and, more specifically, LMAN, its thalamic inputs
from DLM, and its projections to RA. Early isolation from potential song models delays the
normal decrease in the number of dendritic spines on LMAN neurons, and the regression of
axonal arbor of LMAN neurons in RA (Wallhäusser-Franke et al., 1995; Iyengar and Bottjer,
2002a). These results raise the possibility that exuberant connectivity is permissive for song
plasticity and that regressive events in the AFP may constrain or terminate behavioral plasticity.
The effects of isolation on at least some of these attributes depend on the onset and duration
of isolation. Isolation begun on post hatch day 4 and continued until day 55 delays the normal
decrease in LMAN spine densities (Nixdorf-Bergweiler et al., 1995). However, social
deprivation begun on post hatching day 30 did not delay the normal loss of spines (Heinrich
et al., 2005). While it could be that this later onset of deprivation allowed some earlier exposure
to key social interactions, this cannot explain the fact that deprivation begun on day 30 did, in
fact, delay the closure of the sensitive period for song learning. Thus, developmental decreases
in LMAN spine density can be dissociated from closure of the sensitive period for song learning
(Heinrich et al, 2005). As already mentioned, the ratio of HVC:LMAN input to RA may be
important for song learning and so it would be interesting to see whether social deprivation
affects this ratio. It would also be interesting to see how social deprivation affects the
maturation of NCM and related auditory structures implicated in auditory template formation.
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Deafening or rearing in white noise has also been shown to prevent or delay the normal
development in the topography of LMAN terminals in RA (Iyengar and Bottjer, 2002b).
Interestingly, normal changes in topography of DLM input to LMAN and between LMAN and
Area X were insensitive to this treatment. These results indicate that early experience can alter
the normal development and refinement of some AFP neuronal attributes, however, the specific
link between developmental changes in these attributes and song learning remains unclear.

The development of HVC volume in zebra finches (Buchanan et al., 2004) and RA volume in
song sparrows (Nowicki et al., 2002) are affected by early nutritional stress, indicating, at the
very least, that postnatal factors can influence these attributes (but also see (Gil et al., 2006).
Moreover, normal variation in HVC volume can be attributed, in part, to early parenting,
perhaps including song tutoring (Buchanan et al., 2004). However, the attainment of normal
adult volume and total neuron number in these regions is not affected by early deafening in the
zebra finch, despite the profound effects deafening has on song development (Burek et al.,
1991).

As already mentioned, HVC neurogenesis is high throughout song learning and then declines
substantially by the age of 90-120 days post hatch in the zebra finch (Nordeen and Nordeen,
1988b; Wilbrecht and Nottebohm, 2004). Although complete absence of auditory function (by
early deafening) has no effect on the attainment of adult HVC volume and neuron number in
the zebra finch, potential effects of experience on the dynamic process of cell turnover cannot
be assessed without cell birth dating techniques. When neuron replacement is measured,
deafening does have an effect in juvenile zebra finches, however this effect is context-
dependent. When the tracheosyrngeal nerve innervating the syrinx is transected unilaterally in
juveniles, song development progresses with little impairment but relies on the intact,
contralateral nerve. Since there is relatively little communication between the two hemispheres
“up stream” from the ts nerve, it is possible that this surgery forces the bird to learn song entirely
with one hemisphere (Wilbrecht et al., 2002). This manipulation has little effect on HVC neuron
addition ipsilateral to nerve transection but there is a dramatic increase in neuron addition and
replacement in the contralateral HVC, perhaps resulting from the extra demands placed on the
intact hemisphere (Wilbrecht et al., 2002). Under these circumstances, deafening was found
to prevent the contralateral increase in neuron addition to HVC. However, deafening alone
(without nerve cuts) had no detectable effect on HVC neuron addition in juveniles (Wilbrecht
et al., 2002). Given that deafening blocks normal song development in birds with intact and
unilateral ts nerve cuts, neither the absence of normal auditory function alone, nor the
development of an abnormal song can account for differences between these two experimental
conditions. Amount of singing was not explored in this work and so perhaps song-related motor
activity or non-auditory proprioceptive feedback differed between these experimental groups.

The effects of deafening in adulthood on HVC size, total neuron number and neuron
replacement have been inconsistent. Early work suggested that deafening attenuated the growth
of HVC that can be induced by testosterone treatment in female canaries, however, the same
group was subsequently unable to replicate this finding (Bottjer and Dignan, 1988; Bottjer and
Maier, 1991). Researchers working with other species also failed to detect an effect of
deafening on seasonal increases in HVC size (Brenowitz et al., 2007). The first attempt to
explore the role of experience in regulating adult neuronal replacement reported a dramatic
decrease in new HVC neuron addition after deafening in adult male zebra finches (Wang et
al., 1999). However, subsequent attempts to replicate this work were also unsuccessful, and
we hypothesize that when deafening does have an effect on neuron replacement, it is contingent
on other factors, including differences in the way deafened and hearing birds respond to social
context (in preparation). Indeed, in more recent work we found a small but significant
increase in HVC neuron incorporation in deafened birds compared to their hearing cage mates
(Fig. 7; Hurley et al., 2008). At present, the safest conclusion one can draw from this work is
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that hearing may be important in some contexts (as was found in juveniles with ts nerve cuts),
however, complete absence of normal auditory function, by itself, plays a minor, if any, role
in the regulation of HVC growth or neuronal replacement.

There is evidence that the act of singing regulates HVC neuron addition in adult canaries. Birds
who were not allowed to sing for 8 days had significantly fewer new HVC neurons when
compared to birds that sang at high rates in response to playbacks of song (Li et al., 2000).
Moreover, there is a positive correlation between naturally occurring variation in amount of
singing and new HVC neuron addition (Alvarez-Borda and Nottebohm, 2002). At first glance,
these results appear to contradict the finding that in canaries and song sparrows, seasonal
increases in neuron addition occur at times of year when singing is very low. However, peaks
in HVC neuron addition, in the canary at least, occur as birds are beginning to sing again after
a dormant period (Nottebohm et al., 1987; Kirn et al., 1994). Perhaps the laboratory conditions
under which singing has been shown to correlate with neuron addition are ones in which
increases in singing were encouraged above low baseline levels. These results suggest that
singing promotes neuron addition, perhaps by increasing the production of trophic survival
factors like Brain-Derived Neurotrophic Factor (BDNF; see Nottebohm, this volume). To the
extent that singing influences a bird’s own HVC neuronal replacement, it is tempting to suggest,
from all available data, that this is a vocal motor-driven process.

It is likely that adult neuronal replacement in HVC and elsewhere in the song control system
is also influenced by the actions and attributes of conspecifics. Social enrichment has been
reported to enhance the survival of adult-formed neurons in NC, Area X, HVC and the
hippocampus in adult male zebra finches (Lipkind et al., 2002; Barnea et al., 2006; Adar et al.,
2008b). In one study, males housed in small, mixed-sex groups were moved to larger cages
where a) males were housed singly, b) males were housed individually with an unfamiliar
female, or c) males were introduced to large, mixed-sex groups of unfamiliar birds. Males in
the latter group showed more new neurons in HVC, NC and Area X compared with the former
two groups, which did not differ from one another (Lipkind et al., 2002). It is unlikely that
changes in general activity levels or amount of singing could account for these results (Lipkind
et al., 2002; Adar et al., 2008a). NC, HVC and Area X have been implicated in auditory
perception and memory formation (Scharff et al., 1998; Gentner, 2004; Mello et al., 2004) and
the authors concluded that at least one potential way that social enrichment might enhance new
neuron survival is by increased demands on systems underlying new auditory memory
formation (Adar et al., 2008a). As already mentioned, the role of auditory function in regulating
HVC neuron addition is unclear. However, the authors’ interpretation is particularly appealing
for NC, which is not directly implicated in song control but serves auditory functions and
projects to song control regions (Mello and Clayton, 1994; Mello et al., 2004).

Subsequent work on NC (Adar et al., 2008b) showed that varying the timing and degree of
change in social complexity relative to a new neuron’s age impacted that neuron’s chances of
survival. It was found that adult-formed neurons that had lived for 3 months prior to
manipulation of social complexity were lost in birds transferred from a simple to a more
complex social environment whereas this same manipulation enhanced survivorship of neurons
that were younger at the time of social change (1 month old). The opposite result was obtained
when birds were not transferred from simple to complex environments—older neurons
survived longer at the expense of younger neurons. These results suggest that social stability
favors survival among pre-existing neurons over newly formed neurons, whereas social change
(increases in social complexity) favors survival of new neurons over older ones.

These results provide strong evidence that experience can influence some aspects of juvenile
brain development and adult neuron replacement within the vocal control system. However,
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the relative contributions of song-related auditory and motor experience and other social factors
remain unclear.

The relationship between steroids, experience, the development of song and the song
system

As already mentioned, steroids can have profound effects on song and the song system. This
raises several critical questions. Do steroids have independent, and potentially unrelated effects
on song and song system development? This question is not trivial, as many of the experimental
manipulations used to explore causal links between song plasticity and brain attributes could
also influence circulating steroid levels. Do experience and hormones act synergistically in the
development of song and the song system? There is substantial evidence that experience can
influence steroid levels (Lehrman, 1964; Goymann et al., 2007). Even when hormone levels
are ‘clamped’ by gonadectomy and hormone implants, experience can influence circulating
hormone levels, presumably by effects on steroid metabolism (Raouf et al., 2000). It is possible
that increases in steroids promote singing, for example, and, in turn, the act of singing might
feed back to further augment hormone secretion, and both might be necessary for maximal
changes in brain anatomy and function. Finally, the act of singing might have independent
effects on brain anatomy/function and steroid levels.

A complete review of this literature is beyond the scope of this chapter (for a more
comprehensive review, see Ball et al., 2004; Brenowitz, 2004; Sartor and Ball, 2005). However,
some experiments have been conducted to explore (or at least control for) the potential effects
of experience and gonadal steroids on song system structure. Recent work has shown that
depriving juvenile zebra finches of tutors to delay the end of the critical period for song learning
also delays the normal decline in HVC neuron addition without influencing circulating steroid
levels (Wilbrecht et al., 2006). In adult white-crowned sparrows, exposure to increasing day
length induced large increases in the size of vocal control regions regardless of whether males
were housed with or without females, however, growth was greater in males housed with
females despite the absence of group differences in circulating T (Tramontin et al., 1999). In
adult canaries, a reduction in photoperiod resulted in an increase in the death of HVC⇒RA
neurons without affecting circulating gonadal steroids (Kirn and Schwable, 1997). These
correlational studies provide evidence for dissociations between circulating T and neural
plasticity in juveniles and adults. Interestingly, in the former study (Wilbrecht et al., 2006), the
delayed decrease in HVC neuron addition was associated with a delay in the achievement of
song stereotypy, and in the latter study (Tramontin et al., 1999), males housed with females
and who had larger song control regions also sang more suggesting an additional dissociation
between circulating T and song attributes.

There is also strong evidence that T can influence adult HVC size independent of amount of
singing or auditory function (Brenowitz et al., 2007). This does not, however, rule out the
possibility that singing has independent effects on neural structure/function. Perhaps the
strongest evidence for a causal link between singing and neural plasticity that is independent
of gonadal steroids comes from previously described work with adult canaries (Li et al.,
2000; Alvarez-Borda and Nottebohm, 2002). Birds allowed to sing freely had significantly
more new HVC neurons compared to birds prevented from singing for 8 days (Li et al.,
2000). Of course, this chronic manipulation could have resulted in reduced T levels in the
suppressed group. However, in subsequent work (Alvarez-Borda and Nottebohm, 2002),
evidence was presented for independent and, perhaps synergistic effects of singing and T on
HVC neuron addition. When comparing castrated and gonadally intact males that sang at
comparable levels, neuron addition was nearly three-fold higher in the latter group. However,
among castrates, who had undetectable levels of circulating T, there was still a positive
correlation between amount of singing and new neuron addition (Alvarez-Borda & Nottebohm,
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2002). These results are consistent with a model in which rising steroid levels promote singing
and neuron addition but that singing, via T-independent mechanisms, can also enhance neuron
addition (Alvarez-Borda & Nottebohm, 2002). Further experiments suggest that both steroids
and singing promote HVC neuron survival by the production of BDNF (Nottebohm, 2004). It
seems clear from the work summarized that steroids and singing can have independent effects
on neuron addition. The relative weighting of these variables in the control of neuron addition
may differ, with T having a larger impact than singing (Alvarez-Borda & Nottebohm, 2002)).
However, it is also likely that steroids, singing, and possibly other social factors, have additive
effects on neuronal replacement. It will be interesting to determine whether BDNF expression
is part of the story for all of these variables.

Constraints on vocal control system development
Although there is a large literature devoted to behavioral and song system plasticity, a growing
number of studies suggest that there are major constraints on song system development and
that variation in song system attributes is regulated by experience-independent factors. As
already mentioned, early deafening, which has profound influences on song learning and
maintenance, has no detectable effect on the attainment or maintenance of adult HVC volume
and total neuron number (Burek et al., 1991). In other studies, it has been shown that where
co-variation between neural and behavioral attributes exist, it is more likely that brain structure
determines the quality or amount learned, rather than the other way around. For example,
western marsh wrens have a much larger song repertoire than their eastern counterparts and
western birds have a larger HVC when compared to eastern birds (Canady et al., 1984). When
nestlings from the two populations were hand reared and exposed to the same song tutor tapes,
western birds still learned a larger repertoire and had a larger HVC compared to their eastern
counterparts (Kroodsma and Canady, 1985). Moreover, when western nestling marsh wrens
were divided into two groups, one exposed to tape recordings with a large song repertoire from
which to learn and the other exposed to recordings with a small repertoire, birds in the former
group acquired and produced more complex songs than birds in the latter group, yet there were
no group differences in the volume of HVC or RA. Interestingly, within the group that produced
a large repertoire, there was a positive correlation between song complexity and vocal control
region volume (Brenowitz et al., 1995). Song experience is not entirely without effects, as the
number of dendritic spines on HVC neurons was higher in wrens exposed to a larger repertoire
(Airey et al., 2000a). Nevertheless, these results strongly suggest that the complexity of learned
song does not determine song system size and raise the possibility that song system size
constrains the complexity of learned song. It is worth noting that in the very first study to show
a relationship between song complexity and the size of song system structures (Nottebohm et
al., 1981) the conclusion drawn was that canaries with a large HVC might produce either simple
or complex songs, but that the most complex songs required a large HVC. These results suggest
a model where variation in HVC volume and total neuron number are largely sculpted by
experience-independent factors and that these attributes might place limits on the capacity to
learn and/or produce complex songs.

So what regulates the size and number of neurons in vocal control regions? The answer to this
question remains unknown but there is growing evidence that these attributes are heritable
(Airey et al., 2000b). Zebra finch brothers co-vary in measures of HVC volume and neuron
number (Ward et al., 2001; Williams et al., 2003) and this is also true for the size of brain
regions with direct projections to and from HVC (Airey et al., 2000b). We cannot rule out a
potential role of early life experience (including in ovo exposure to hormones) that has long
lasting, perhaps permanent effects on these attributes. For example, as already mentioned, early
dietary restriction has been shown to impact HVC volume and in cross-fostering experiments
a small but significant amount of the variation in HVC size can be attributed to the environment
provided by foster parents (Nowicki et al., 2002; Buchanan et al., 2004). Nevertheless,
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available data suggest that a significant amount of the variation in the size of HVC, RA and
Area X size can be accounted for by variation in genotype.

Several studies have shown changes in HVC neuron addition can occur in the absence of
changes in HVC volume or total neuron number (Alvarez-Buylla et al., 1992; Wang et al.,
2002; Wilbrecht et al., 2002). However, here too, there appear to be constraints on adult neuron
addition that are either heritable or the long-term consequence of early experience. Recent
work indicates that adult male zebra finches derived from the same nest have similar rates of
neuron addition (Hurley et al., 2008). Similarities among nest mates persisted even when one
nest mate of a pair is deafened in adulthood (Fig 7). It is possible that other types of adult
experience, like social enrichment, would weaken the co-variation seen among nest mates.
However, the wholesale loss and replacement of neurons represents a dramatic (and potentially
costly) form of plasticity that is presumably adaptive for modifying neural circuits in response
to environmental change. It seems paradoxical that such constraints exist at all. Regardless, if
it turns out that nest mate similarities are heritable, this may open the door to a new approach
for exploring the functional significance of adult neurogenesis through selective breeding for
high and low rates of neuron incorporation.

Experience-independent constraints on total HVC neuron number may also explain the
complex nature of the relationship between adult T, singing, and rates of neuron addition. T
promotes neuron addition but neuron addition at times of year when circulating T has been
high for some time is substantially lower than when T levels have been low for some time
(Kirn et al., 1994). Moreover, although singing may promote neuron addition, as already
mentioned, neuron addition is low at times of year when birds are naturally singing the most!
This has led to a model where available synaptic space in HVC is a major factor in the regulation
of neuron addition (see Nottebohm, this volume). In seasonal breeders, the end of the breeding
season is marked by a crash in T levels and an increase in cell death (Kirn et al., 1994;
Breonowitz, 2004). The increase in cell death has been proposed to free up potential
incorporation sites for incoming neurons and this might explain the waves of neuron addition
that occur in the fall, when birds are singing little and T is low. However, it is possible that
subsequent increases in neuron incorporation are supported by gradual increases in circulating
steroids and, perhaps, singing. This scenario would continue until all available space for new
neurons in HVC has been occupied. By spring, when T levels and singing are maximal, no
further increases in HVC neuron addition would be possible until there was once again a crash
in circulating T and an increase in cell death. This model is based almost entirely on the
temporal sequence of endocrine, neuronal, and behavioral events in the canary (Nottebohm et
al., 1986, 1987; Kirn et al., 1994). While speculative, the relative availability of neuron
incorporation sites may explain the complex relationship between T, singing, and HVC neuron
addition. Moreover, selective ablation of HVC⇒RA neurons augments their replacement
(Scharff et al., 2000) and recent work has shown that treatments that reduce cell death also
reduce new HVC neuron addition, lending support to the notion that there is a relationship
between neuron addition and the number of preexisting neurons (Thompson & Brenowitz,
2009).

Summary and conclusions
In songbirds, a well-defined series of telencephalic brain regions is dedicated to vocal learning
and song production. The staggered developmental timetable for different components within
the song system provides evidence for subsystems that are at least partially distinct with respect
to function. The AFP appears to be responsible for controlling the earliest stages of vocal motor
learning and is necessary for vocal plasticity in adulthood. The HVC⇒RA pathway appears
necessary for the last stages of vocal motor development as well as the adult production of
learned song. There is substantial growth, regression and sculpting of synaptic inputs after
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hatching at times when key events in song development occur and future work will likely
provide a better understanding of the causal links between the development of brain and
behavior. While much is still unknown about the relationship between these steps in brain
development and song learning, behavioral observations have informed studies of the
underlying neural mechanisms for vocal learning and song production. Conversely,
developmental neurobiological studies have forced a reappraisal of some tenets of song
development. In particular, the line distinguishing close-ended and open-ended learners has
blurred considerably due to recent work suggesting unanticipated neural and behavioral
plasticity in the former, potential limits to such plasticity in the latter, and a shared dependence
on gonadal steroids for neural and behavioral plasticity. A growing body of research also
indicates that although experience alters some aspects of vocal control system development,
there are also major constraints limiting the extent to which neural structure is altered as a result
of experience, both during development and in adulthood. It is often the case that discoveries
of dramatic brain plasticity are met with much more enthusiasm than studies reporting limited
plasticity. And yet, an understanding of these constraints may be extremely informative in both
an evolutionary context and for a better understanding of proximate neural mechanisms. It has
been shown in research from numerous songbird species that predispositions guide and
constrain song development, usually in adaptive ways (Gould and Marler, 1987; Marler,
1997; Rose et al., 2004; Gardner et al., 2005). It is likely that such behavioral constraints are
mirrored in the avian brain.
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Figure 1.
Sagittal views of the major brain regions involved in song learning and production. While there
is considerable overlap in the structures depicted in each schematic, the one on the left is
designed to emphasize key structures involved in song vocal control whereas the diagram on
the right illustrates important auditory structures. Left schematic: The pathway necessary for
the production of learned song is demarcated by solid black lines. The anterior forebrain
pathway, necessary for song learning, is shown with dashed lines, and dashed lines illustrate
sites of convergence between the two pathways. Right Schematic: Key ascending auditory
pathways are shown. Abbreviations: AV-nucleus avalanche; CLM-caudal lateral mesopallium;
CMM-caudal medial mesopallium; CN-cochlear nucleus; CStcaudal striatum; DM-dorsal
medial nucleus; DLM-medial portion of the dorsolateral nucleus of the thalamus; E-
entopallium; B-basorostralis; HVC-high vocal center; LLD-lateral lemniscus, dorsal nucleus;
LLI-lateral lemniscus, intermediate nucleus; LLV-lateral lemniscus, ventral nucleus; MLd-
dorsal lateral nucleus of the mesencephalon; LMAN-lateral subdivision of the magnocellular
nucleus of the anterior nidopallium; mMan-medial subdivision of the magnocellular nucleus
of the anterior nidopallium; AreaX-Area X of the medial striatum; MO-oval nucleus of the
mesopallium; NCM-caudal medial nidopallium; NIF-interfacial nucleus of the nidopallium;
nXIIts-XII, tracheosyringeal part; OV-ovoidalis; PAm-paraambiguus; Ram- retroambigualis;
RA-robust nucleus of the arcopallium; SO-superior olive; Uva-nucleus uvaeformis;.
Nomenclature based on Reiner et al., in press. nAM-nucleus ambiguous. Adapted from (Reiner
et al., 2004).
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Figure 2.
The distribution of [3H]-labelled neurons in sagittal brain sections from 1-year old canaries
following [3H]-thymidine injections at the embryonic (E) ages indicated. The lower map is
from a 1-year old adult that received [3H]-thymidine injections in October and was then killed
125 days later. Although there is an overall decrease in neurogenesis (cell production +
survival) as development proceeds, the absolute magnitude of the decrease cannot be
ascertained from these figures due to several methodological factors, including variation in the
amount of time [3H]-thymidine was available for cell labeling (see Alvarez-Buylla et al.,
1994). However, developmental shifts in the regional distribution of new neurons are
significant. Between E5 and E9, sub-telencephalic neuron addition is virtually over with the
notable exception of DLM (medial portion of the dorsolateral nucleus of the thalamus), part
of the vocal control system. Injections on E10 labelled cells restricted to the telencephalon, yet
few such cells were found in HVC. As with DLM, HVC neurogenesis is delayed relative to
surrounding regions. Post-hatching (P6-P10), large numbers of neurons are added to the
striatum, including song system nucleus Area X (not shown). The most notable difference
between birds injected as juveniles and adults is a greater decline in striatal, relative to extra-
striatal, neuron addition in older birds. Nevertheless, neuron addition is widespread even in
adults. Dorsal = up and Rostral = left, Modified from (Alvarez-Buylla et al., 1994).
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Figure 3.
Much of the development of the efferent, HVC⇒RA pathway occurs over the time course of
song learning. At the ages indicated, the HVC⇒RA pathway was retrogradely labeled (white)
by injecting Fluoro-Gold into RA in male canaries. By 7-12 months, canary song has become
fully stereotyped for the first time (Nottebohm and Nottebohm, 1978; Nottebohm et al.,
1986). Dorsal = up, Rostral = right. Scale bar = 200μm.
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Figure 4.
Neuronal replacement in adult canaries. Upper left: A [3H]-labeled neuron (black dots
overlying the nucleus) retrogradely labeled from RA with Fluoro-Gold (white deposits in
cytoplasm) indicating an adult-formed HVC⇒RA neuron. Modified from (Kirn et al., 1999).
Upper right: A pyknotic, degenerating neuron, also backfilled from RA with Fluoro-Gold.
Transfer from long- to short day lengths resulted in a significant increase in the number of
degenerating HVC⇒RA neurons in adult canaries and a decrease in the total number of
HVC⇒RA neurons. Modified from (Kirn and Schwabl, 1997). Lower panels: HVC⇒RA
neurons were labeled with latex microspheres and sacrificed after 20 days in late April (Lower
left) or 6 months in October (lower right). This experiment was designed to determine how
many HVC⇒RA neurons present in April, when canaries are singing stereotyped song, are
still present the following October, when song becomes unstable and new song elements are
added. The results suggest that between one-third and one-half of all such neurons are lost and
replaced over this interval. Modified from (Kirn and Nottebohm, 1993). Scale bars in upper
two panels = 10 μm. Scale bars in lower two panels = 200 μm.
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Figure 5.
A relationship between neuronal replacement and song modification in adult canaries. Upper
graph: Twelve groups of adult male canaries (one group for each month) were injected with
[3H]-thymidine and sacrificed one month later. The mean numbers of [3H]-labeled neurons
(solid line) and pyknotic, degenerating cells (dashed line) per 1000 HVC neurons are shown.
There were two peaks in new neuron addition, preceded by 2 peaks in cell death. The precise
temporal relationship between peaks in addition and loss may not be accurately reflected by
these data. Values are plotted by month of sacrifice, rather than month of [3H]-thymidine
treatment. Other work indicates that there is a culling of new neurons when they are roughly
two weeks old (Kirn et al., 1999). If this culling is responsible for seasonal changes in new
neuron number seen at 1-month survivals, then the solid line for [3H]-labeled cell number
should be left-shifted by two weeks, revealing greater overlap between death and replacement.
Modified from Kirn et al., 1994). Lower graph: In a separate group of adult canaries, song
modification was measured between one and two years of age by monthly counts of the mean
number of new syllables added per month. Modified from (Nottebohm et al., 1986). Periods
of high song modification correlate with periods of high neuronal replacement.
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Figure 6.
Adult behavioral and neural plasticity in a close-ended learner. Upper graph: Mean (+SEM)
song stereotypy scores-the acoustical similarity across repeated deliveries of the same syllable,
as a function of age. Data are for two groups of zebra finch males, “Young Adults” (recorded
at 123-140 days, and again at 9-9.5 months and 15-15.5 months) and “Old Adults” (recorded
at 3-3 years and 9 months at first recording and then two more times at the same intervals as
the younger adults. There was a significant increase in song stereotypy across the recordings
for the young, but not older adults. Modified from (Pytte et al., 2007). Middle graph: Adult
song maintenance appears to be an active process guided by reference to auditory memories.
However, an age-related decline in the reliance on auditory feedback for song maintenance
was also found. The data show changes in syllable morphology between songs recorded before
and 1-month after deafening performed at various ages (filled circles). For comparison, song
similarity scores for age-matched controls are shown (open circles). Deafening at ages between
100-200 days after hatching has a much more dramatic effect on song structure compared to
when birds are deafened at older ages (from Brainard and Doupe, 2001). Had longer intervals
after deafening been examined, even old adults would eventually show modest song
degradation (Lombardino and Nottebohm, 2000). Lower Graph: The number of new neurons
(identified using [3H]-thymidine and retrograde labeling from RA (not shown) or Nissl stain)
added to HVC declines with increasing age. Each triangle represents the mean number of
[3H]-labeled neurons per day of [3H]-thymidine injections for a single bird (modified from
Wang et al, 2002). Although precisely comparable ages across data sets are not available,
collectively, the results suggest that change occurs at both behavioral and neural levels well
beyond song crystallization. Moreover, the data suggest that as song stereotypy increases, the
stability of the song motor program as well as the population of HVC⇒RA neurons increases.
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Figure 7.
Potential constraints on adult neuron addition. Nest mate similarities in HVC neuron addition
persist even when one member of a nest mate pair is deafened in adulthood. Upper graph:
Deafening in adulthood resulted in a significant increase in neuron addition (mean + SEM).
Lower graph: However, the mean percentage of [3H]-labeled HVC neurons in nest mate pairs
where one member was deafened in adulthood still showed a significant positive correlation.
From Hurley et al., 2008.
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