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The study of song learning and the neural song system has provided an important comparative model
system for the study of speech and language acquisition. We describe some recent advances in the bird
song system, focusing on the role of off-line processing including sleep in processing sensory information
and in guiding developmental song learning. These observations motivate a new model of the organiza-
tion and role of the sensory memories in vocal learning.
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1. Introduction

Acoustic communication is broadly observed in all orders of
vertebrates, including fishes, amphibians, reptiles, birds, and mam-
mals. Aspects of vocal control in the vertebrates may share a com-
mon ancestry, such as basic spinal cord and brainstem circuits for
call production that may have first evolved some 400 million years
ago (Bass, Gilland, & Baker, 2008). In contrast, forebrain regulation
and the emergence of learned vocalizations evolved independently
multiple times in birds and mammals (Gahr, 2000; Nottebohm,
1972; Poole, Tyack, Stoeger-Horwath, & Watwood, 2005; Rendell
& Whitehead, 2001). Behavioral similarities between bird and hu-
man vocal development such as critical periods and use of auditory
feedback for acquisition of vocal memories are well known (Mar-
ler, 1970b). The modern reinterpretation of homologies between
avian forebrain and mammalian neocortex (Karten, 1991, 1997;
Reiner et al., 2004) further helps to draw parallels between the var-
ious vocal learning systems. For example, the identification of a
striatal pathway in the songbird forebrain that is important for
song learning and is homologous to elements of striatal pathways
in mammals helps to interpret the avian research in a mammalian
context.

The rich interplay between birdsong and speech and language
research that was envisioned almost 40 years ago has emerged
but only slowly. Initially, progress was impeded by a historical ten-
dency to view human cognitive skills, especially speech and lan-
guage, as beyond the purview of a biological perspective. This
ll rights reserved.
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artificial divide is now rapidly disappearing, as progress in psychol-
ogy and biology both using behavioral and neurobiological ap-
proaches identify commonalities between humans and other
animals, and helps characterize quantitative, experimentally trac-
table differences between humans and other animals. For vocal
learning, a series of behavioral studies demonstrated animal
behaviors such as categorical perception or perceptual constancy,
refuting early claims that these behaviors define unique features
of human speech (Kluender, Diehl, & Killeen, 1987; Kuhl, 1979;
Kuhl & Miller, 1975, 1978). More recently, a behavioral study dem-
onstrated that starlings are capable of processing the syntactic
structures of sequences of motifs (units of starling songs) defined
by a simple context-free grammar (Gentner, Fenn, Margoliash, &
Nusbaum, 2006). Context-free grammars are defined through
recursion, hence the starling behavior is a counterexample to the
notion that recursive processing defines the heart of a uniquely hu-
man computational capability for language processing (Hauser,
Chomsky, & Fitch, 2002). Given the weight of these animal exam-
ples, an alternative hypothesis is that human prowess in speech
and language may emerge in part for reasons of heightened capac-
ity, such as memory capacity associated with semantic recall (Nus-
baum & Margoliash, 2009). The modern perspective recognizes
that there are many attributes shared between animals and hu-
mans that contribute to vocal learning (Doupe & Kuhl, 1999; Mar-
goliash, 2002). This perspective motivates anew the search for
mechanisms of vocal processing that are common between ani-
mals and humans.

Vocal learning requires formation of memories of sounds, se-
quences, and higher order representations. How these memories
are represented and how they influence vocal learning has been
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a principle focus of animal vocal learning (Konishi, 1965, 1978,
2004), and could provide a focus for integrating research in animal
and human systems. One feature of memory formation that has
been extensively explored is the role of sleep. The prevailing
hypothesis is that sleep influences learning through off-line con-
solidation of recently acquired, labile memory traces. Sleep has
been implicated in enhancing acquisition of simple rote motor se-
quences and visual discriminations (Karni, Tanne, Rubenstein,
Askenasy, & Sagi, 1994; Stickgold, James, & Hobson, 2000),
although there is some controversy as to whether sleep enhances
learning in these low-level tasks (Rickard, Cai, Rieth, Jones, & Ard,
2008). Sleep also interacts with learning in a broad range of high-
er-level complex tasks that are characterized by generalization
(Fenn, Nusbaum, & Margoliash, 2003), multimodal integration
(Brawn, Fenn, Nusbaum, & Margoliash, 2008), and cognitive pro-
cesses (Wagner, Gais, Haider, Verleger, & Born, 2004).

Does sleep interact with vocal learning? In this chapter we de-
scribe the role of sleep in developmental birdsong learning and in
the maintenance of songs in adult birds. We describe state-depen-
dent physiological activity in the song system, and the role of
neuromodulators in state-dependent processing. We end with a
brief discussion of a new model for the role of sleep in learning,
and consider the future directions of animal studies in relation to
speech and language.
2. Vocal learning

Songbirds are endowed with a remarkable capacity for learning
songs that have a high degree of acoustic and temporal complexity
(Catchpole & Slater, 1995). Many of these birds will learn their
song as juveniles from their father or other males and will retain
this song for the remainder of their lives. Such birds are generally
referred to as closed-ended learners. Other species might learn one
or more songs as juveniles but retain the ability to modify their
existing song or learn new songs as adults. These birds are gener-
ally referred to as open-ended learners. In this chapter, we will fo-
cus our discussion on zebra finches, a close-ended learner, because
of the wealth of behavioral and neural data that has been collected
in this species. Despite the stereotyped nature of the song that
these birds sing as adults, they nevertheless show a significant de-
gree of vocal plasticity following perturbations that affect auditory
feedback. Because sleep influences vocal plasticity in juveniles and
adults, we review here the major features of song learning and
adult vocal plasticity in this species.
2.1. Juvenile song learning

In zebra finches, as in many other species, song learning can
generally be divided into three stages: subsong, plastic song and
crystallized song. Subsong occurs at the earliest stage of singing
and might develop out of the bird’s initial calling behavior, which
starts soon after birds hatch. Both males and females will call,
but as males mature, several of the calls they produce start to ac-
quire more complex acoustic patterns and birds start producing
these in a somewhat sequential manner (Liu, Gardner, & Notteb-
ohm, 2004). The production of these sequences of elements is de-
fined as subsong and is not that different from babbling that is
observed in human infants (Doupe & Kuhl, 1999). Following the
subsong stage, birds transition to a plastic song where acoustic ele-
ments start to resemble those in the tutor song but are still pro-
duced in a sequence that is variable. Song is defined as
crystallized when syllable acoustic features and sequence are rela-
tively stable and stereotyped. In zebra finches, the crystallized song
is the song they will sing for the remainder of their lives (Dereg-
naucourt et al., 2004; Immelmann, 1969). The exact timing of these
different transitions in song development is somewhat variable
and is influenced by numerous conditions in which juvenile birds
are raised. These include circannual timing of birth, social factors,
hormonal state, and nutrition (Baptista & Petrinovich, 1986; Kro-
odsma & Pickert, 1980; Nowicki, Searcy, & Peters, 2002). In nor-
mally laboratory raised zebra finches subsong typically begins
around 25–30 days post hatch, plastic song around 50 days and
song crystallization between 90 and 120 days (Immelmann,
1969; Roper & Zann, 2006; Tchernichovski, Lints, Deregnaucourt,
Cimenser, & Mitra, 2004).

Exposure to a song model, either from a live tutor (e.g. father or
other male) or song playback, typically results in the production of
a good imitation of the tutor song. For learning to occur, birds only
need to hear the song template during a short critical period in
their life suggesting that auditory encoding of the song template
and the process of vocal imitation are two separate events (Marler,
1970a; Slater, Eales, & Clayton, 1988). This critical period for song
template acquisition typically extends, in zebra finches, from about
25 to 65 days after hatching. As with recent work in other systems
(Ostrovsky, Andalman, & Sinha, 2006), this critical period is not
predetermined and can be stretched or compressed depending
on social and other environment factors (Slater et al., 1988). When
juvenile birds are raised in the absence of a song model, they will
eventually develop a song with some species-typical characteris-
tics, but these ‘‘isolate songs” bear little superficial resemblance
to the normal songs of their conspecifics (Immelmann, 1969). As-
pects of isolate songs such as overall duration, song tempo, and
rhythm share similarities with the normal song implying that cer-
tain temporal features might be innately encoded (Rose et al.,
2004).

In addition to the obvious necessity of hearing the song tem-
plate, birds also need to hear themselves sing (Konishi, 1965; Price,
1979). Birds deafened as juveniles, even if this occurs after expo-
sure to the song template, produce songs that are highly abnormal
and bear little to no superficial resemblance to the song of their
conspecifics or the song template, although they can retain spe-
cies-typical characteristics (Marler & Sherman, 1983). In fact such
‘‘songs” are much more abnormal than those produced by birds
raised in isolation. Once birds have crystallized their song, in more
species than was previously appreciated, auditory feedback is still
necessary for song maintenance, even in critical-period learners
such as zebra finches (Nordeen & Nordeen, 1992). The dependency
of song maintenance on auditory feedback appears to be age-
dependent because birds with recently crystallized songs are much
more affected by deafening than older more mature birds (Lombar-
dino & Nottebohm, 2000). The variation across songbird species in
the reliance on auditory feedback for adult song maintenance
(Konishi, 1965; Fernando Nottebohm, 1968) may be a fruitful ave-
nue to explore the mechanistic factors associated with maintaining
high levels of vocal plasticity in adults, such as in humans.

Upon exposure to the song template, birds must learn to pro-
duce accurate acoustic matches of each individual element or syl-
lable in the song as well as learn to sing them in the correct
sequence. Contrary to what might be expected, normally raised
and tutored juvenile songbirds do not use a single strategy to
achieve this goal (Liu et al., 2004). Even among siblings from a
same clutch, some birds will choose a ‘‘serial-repetition strategy”
while others will opt for a ‘‘motif strategy” (Fig. 1). Birds that
choose the serial-repetition strategy produce a single precursor
syllable that they repeat in long sequences. With time, they modify
the acoustic features and duration of each of these syllable precur-
sors, eventually producing them in a sequence that matches that of
the template. Birds that use the ‘‘motif strategy”, on the other
hand, start very early in development to produce a global imitation
of the father’s song with each element already in the right place in
the motif but produced in a very noisy and imprecise way. With



Fig. 1. Learning the same song using different developmental strategies. Song development is shown for two juvenile zebra finch siblings (sibling #1 and sibling #2) from the
same clutch. Both birds mastered the same 1-s long song motif they heard from their father. The highly stereotyped song motif of the father (labeled ‘‘Father (Tutor) Song’’) is
shown at the top and consists of five different syllables, identified by letters A through E. Sibling #1 utilizes a ‘‘serial repetition” strategy where he transitions from subsong to
a song that consists of repetitions of the same syllable (shown in red). He then modifies each syllable so that they eventually match the different syllables produced in the
father’s song. Sibling #2 on the other hand, transitions from subsong by producing a global imitation of the father’s song with each element already in the right place in the
motif but produced in a very noisy and imprecise way. With time he refines the acoustic properties of each element without any major modifications of the sequence. The
vertical axis corresponds to frequency, in kilohertz, and the horizontal axis corresponds to time, in ms. (Modified from Fig. 3 in Liu et al. (2004) PNAS 101, 18177–18182).

D. Margoliash, M.F. Schmidt / Brain & Language 115 (2010) 45–58 47
time birds refine the acoustic properties of each element without
any major modifications of the sequence. Similar differences in vo-
cal imitation strategies appear to occur in humans as well (Macken
& Ferguson, 1983; Menn & Stoel-Gammon, 2001).

Much understanding of the acoustic refinement strategies in
songbirds has been obtained from Tchernichovski and colleagues
who have used a highly quantitative approach to study the vocal
imitation process (Tchernichovski, Nottebohm, Ho, Pesaran, & Mi-
tra, 2000). Using a simplified song-tutoring paradigm where they
expose naïve male juveniles in the subsong stage to limited repeti-
tions of a tutor song (as little as 20 times/day), they are able to
track and quantify many of the vocalizations the bird produces.
This technique allows them to ‘‘go back in time” from each crystal-
lized song syllable all the way near to the onset of song tutoring
and the first syllable precursor, and provide a much more complete
description of the developmental trajectory of each acoustic ele-
ment than had previously been achieved. Interestingly, birds tu-
tored with this paradigm use primarily the ‘‘serial-repetition
strategy” because they very rapidly (within 24 h from tutoring on-
set) transition from producing subsong, which has little acoustic or
temporal structure, to producing a single syllable precursor that
they repeat in long sequences. Within just 3–4 days of tutoring on-
set, however, out of this single precursor, the bird develops 3–5
acoustically unique elements, which will then eventually become
the specific syllable in the crystallized song. Much of what has
been learned of this massive and rapid acoustic transformation is
that changes often occur in a highly non-linear manner (Tchernic-
hovski, Mitra, Lints, & Nottebohm, 2001).

2.2. Adult vocal plasticity

Many species of birds show a significant amount of vocal plas-
ticity as adults. The so-called ‘‘open learner” birds, such as the can-
ary, are able to learn new songs each breeding season with songs
becoming richer and the repertoires more complex with each year.
Many of the ‘‘closed learners” such as the zebra finch, were



48 D. Margoliash, M.F. Schmidt / Brain & Language 115 (2010) 45–58
assumed initially to not show any vocal plasticity once they crys-
tallized their song (Konishi & Nottebohm, 1969; Slater et al.,
1988). A number of recent studies have shown that as a generaliza-
tion, this is incorrect. While adult zebra finches can no longer learn
new songs, they certainly show a high degree of acoustic plasticity,
both spontaneously (Kao & Brainard, 2006) as well as under exper-
imental conditions when auditory feedback is modified (Leonardo
& Konishi, 1999; Nordeen & Nordeen, 1992; Tumer & Brainard,
2007; Williams & McKibben, 1992).

Male zebra finches produce a single song as adults but they pro-
duce them under two different behavioral contexts (Sossinka &
Boehner, 1980). When singing directly to females, they deliver
the song very rapidly and sing a song that is highly stereotyped.
Males will also engage in singing bouts when they are alone or
in the presence of other males. These ‘‘undirected songs” are deliv-
ered with a slightly slower tempo and show a greater deal of
acoustic variability than ‘‘directed songs”. Recent work in Bengal-
ese finches (Tumer & Brainard, 2007), a closely related species to
the zebra finch, suggests that the observed variability in funda-
mental frequency (FF) of individual syllables during ‘‘undirected
song” might be part of vocal exploration strategy that can lead to
long-term changes in the acoustic features of the song. Of signifi-
cance in the context of adult vocal plasticity, the authors of this
study can cause an adaptive shift of the FF by altering the auditory
feedback the bird hears while singing. This auditory feedback-
dependent adaptive change underlines the degree of vocal plastic-
ity that is possible in adult birds. It is also consistent with a num-
ber of studies showing that long-term manipulations of auditory
feedback, either by deafening (Nordeen & Nordeen, 1992) or per-
turbation of auditory feedback (Hough & Volman, 2002; Leonardo
& Konishi, 1999; Williams & McKibben, 1992), can lead to dramatic
re-arrangements of the bird’s song. These changes include acoustic
changes of individual syllables but also more profound temporal
re-arrangements of the song that include syllable insertions, sylla-
ble repetitions and deletion of existing syllables. These changes are
likely to be adaptive because they can, for nearly each manipula-
tion described above, be prevented by the ablation of dedicated
striatal pathways in the song system (Brainard & Doupe, 2000).
3. Sleep and vocal learning

3.1. Sleep-dependent circadian singing and song tutoring

Serial repetition and motif strategies are large-scale patterns
that are expressed over the 60-day duration of vocal development.
Systematic variation in song patterns is also observed over much
shorter time scales, and analysis of circadian patterns of singing
has given additional insight into the mechanisms of song learning
(Deregnaucourt, Mitra, Feher, Pytte, & Tchernichovski, 2005). Expo-
sure to tutor songs initiates a process that is characterized by two
principle features. First, birds start to imitate aspects of those
songs. This can be quantitatively characterized as a long-term
developmental trajectory from less complex songs early in devel-
opment to more complex adult songs (Tchernichovski et al.,
2001). Second, birds develop circadian aspects in their song pat-
terns, producing songs with relatively low complexity in the morn-
ing when compared to the songs they produce in the afternoon.
This pattern repeats each day, so that songs in the morning are less
complex than songs of the preceding or following afternoon. Birds
who are never exposed to tutor songs (‘‘isolate” birds) fail to devel-
op this circadian pattern of singing. Birds whose exposure to tutor
songs is artificially delayed until later in life will continue to devel-
op isolate-like songs without exhibiting the circadian patterns, but
once they are exposed to tutor songs then the imitation process be-
gins and the circadian patterns emerge. To date, these circadian
patterns have been observed only for juvenile zebra finches that
develop song via the serial-repetition strategy. Whether this pat-
tern also obtains for birds that adopt the motif strategy, and for
other species of birds, remains to be determined.

The daily variations in singing behavior are not dependent on
time of day but are driven by sleep-specific processes (Deregnau-
court et al., 2005). For example, birds that are prevented from sing-
ing in the morning will exhibit the deterioration and recovery
when they are permitted to sing later in the day, and the phenom-
enon is also observed after birds awake from ectopic periods of
sleep in the afternoon that are artificially induced by drugs. Fur-
thermore, the magnitude of the daily variation in song quality is
positively correlated with the final quality of the copied song –
birds that exhibit the greatest change in song structure each morn-
ing are the birds that will ultimately achieve the best song copying
(Fig. 2). This observation establishes that these sleep-dependent
processes are adaptive and help to shape song learning. Of course,
it is important to note that these trends are assessed across popu-
lations of birds, with individual birds showing considerable varia-
tion around these trends.

3.2. Ontogeny of circadian singing

To investigate how soon after the onset of tutoring the circadian
variation in singing appears, one can use the same tutoring para-
digm but with an analysis procedure that permits songs to be ana-
lyzed earlier in song development, even on days prior to tutor song
exposure. To test the hypothesis that birds might begin to alter
some aspects of their singing on the actual day of tutor song expo-
sure, different subsets of songs sung on the first day are directly
compared to those sung the day after tutor presentation. These
subsets consist of songs sung immediately after each of the 20 pre-
sentations of the tutor song, the top 5% most complex songs sung
that day, and finally a subset of songs sung late in the day after
all 20 tutor songs are presented. For all three measures, there is
no evidence that birds begin to change their songs on the day of tu-
tor song exposure, and yet there is clear change in singing behavior
starting the following day (Shank & Margoliash, 2009). This result
further focuses attention on the hypothesis that during sleep, a
memory trace of the tutor song drives changes in vocal-motor net-
works that are expressed as changes in singing behavior the fol-
lowing morning.

Similar to juvenile birds learning to sing, adult zebra finches
rely on auditory feedback to maintain their songs. This motivates
the hypothesis that sleep in adult birds might play similar roles
as in juveniles, under the assumption that similar plastic mecha-
nisms are engaged in juvenile and adult birds. One prediction is
that adult birds exhibit circadian variation in song structure. The
magnitude of the circadian variation in song structure, however,
decreases throughout song development to the point that it cannot
be detected at the time of song crystallization and in adulthood. It
remains unknown if this implies that the phenomenon is extin-
guished or simply diminished in adulthood. Small–magnitude
ultradian patterns of song production (systematic variation in
duration and timing) have been detected in adult birds, but these
have not been directly tied to auditory feedback mechanisms of
adult song maintenance (Chi & Margoliash, 2001; Glaze & Troyer,
2006). If an adult zebra finch is deafened, however, then the change
in syllable structure as song deteriorates is similar to that seen in
normal circadian syllabic deterioration in juvenile birds (Dereg-
naucourt et al., 2005). A parsimonious explanation of these obser-
vations is that the sleep-dependent variation of song structure is
also expressed in adult birds, but with too small a magnitude to
be detected with current techniques. It would be interesting to
search for circadian variation in vocal production in species that
exhibit more profound vocal plasticity in adulthood, which might



Fig. 2. Developmental manifestation of a circadian singing pattern following tutor exposure. (a and b) Song acoustic structure increases incrementally following tutor song
exposure. Acoustic structure is quantified using a measure known as Wiener entropy variance (EV) where high values represent more structure and low values less structure.
Changes in EV throughout development are shown in (b). Examples of the same syllable with their corresponding EV values are shown in (a). (c–g) Using the same measure, it
is possible to quantify the changes in syllable acoustic structure that occur within a given day. In juvenile birds, there is a dramatic drop in EV that is observed between
syllables produced in the evening and those produced the following morning (c and d). This drop in acoustic structure is not observed in adult birds that sing a stable song (e
and f). In figures d and f, each point represents the EV value measured for each rendition of this sample syllable. In addition to the marked drop in EV that occurs from one day
to the next, there is also a steady increase in EV throughout the day. EV values measured at the end of the day show a steady increase throughout development (especially
between days 45 and 60) (g). The degree of circadian change in EV is directly correlated with the quality of the vocal imitation (not shown). (Modified from Fig. 3 in
Deregnaucourt et al. (2005) Nature 433, 710–716.).
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be correlated with a larger magnitude of circadian rhythm. This
represents an attractive opportunity for seeking interesting new
correlates between human and songbird vocal behavior (Margoli-
ash, 2003).

If first exposure to a tutor song leads to changes in singing
behavior that are delayed to the following day, it implies that phys-
iological processes that are expressed during sleep induce changes
that result in adaptive responses the following day. During sleep,
brain regions are reactivated in humans (Peigneux et al., 2004; Ras-
ch, Buchel, Gais, & Born, 2007) and specific patterns of neural activ-
ity are replayed in rats (Ji & Wilson, 2007; Nadasdy, Hirase, Czurko,
Csicsvari, & Buzsaki, 1999) that resemble those observed in prior
waking behavior (Hennevin, Huetz, & Edeline, 2007). Reactiva-
tion/replay has been linked to memory consolidation, which may
involve transferring information from one brain region to another
(Buzsaki, 1998). The specific information represented in replay,
and how plastic changes at night and during the day interact, re-
mains unknown. To investigate these questions requires a behav-
ioral–physiological approach, as described below for zebra finches.

3.3. A possible role of napping and song learning

Songbirds, like many small diurnal animals, frequently engage
in daytime naps and frequently briefly awake throughout the
night. Songbirds, especially juveniles, therefore transition rela-
tively frequently from periods of active engagement, such as when
they listen to their tutor or when they vocalize, to off-line periods
where they no longer engage the outside world. Switching to these
off-line sleep states completely changes the physiology of the brain
circuits involved in vocal production (see below). During the height
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of the song-learning process, a typical juvenile bird will therefore
transition many times a day into these very different brain states.
In humans, napping is sufficient to promote sleep-dependent
learning (Mednick, Nakayama, & Stickgold, 2003), and in juvenile
songbirds, an artificially imposed period of daytime sleep released
an additional bout of daytime song degradation/recovery (Dereg-
naucourt et al., 2005). Thus, the high frequency of wake to sleep
transitions during the day is therefore likely to contribute signifi-
cantly, in concert with night-time sleep, to the process of vocal
learning.

The question of how sleep might contribute to off-line learning
is likely of fundamental importance to our understanding of vocal
learning in both songbirds and humans. Of similar importance
might be to understand how the sensory experiences (such as tutor
song exposure) that drive vocal learning might also drive the tran-
sition into the sleeping states that might be crucial for such learn-
ing. If juvenile birds have relatively immature auditory systems,
then any auditory memory that results from tutor song exposure
may be relatively poorly formed and labile, so that a bout of sleep
immediately after song exposure might be particularly beneficial
for consolidating that memory.

This is an area that remains poorly investigated but preliminary
findings in songbirds suggest that such a link may exist (T. Lints
and O. Tchernichovski, unpublished results). Specifically, when
juvenile birds are tutored with song that they have never heard be-
fore, there is a tendency for juveniles to transition from a highly
alert wakeful state to one that resembles a sleep-like state of stu-
por just minutes after exposure to that new song. This sleep-like
state lasts several minutes, after which the birds wake up and be-
come fully alert again. The reliability and behavioral significance of
this phenomenon remains to be established, and may in any case
be exaggerated by the isolate rearing conditions of the birds, so
that the tutor song represents a supernormal stimulus (Tinbergen,
1951). Nevertheless, these results suggest a novel flow of informa-
tion: perception of an ultra-salient signal (here a conspecific song
that the bird will use as its template) can cause behavioral state
changes in service of memory consolidation.
3.4. Sleep staging in birds

Mammalian studies have benefited from extensive knowledge
regarding the organization of sleep in mammals. The structure of
sleep has been examined in multiple species of birds (Campbell
& Tobler, 1984; Rattenborg, Amlaner, & Phil, 2002), but the surpris-
ingly few studies in songbirds suggest a pattern of sleep that is dif-
ferent from what is seen in other orders of birds (Low, Shank,
Sejnowski, & Margoliash, 2008). The complex structure of songbird
sleep was recently confirmed with an extensive analysis of electro-
encephalograms in sleeping zebra finches that identified three
stages of sleep including slow wave sleep, intermediate sleep,
and rapid eye movement sleep. These mammalian-like features
of sleep in zebra finches also extend to ultradian variation in these
stages across the night (Low et al., 2008). These data pose the inter-
esting question as to how such complex sleep patterns could have
evolved in passerines and mammals, that are distantly related
(Rattenborg, 2006).
4. The avian song system

Song learning requires an auditory circuit and a motor circuit,
and these should be functionally linked (Fig. 3). In the avian fore-
brain, the ascending auditory pathway includes the thalamic nu-
cleus ovoidalis and its projection to the telencephalic Field L
complex. Field L comprises multiple subdivisions, which are often
reciprocally innervated with each other and with a number of sec-
ondary forebrain auditory nuclei (Fortune & Margoliash, 1992;
Vates, Broome, Mello, & Nottebohm, 1996; Wild, Karten, & Frost,
1993). Molecular and physiological studies have established that
memory traces of songs learned as juveniles and as adults likely
are stored in these secondary nuclei (Bolhuis & Gahr, 2006; London
& Clayton, 2008; Terpstra, Bolhuis, & den Boer-Visser, 2004). These
sensory representations have interesting dynamics associated with
learning (Chew, Mello, Nottebohm, Jarvis, & Vicario, 1995; Phan,
Pytte, & Vicario, 2006) but the specific representation of the song
template acquired during juvenile song learning remains un-
known. One possible form of the template would be a specific locus
with a high concentration of cells with tutor-song selective re-
sponse properties. This has yet to be described, and it remains pos-
sible that cells in multiple nuclei are modified during sensory
acquisition, leading to a template representation that is distributed
over multiple nuclei.

A series of pathways distinct from the auditory pathways, but
receiving input from the auditory pathways, are collectively known
as the song system. One simple starting point that can help orient
the reader is to consider nucleus RA (see Fig. 3 for terminology). RA
represents the sole forebrain output of the song system, giving rise
to a series of descending projections to midbrain and brainstem
nuclei involved in motor control of the syrinx and in respiratory
control. RA receives inputs from HVC (and a subset of RA cells pro-
ject back to HVC; (Roberts, Klein, Kubke, Wild, & Mooney, 2008)),
and both RA and HVC participate in moment-to-moment control
of singing in adult birds. HVC in turn receives from the nuclei NIf
and Uva in the forebrain, and Uva receives from some of the brain-
stem structures that RA projects to, forming a loop whose func-
tional significance is under active investigation (Schmidt &
Ashmore, 2008). This pathway is sometimes referred to as the ven-
tral motor pathway (VMP). HVC also receives additional inputs,
from the auditory pathways (Bauer et al., 2008; Fortune & Margo-
liash, 1995).

In addition to RA, HVC also projects to the striatal component of
the song system, Area X, part of a three nuclei pathway that pro-
jects to RA via its output, LMAN. This anterior forebrain pathway
(AFP) is functionally distinct from the VMP. The AFP has been
implicated as important in juvenile song learning, early song pro-
duction, and adult song maintenance, but not in large-scale mo-
ment-to-moment regulation of vocal output in adults (Aronov,
Andalman, & Fee, 2008; Bottjer, Miesner, & Arnold, 1984; Brainard
& Doupe, 2000). This pathway shares many similarities with the
basal ganglia-thalamo cortical pathways that play an important
role in sensorimotor learning in mammals (Pearson, Gale, Farries,
& Perkel, 2008).

The song system is also a target of an array of neuromodulatory
pathways that arise from brainstem, basal forebrain, and hypotha-
lamic nuclei, and release a diversity of transmitters (e.g. Appel-
tants, Absil, Balthazart, & Ball, 2000; Ball, Castelino, Maney,
Appeltants, & Balthazart, 2003; Li & Sakaguchi, 1997). The histo-
chemical properties, anatomical organization, and patterns of con-
nectivity of these systems are highly conserved among vertebrates,
and are homologous in birds and mammals (Jarvis et al., 2005;
Reiner et al., 2004). Relatively few studies have characterized the
electrophysiological properties of these pathways in avian species
in vivo, however where examined, behavioral pharmacological
experiments are generally consistent with broadly shared func-
tional properties with mammals (e.g. Gibbs, 2008; Silva et al.,
2008). These pathways regulate behavioral state including sleep,
and are poised to profoundly influence song-related neurophysiol-
ogy and behavior.

Many techniques have been applied to investigate the func-
tional organization of the song system, but perhaps the most pow-
erful has been the use of single cell electrophysiology in behaving
animals in the context of controlled behavioral conditions. This has



Fig. 3. Schematic representation of the avian song system and its auditory inputs. The avian song system can be divided into three main divisions. The descending motor
pathway (shown in black) includes telencephalic areas HVC and RA as well as brainstem nuclei that drive the muscles of the syrinx (nXIIts) or the respiratory system (RAm
and PAm). These later two structures form part of a vocal respiratory network that also includes DM. The second division, sometimes called the ventral motor pathway,
consists of projections from the diencephalon and brainstem back to HVC (shown in green). The third major division of the song system consists of the anterior pathway
(shown in light red), which is made up of Area X, DLM, and LMAN. The song system receives processed auditory information from an ascending auditory pathway (shown in
blue). Areas where BOS-selective responses have been recorded are outlined in red. Anatomical names: DLM, medial part of the dorsolateral thalamic nucleus; LMAN, lateral
magnocellular nucleus of the anterior nidopallium; Field L is the primary auditory forebrain structure in birds; Area X, Area X of the medial striatum; NIf, nucleus interfacialis
of the nidopallium; RAm, nucleus retroambigualis; PAm, nucleus paraambigualus; DM, dorsomedial nucleus of the intercollicular complex; CMM, caudal medial
mesopallium; CLM, caudal lateral mesopallium; Field L, auditory forebrain areas consisting of Field L1, L2, L2a, L2b and L3; Ov/Ovm, nucleus ovoidalis; MLd, dorsal lateral
nucleus of the mesencephalon; NCM, caudal medial nidopallium; LLV, ventral nucleus of the lateral lemniscus; EXP, expiration; INSP, inspiration.
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been applied in the context of auditory processing and singing
(Dave & Margoliash, 2000; Dave, Yu, & Margoliash, 1998; Hahnlo-
ser, Kozhevnikov, & Fee, 2002; Keller & Hahnloser, 2009; Kozhevni-
kov & Fee, 2007; Leonardo & Fee, 2005; Shank & Margoliash, 2009;
Yu & Margoliash, 1996). As we describe below, it also gives power-
ful insights when applied to sleeping birds.

5. Vocal replay during sleep

During singing neural activity in many of the forebrain song
control nuclei is precisely time locked to specific acoustic features
of individual syllables in the song. In fact, in HVC this precision is
so extreme that individual neurons that project to RA produce only
a single burst of 3–4 action potentials at the exact same time in
each motif (Hahnloser et al., 2002; Kozhevnikov & Fee, 2007)
(see Fee chapter for more detail). The precision of this song-related
activity is maintained in nucleus RA where neurons produce sev-
eral precisely timed bursts during each motif (Chi & Margoliash,
2001; Leonardo & Fee, 2005; Yu & Margoliash, 1996). The temporal
precision of the neural output in both HVC and RA is absolutely
remarkable. Typically, bursts in these structures are time locked
to syllable-specific acoustic features of the song with an overall
timing jitter across song rendition that is less than 1 ms (Chi &
Margoliash, 2001; Kozhevnikov & Fee, 2007; Leonardo & Fee,
2005). The source of this timing is likely to arise within HVC (Long
& Fee, 2008).
5.1. Replay of song-like motor activity during sleep

The precise and stereotyped nature of song-related neural activ-
ity offers a tremendous advantage to probe for replay of vocal mo-
tor activity during off-line states like sleep. Neural activity in RA in
particular is ideally suited because the bursting pattern recorded
during the production of a song motif provides a ‘‘neural finger-
print” to probe for spontaneous activity patterns during sleep that
resemble pre-motor activity (Dave & Margoliash, 2000). When a
bird falls asleep, RA activity, which is remarkably tonic and regular
in awake birds during quiescent non-singing periods, begins to ex-
press transient patterns of phasic activity. Taking advantage of the
ability to maintain well-isolated recordings from single neurons, it
has been possible to record the unique song-related neural pattern
from a single neuron in a singing bird and then probe for the same
patterns in that same neuron when the bird is asleep (Dave & Mar-
goliash, 2000). Using this approach spontaneous activity patterns
can be identified in sleeping birds that match with high statistical
significance portions of the unique stereotyped neural patterns re-
corded during singing (Fig. 4). These experiments are technically
challenging, and to date direct comparison of the activity of the
same neurons recording during singing and during sleep has only
been reported for RA neurons in zebra finches. Nevertheless, the
coordinated bursting activity observed during ongoing discharge
and in response to song playback in anesthetized birds (e.g. Ash-
more, Renk, & Schmidt, 2008; Hahnloser & Fee, 2007; Hahnloser,



Fig. 4. Comparing ongoing neuronal activity during sleep and during singing in an
adult zebra finch. Neuronal trace of an RA neuron emitting 10 distinct bursts of 2–7
spikes per burst (‘‘Singing”). The bursts are precisely timed to when the bird sang a
song whose motif consisted of a sequence of five syllables (see spectrograph,
frequency vs. time representation; top). For each song bout, the sequence of
syllables and the structure of each spike burst (timing of spikes and numbers of
spikes) was highly reliable. The recording was maintained for several hours until
the bird was deeply asleep. During sleep, occasionally the neuron emitted one or
more bursts. Individual bursts, and sequences of bursts, had far greater variability
than during singing, but nevertheless sleep bursts matched bursts emitted during
singing. In the example shown (‘‘Sleep, ongoing”), the neuron spontaneously emits
nine distinct bursts of 1–4 spikes per burst. The structure and timing of many of the
bursts are remarkably similar but distinct from the equivalent bursts during
singing. (Modified from Dave & Margoliash, 2000).
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Wang, Nager, & Naie, 2008; Margoliash, 1986; Sutter & Margoliash,
1994; Williams & Vicario, 1993), and comparisons of ongoing dis-
charge and auditory responses in sleeping birds (Chi, Rauske, &
Margoliash, 2003), suggest the possibility that the entire song mo-
tor circuit replays song-related activity during sleep. Judging from
the limited RA data, any one neuron only experiences partial snip-
pets of an entire song during a replay bout. This suggests that there
is a complex temporal dynamics of song replay at the population
level that has yet to be described.
5.2. Auditory representation of song in sleeping birds

In addition to song-related motor activity, neurons in HVC and
RA also respond to auditory stimuli. In sleeping, as well as in anes-
thetized and sedated zebra finches, the majority of auditory re-
sponses in HVC respond selectively to the passive presentation of
the bird’s own song (BOS) (Margoliash, 1983; Theunissen & Doupe,
1998). These neurons therefore typically respond very little to
other auditory stimuli such as tones, white noise stimuli, conspe-
cific song or BOS played in reverse order. This is in contrast to neu-
ral responsiveness in awake zebra finches where HVC auditory
responses are more variable and sensitive to the level of arousal,
BOS does not always elicit the strongest (or even strong) responses,
and neurons typically show much broader auditory tuning (Cardin
& Schmidt, 2003; Rauske, Shea, & Margoliash, 2003). This decrease
in selectivity during wakefulness might not be a universal feature
because BOS-preferring responses have been observed during
wakefulness in other songbird species (Margoliash, 1986; Prather,
Peters, Nowicki, & Mooney, 2008). In juvenile zebra finches where
song changes from day to day, and even in adult birds where song
shows slow changes over time, sleep responses in HVC are stron-
gest to the presentation of song variants that are produced imme-
diately before the time of the neural recording (Nick & Konishi,
2005a; Volman, 1993). This shift in auditory tuning suggests that
song production shapes the selectivity of neural responses re-
corded in sleeping birds (Nick & Konishi, 2005b).

Using the same strategy used to compare spontaneous activity
during sleep with that recorded during singing, it is possible to
compare the song-related motor response in the singing bird to
that elicited in the sleeping bird by passive presentation of the
song the bird produces just hours earlier. Such a comparison re-
veals that the neural response patterns recorded during the pre-
sentation of BOS in the sleeping bird (‘‘BOS-sleep”) are strikingly
similar to those recorded in the singing bird (Fig. 4). There are
some differences however. A given neuron will be recruited for
more syllables during singing than during BOS-sleep, and for each
burst singing tends to elicit more spikes than does BOS-sleep (Dave
& Margoliash, 2000). A simple interpretation is that BOS playback
does not drive the system as vigorously as does singing.

Surprisingly, however, the timing relationship of individual
bursts, as measured by a cross-correlation time lag between singing
and BOS-sleep, is much shorter than one would expect between a
sensory response (where the response lags the stimulus) and pre-
motor response (where activity precedes the song being produced).
Assuming a conservative auditory latency of 20 ms (the shortest
auditory latency to HVC in white-crowned sparrows is 18 ms; Mar-
goliash, 1983) and a time lag in RA of 15–20 ms between pre-motor
activity and sound production (Ashmore, Wild, & Schmidt, 2005; Yu
& Margoliash, 1996), one would expect a latency of approximately
35–45 ms between the pre-motor and the auditory response. The
observed time lag, however, is between 10 and 15 ms and is much
shorter than expected. This short time lag suggests that neural re-
sponses to BOS during sleep should not be thought of as simple
auditory responses but rather as auditory-driven responses that
also engage the song motor network. This manifests in a pattern
that can be thought of as predictive. The onsets of RA bursts elicited
by BOS-sleep often precede the onsets of the ‘‘target” syllable they
are associated with. This reflects a non-linear temporal integration
over multiple syllables prior to the ‘‘target” syllable (Dave & Margo-
liash, 2000). In this fashion, the timing of pre-motor bursting during
singing (which leads the ‘‘target” syllables) can more closely match
the timing of the same bursting during BOS-sleep. The identity of
‘‘target” syllables is confirmed in cases where the bird fails to sing
the syllable; in all those cases the leading pre-motor bursting is also
missing (Dave & Margoliash, 2000).

5.3. Sleep responses to BOS might represent an entrainment of the
motor system by a ‘‘sensory” stimulus

The finding that spontaneous activity in HVC and RA during sleep
matches pre-motor patterns recorded during singing suggests that
auditory-driven responses in HVC and RA might be able to engage
spontaneous fluctuations of the underlying vocal-motor network.
Presentation of the BOS to a sleeping bird could therefore, in princi-
ple, be able to entrain the song motor system. A prediction of such
entrainment is that auditory-driven responses during sleep should
become progressively stronger and more motor-like as the duration
of the stimulus progresses. Close inspection of the time course of
BOS responses in sleeping birds reveals that the neural pattern that
most closely resembles pre-motor activity often occurs towards the
middle and end of the motif as if such entrainment takes time to
ramp up. This is also consistent with the observation that the timing
of auditory responses matches pre-motor activity patterns, with
some spike bursts immediately preceding the syllable, and that this
requires temporal integration (Fig. 5). Direct evidence for temporal
integration of auditory responses in the song system derives from
experiments showing that the auditory response at a given syllable
is sensitive to removal of many of the preceding syllables (Dave &
Margoliash, 2000; Margoliash, 1983; Margoliash & Fortune, 1992).

Additional support for the concept that BOS responses in HVC
and RA in sleeping (or sedated) birds are linked to song motor
activity is the location where BOS-selective responses are observed
in the avian song system in anesthetized birds. In addition to HVC
and RA, BOS responses are observed in areas traditionally consid-
ered exclusively motor in nature (see Fig. 3). These include efferent
targets of RA in the brainstem that project directly to the muscles
of the vocal organ (nXIIts) (Sturdy, Wild, & Mooney, 2003; Wil-
liams & Nottebohm, 1985) or down the bulbospinal tract to respi-
ratory motoneurons in the spinal cord (PAm and RAm) (Ashmore



Fig. 5. Comparing auditory responses during sleep and spike bursting during
singing in an adult zebra finch. The spectrograph (top) of a representative motif of
the bird’s song (same bird as in Fig. 4). This song was played back while the bird
slept during recordings from three distinct RA neurons. The responses of the
neurons are shown in the three panels below the spectrograph, with each panel
composed of three displays. Within each panel, the top display is an oscillograph of
the song, and the bottom two displays are rasters of spikes. Within the rasters, one
horizontal trace represents one repetition of the song, with the tick marks at the
locations when the neuron spiked. The middle rasters (‘‘Sleep, auditory”) show the
neuron’s response to song playback during sleep; the bottom rasters (‘‘Singing”)
show the singing-related activity recorded during daytime singing. Note that there
is more and better structured activity in response to song playback towards the
ends of the motif, and that some spike bursts during song playback precede the
syllables (arrows). (Modified from Dave, 2001).
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et al., 2008). BOS-selective responses have in fact been observed in
nearly all of the structures associated with song production. Many
of these structures (e.g. PAm, Nif, Uva) also show spontaneous
activity patterns during sleep that are correlated in time with
spontaneous pre-motor-like activity in HVC or RA (Ashmore
et al., 2008; Hahnloser & Fee, 2007; Hahnloser et al., 2008).
Although the relationship between these spontaneous activity pat-
terns and song pre-motor activity has not been explicitly tested in
any of these structures, it is conceivable many of these areas are
engaging in song-like motor patterns during sleep and that presen-
tation of the BOS helps entrain this pre-motor activity.

It is also noteworthy that the similarities and differences that are
observed when comparing auditory and pre-motor activity patterns
– such as burst timing and burst structure – are also observed when
comparing spontaneous activity and pre-motor activity patterns
(Dave & Margoliash, 2000). In fact, spontaneous activity is more sim-
ilar to BOS-sleep bursts than to bursts during singing. This suggests
the possibility that the natural condition, spontaneous bursting in
the song system during sleep, carries sensory information. As de-
scribed below, recent results relating incipient bursting during early
juvenile learning gives further support for this hypothesis.
6. Song-related sleep activity and its relationship to vocal
learning

A strong connection between vocal plasticity and night-time
neuronal activity likely exists for juvenile zebra finches who are
at the onset of vocal development following initial presentation
of the tutor song. Using the same tutoring paradigm described
above, neural activity can be recorded in naive juvenile zebra
finches raised in isolation of adult male song during the day and
nights prior to and following tutor song presentation. As expected,
exposure to the tutor song results in the appearance of a circadian
pattern of singing starting the day following the onset of tutoring
(Shank & Margoliash, 2009). Neural recordings of spontaneous
activity patterns in RA neurons during sleep show relatively little
high-frequency activity on nights prior to the tutor onset. Starting
on the first night after tutor song exposure, however, RA neurons
express a dramatic increase in the amount of high-frequency activ-
ity they spontaneously emit (Fig. 6a). This activity is organized into
prototypic bursts (measured as increases in high-frequency spiking
activity), albeit without the highly structured pattern observed in
RA in sleeping adults. As in adult birds (Dave et al., 1998), RA burst-
ing during sleep in these young birds is distinct from a more tonic
regular firing pattern otherwise observed during sleep and while
birds are awake. Thus, inter-spike interval (ISI) histograms of RA
activity collected during sleep show bimodal distributions. Exami-
nation of the changes in ISI distributions following the onset of
tutoring reveals a substantial increase in short ISIs the very first
night after the bird experiences tutoring earlier that day. By the
second night the amount of bursting reaches a plateau that does
not change thereafter (Shank & Margoliash, 2009) (Fig. 6b).

As suggested by the behavior described above, the exposure of a
naive bird to a tutor song may engage powerful attentional mecha-
nisms. But beyond any non-specific increases in neuronal activity
attendant to the first exposures to song, RA activity seems to be
shaped by the song the bird is exposed to. In fact, the shape of the
ISI distributions, that is the location and width of the short ISIs are
more similar within groups of birds that are exposed to the same
tutor song than they are across groups (Fig. 6c and d) (Shank &
Margoliash, 2009). These results suggest that acoustic features of
the tutor songs shape sleep bursting patterns in RA. It is also partic-
ularly salient because tutor song-specific changes in ISI distributions
are observed on the night after tutor song exposure, but before
changes in singing behavior are detected the following morning.

RA bursting is also dependent on a second signal, auditory feed-
back (Shank & Margoliash, 2009). Surgically muting birds (by mak-
ing holes in the trachea and bronchial tubes), or raising them in the
presence of a continuous loud masking noise (the masking noise is
briefly eliminated to allow birds to hear the tutor song when it is
broadcast) causes night-time RA bursting to become suppressed
even prior to tutor song exposure. Bursting then remains sup-
pressed even following tutor song exposure and only recovers once
singing recovers. In the case of birds exposed to white noise, this
occurs when the masking noise is withdrawn, or in the case of
the muted birds when the holes in the vocal tract heal (Shank &
Margoliash, 2009). These observations support the hypothesis that
during sleep the pre-motor network for singing in RA carries
sensory cues. This presumably arises by information carried by nu-
clei afferent to RA, which implies that the major song system fore-
brain pathways carry sensory information in sleeping juvenile
birds.
7. The transition to off-line processing: a possible role for
neuromodulator systems

We have identified behavioral and single cell correlates of off-
line processing associated with song learning. What candidate sys-
tems would be recruited to transition between the various on-line
states (singing, non-singing aroused) and the various off-line states
(napping, sleeping)? Such candidate systems would likely be
strongly activated by sensory stimuli that have high salience, pos-



Fig. 6. Changes in RA neuronal activity during sleep and the onset of juvenile song learning. (a) Inter-spike interval histogram (ISI) distributions for all 19 RA neurons
recorded on three nights prior to the onset of tutor song exposure (black curve) and for all 59 cells on 12 following nights (red curve). Cells recorded in the period when the
bird is learning to sing have much greater high-frequency bursting. (b) Data from all 13 birds recorded on nights prior to (black points) and following (red points) the onset of
tutor song exposure. Bursting activity is quantified as the area under the ISIs from 1 to 40 ms, relative to the baseline area defined as the average of the four nights preceding
the first post-tutoring night. Each point is the average (±sem) across all birds contributing to that night; the number above each point is the number of birds contributing to
that point. For each bird the average was calculated across all cells recorded that night. Note that the amount of spike bursting increases on the first night following tutor song
exposure and reaches a plateau by the second night. (c) ISI distributions, one per bird averaged across all cells for that bird, from birds that learned one particular tutor song
(‘‘Song 1”). The magnitude of the curves varies but the shape (location and width of peak) is generally conserved. (d) Comparison of means (±sem) of ISI distributions across
three groups of birds, that learned either ‘‘Song 1” (red dashed curve), ‘‘Song 2” (green curve), or ‘‘Song 3” (blue curve). The ISI distributions vary depending on which tutor
song the birds were exposed to. Eliminating the two ‘‘Song 1” birds with the greatest high-frequency bursting (see c) (red solid curve) preserves differences between ‘‘Song 1”
and the other two tutor song types. (Modified from Shank & Margoliash, 2009).
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sess the ability of causing long-term modification of the neural cir-
cuits that convert the sensory stimulus into a vocal-motor repre-
sentation, and be intimately linked to arousal systems that
control the transition from wakefulness to sleep. In the avian song
system, several neuromodulator systems, notably the noradrener-
gic and the cholinergic system, fit all three of these criteria and
seemingly are well placed for playing an important role in linking
behavioral state changes and song learning.

Neuromodulator systems tend to be localized in a few small
densely packed brain nuclei, but despite their relative small size
their projections fan out throughout most of the central nervous
system including the forebrain, brainstem and many areas of the
spinal cord. These structures are therefore capable of influencing
vast areas of the brain at once (Foote, Bloom, & Aston-Jones,
1983). There is evidence however, that the functional influence
of some of these neuromodulators can be localized to specific cir-
cuits in the brain (Marrocco, Lane, McClurkin, Blaha, & Alkire,
1987), including good evidence for this in the song system (Cardin
& Schmidt, 2004; Shea & Margoliash, 2003a). This implies that neu-
romodulator systems can have both global and local influences on
song system function.
Here we focus on two specific neuromodulator systems because
these have been shown to display in songbirds some of the charac-
teristics that were stated above. Noradrenergic (NE) neurons are lo-
cated in the brainstem in a series of small nuclei, the major one being
the locus coeruleus. In songbirds, this nucleus projects to many of
the primary song system nuclei in songbirds (Appeltants et al.,
2000; Castelino, Diekamp, & Ball, 2007). The noradrenergic system
is thought to be associated with the control of arousal state and
selective attention (Berridge & Waterhouse, 2003) and recent work,
based on its regulation by prefrontal areas and its influence on sen-
sory processing, suggest that it plays an important role in highlight-
ing sensory features that have saliency (Aston-Jones & Cohen, 2005).
Cholinergic neurons are located in the brainstem, thalamus, and ba-
sal forebrain. In the song system, certain thalamic and basal fore-
brain neurons are thought to project directly to song system nuclei
(Akutagawa & Konishi, 2005; Li & Sakaguchi, 1997). Forebrain cho-
linergic activation is associated with plasticity and selective atten-
tion (Wenk, 1997), both in sensory cortices (e.g. Kilgard &
Merzenich, 1998) and in motor cortices (e.g. Conner, Culberson, Pac-
kowski, Chiba, & Tuszynski, 2003). Brainstem cholinergic systems
also help to regulate sleep states (see McCormick & Bal, 1997).
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During sleep, RA neurons display spontaneous replay of song
motor activity and neurons throughout the song system are highly
selective to the BOS. These two properties are often viewed as syn-
onymous because awake birds do not show spontaneous replay
and many neurons that show BOS-selective responses in the sleep-
ing bird become completely suppressed when the animal wakes
up. Using a paradigm that mimics the transition from sleep to wak-
ing (sedated birds are aroused with a brief air puff), it is possible to
show that arousal mediated suppression of BOS responsiveness in
HVC is mediated by the noradrenergic system (Cardin & Schmidt,
2004) because injection of norepinephrine receptor antagonists
into nucleus Nif, which provides auditory input to HVC, can reverse
this suppression. This targeted manipulation is therefore able to re-
tain the sleep-like response properties in HVC (and presumably the
rest of the song system) even though the animal is aroused. The
converse can also be shown where it is possible to ‘‘activate”
HVC, and place it in an awake-like state by injecting NE directly
into Nif. This causes a complete suppression of auditory responses
in HVC even though the rest of the animal is in a sleep-like sedated
state. The tight relationship in the song system between auditory
response properties and spontaneous motor replay implies that
targeted changes in NE levels acting at the level of NIf might be
intimately linked to localized switching between on-line and off-
line processing of song.

Acetylcholine is the other neuromodulator known to influence
auditory activity in the song system. In anesthetized animals,
injections of cholinergic agents into HVC can block auditory activ-
ity in HVC and/or RA, depending on whether muscarinic or nico-
tinic receptors are activated, and these effects can be blocked by
receptor-type specific cholinergic antagonists. Thus, there are
likely to be different cholinergic systems within HVC. Stimulation
of the cholinergic basal forebrain causes profound suppression of
auditory responses in HVC in sedated and sleeping birds. Interest-
ingly, despite the broad range of targets that are activated by such
stimulation, the effects on HVC and RA auditory responsiveness
can be reversed by infusing ACh receptor antagonists directly into
HVC (Shea & Margoliash, 2003a). This suggests that the stimulation
effect is due to local effects on HVC, and that auditory pathways
prior to HVC are spared even while stimulating the cholinergic ba-
sal forebrain.

The existence of an extensive cholinergic system in HVC that is
sensitive to muscarine has been confirmed with a brain slice prep-
aration (Shea & Margoliash, 2003b). Interestingly, HVC interneu-
rons are strongly inhibited by muscarine, and there are
principally excitatory effects on HVC neurons projecting to RA
and Area X. Thus, increased cholinergic activation may serve to
decouple the pre-motor and AFP pathways at the level of HVC. It
remains to be determined, however, whether and how different
cholinergic systems in the song system are activated under differ-
ent behaviors such as singing and listening, as well as during sleep.

These two examples illustrate the complex effect neuromodula-
tors can have on the underlying circuit properties of the song sys-
tem. They also show the surprisingly localized influences these
broadly acting agents can have. Because different neuromodulators
are able to suppress auditory responsiveness by acting on different
nuclei, it is likely that under natural conditions, auditory responses
are sculpted by the complex interplay of these and other neuro-
modulators. It is also imaginable that the neuromodulators, which
are known to be associated with arousal levels and sleep, might
play a role in activating auditory memories stored during the day
and release them into the song system for off-line processing dur-
ing sleep. Complex actions of neuromodulators that sculpt neural
circuitry and guide changes in behavior are well-known in inverte-
brate systems (Harris-Warrick & Marder, 1991) but this is not well-
established for vertebrate systems. The song system represents an
excellent opportunity to explore such questions.
8. Conclusions

8.1. A new model for sleep and sensorimotor learning

In recent years, a series of experiments have provided strong
support for the hypothesis that off-line processing plays a role in
sensorimotor vocal learning. The greatest amount of work has fo-
cused on sleep. Behavioral results demonstrate that a circadian
rhythm of singing is released the day after birds gain their first
exposure to tutor songs; this rhythm depends on sleep, and verid-
ical song copying depends on the rhythm (Deregnaucourt et al.,
2005; Shank & Margoliash, 2009). The role of napping in song
learning is more speculative. If tutor song exposure elicits napping
(T. Lints and O. Tchernichovski, unpublished results), this may help
to consolidate the song ‘‘template” – the auditory memory of the
tutor song. Naps, in any case, have different consequences than
does sleep, since the sleep-triggered circadian rhythm in singing
is not reset after each nap. This difference could arise simply from
the magnitude (duration) of napping relative to sleep or could arise
because the structure of napping is different from sleep.

The recent data describing night-time changes in RA bursting
activity related to the onset of song tutoring suggest a new mecha-
nism for vocal learning. Two signals support RA bursting in juvenile
birds. The first is auditory feedback, a powerful signal whose absence
fundamentally suppresses activity in the song system, independent
of tutoring. This permissive effect of feedback in structuring night-
time RA bursting is a physiological correlate of the fundamental
organizing effect of auditory feedback on song development (Koni-
shi, 1965, 1978). The second signal is the sensory representation of
the tutor song, the song ‘‘template”. Whereas feedback is necessary
and permissive for structuring night-time RA bursting, it is sensory
exposure that profoundly influences night-time RA physiology. Thus,
feedback can be viewed as a control or ‘‘gain” signal for sensory input.
When the appropriate sensory signal is experienced, it rapidly elicits
a change in physiological structure. The mechanisms whereby such
changes occur are unknown, but may involve sensory gating by
neuromodulators and expression of immediate-early genes (Bolhuis
& Gahr, 2006; London & Clayton, 2008).

The changes in RA are observed at night, prior to the onset the
following morning of changes in objective singing behavior. This
suggests an active process during sleep is an integral component
of the mechanism for vocal learning, although this remains specu-
lative since the observation is correlational. Given that RA activity
reflects sensory experience, one hypothesis is that plastic changes
occur at night based on spontaneous activity driven by the tem-
plate (‘‘sensory replay”). The hypothesis predicts that the circadian
pattern observed during song development results from an interac-
tion between spontaneous activity reflecting sensory activity driv-
ing plastic mechanisms at night and sensorimotor-driven plastic
mechanisms during daytime singing (Shank & Margoliash, 2009).
This model has some resemblance to a ‘‘wake–sleep” algorithm
for unsupervised training of neural networks (Hinton, Dayan, Frey,
& Neal, 1995).
8.2. Birdsong and language revisited

Our understanding of plasticity in birdsong learning is advanc-
ing at a rapid pace. The role of feedback and the role of sensory
memories are beginning to be recast from purely behavioral to
behavioral–neurophysiological explanations. Recent observations
focus attention on interactions between representations at night
and during the day in driving aspects of developmental song learn-
ing. Off-line mechanisms of learning highlight the importance of
state-dependent functional wiring, and implicate neuromodulators
in mediating these processes.
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These observations can also motivate re-examination of plausi-
ble candidate mechanisms in speech and language acquisition
(Margoliash, 2003). If these are influenced by similar off-line sen-
sory representations as has been observed for birdsong, then that
influence might be particularly strong since auditory feedback
has a powerful influence on spoken language. A recent study dem-
onstrated a powerful role of sleep in a speech perceptual learning
task that required generalization of phonological categories (Fenn
et al., 2003). It remains to be seen if sleep also influences higher-le-
vel properties of spoken language such as learning recursive struc-
tures. A potential role of sleep mechanisms in productive speech
also bears consideration. One approach would be to explore poten-
tial circadian aspects of speech production, either in adults or in
the context of infant development.

Traditionally, the sensory aspect of language learning has been
considered from the perspective of auditory plasticity (but see
Houde & Jordan, 1998). Yet non-vocal aspects of speech production
such as gesturing are also important for language production and
possibly language comprehension (Goldin-Meadow, Nusbaum,
Kelly, & Wagner, 2001; McNeill, 1992). Recent work has been inter-
preted to implicate so-called mirror neurons, which link externally
observed behavior with similar behavior produced by an individ-
ual, in language processing areas of the brain (Petrides, Cadoret,
& Mackey, 2005; Rizzolatti & Craighero, 2004). Although beyond
the scope of this review, such mirror neurons have also been ob-
served in songbirds (Prather et al., 2008). These new observations
further extend the breadth of interaction between the study of
birdsong learning, speech and language.
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