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Brains and birdsong
ERICH D. JARVIS

INTRODUCTION

The special brain structures for singing, and
learning how to sing, were discovered in 1976.
Since then, with still growing momentum, there
has been a wealth of fascinating discoveries on
the structure, function, and evolution of the
brains of birds, especially those that engage in
vocal learning. Less than half of all birds possess
the ability to learn and reproduce new sounds.
These vocal learners, parrots, hummingbirds, and
songbirds belong to only 3 of the 23 major bird
groups. They have the necessary forebrain
anatomy for producing learned vocalizations. All
other birds use only basal brain structures for
vocal production and their vocalizations are
innate, and genetically inherited from their
parents.

Of the birds that are vocal learners, most is
known about songbirds, especially the canary
and the zebra finch. These are subjects of choice
because they breed easily in captivity and display
opposite extremes of vocal learning behavior. In
zebra finches, only the males sing, have vocal
learning, and possess the appropriate forebrain
structures for the purpose; they are closed-ended
vocal learners, developing one song motif as
juveniles and singing it for life. In canaries, both
males and females sing, and both have vocal
learning brain structures; they are open-ended
learners and, like humans, continue to learn new
songs as adults. An understanding of these

contrasts and their underlying principles holds
promise of new and fundamental insights into
how brains make learning possible. The discovery
of similar sets of brain structures in parrots and
hummingbirds throws new light on how brain
structures for vocal learning have evolved. The
shared features imply that there are strong
epigenetic constraints placed on the brain and
behavior during evolution, and suggest that
perhaps humans evolved somewhat similar brain
structures for speech and singing. Although the
cognitive side of song learning hardly bears
comparison with human speech, ‘bird-brained’
need no longer be a pejorative. If a parrot imitates
its own and other species’ sounds so readily and
a child can hardly be prevented from learning to
speak, how is it that a chimpanzee does neither?
The answer perhaps lies in the fact that no brain
structures have been found in chimpanzees
equivalent to those present in songbirds and
humans.

Other important findings about brains were
first made in the songbird vocal learning system.
These include the startling discovery of large
sexual dimorphisms in the brain, the role of
hormones in regulating brain structure and
learning, and the ability of the adult songbird
brain to generate new neurons, paving the way
for current brainstem cell research. This chapter
will review some of these pioneering studies,
and how the brain controls singing behavior,
which is the theme of this book.



Brains and birdsong 227

GENERAL BRAIN ORGANIZATION

Understanding the science of birdsong ultimately
requires a basic understanding of the vertebrate
brain. Birds and mammals, including humans,
are vertebrate animals. Regardless of brain and
body size, all vertebrates share a general brain
organization that consists of five basic regions.
These are the spinal cord within the vertebral
backbone, the hindbrain in front of it, then the
midbrain, the thalamus, and the cerebrum, with
the cerebellum (meaning ‘small brain’) on top
of the hindbrain (Fig. 8.1A). Among those
vertebrates that are amniotes, having embryos
that develop within amniotic fluid-filled sacs,
that is reptiles, birds, and mammals, all have a
similar structural organization in these five brain
regions, except for one, the cerebrum (Veenman
et al. 1995; Reiner et al. 1998). In reptiles and
birds the cerebrum is organized into large cell
clusters; in mammals only the bottom part is
organized into clusters, called the basal ganglia,
whereas the upper part is arranged in layers that
together form the cortex. Because mammals have
long been regarded as more intelligent than birds
or reptiles, it was assumed that one of their major
anatomical differences, the mammalian cortex,
was responsible for their more intelligent behavior
(Herrick 1956). Many viewed evolution as
proceeding linearly with its ultimate goal the
creation of ‘man,’ ‘his’ language, civilization, large
brain size, and folded cortex. Accordingly, almost
all subdivisions of the cerebrum of birds and
reptiles were given names that designate the
mammalian basal ganglia, which were thought
to be primitive (Edinger et al. 1903; Edinger
1908; Herrick 1956; Fig. 8.1B, old
nomenclature). We now know that the
organization of the bird cerebrum is much more
similar to the mammalian cerebrum than
previously thought (Reiner et al. 1998 in press
A, B; Puelles et al. 1999). In 2002, at a
Nomenclature Forum held at Duke University,
the subdivisions of the entire bird cerebrum were
renamed to reflect more accurately the many
homologies that exist between avian and
mammalian brains (Jarvis et al. 2002; Medina

et al. in press; Reiner et al. 2004a; Fig. 8.1B,
new nomenclature).

The cerebrum of the bird and the mammal
consists of three major cell zones, the pallium,
the striatum, and the pallidum. The striatium
and pallidum portions combined are the basal
ganglia, and in most animals they sit at the base
of the cerebrum (Marin et al. 1998). The pallium
zone sits above the striatum at the top of the
cerebrum, and includes the cortex in mammals
and four major brain subdivisions in birds (Reiner
et al. 1998; Puelles et al. 1999; Swanson 2000b).
Brain size and folding are more related to animal
size than to behavioral complexity (Van Essen
1997). The smaller the animal, the less folding
there is of the cerebrum. Hummingbirds with
one of the smallest bird brains and no folding
have more advanced types of behavior, such as
vocal learning, than many mammals with large
and folded brains, such as horses.

Neurons, the communicating cells of the brain,
typically have a cell body with axons that make
long distance connections to other neurons (Fig.
8.1C). Neurons also have dendrites that receive
these axonal connections. The meeting places of
the axons and dendrites are the synapses. In the
basic connectivity plan of both birds and
mammals, sensory information from the outside
world, and from the inner body, destined for
the cerebrum, first passes through sensory
receptor neurons that have one axon projecting
out into the body or the exterior, and another
into the spinal cord for the lower body or into
the hindbrain for the upper body. Here they
synapse onto their appropriate cell groups, which
in turn project up to the midbrain. The midbrain
neurons send projections into the thalamus. The
thalamic neurons process and project the
information to the cerebrum, where they synapse
with a network of cells involving the pallium,
striatum, and pallidum. Neurons that control
movement form a network that traverses in the
opposite direction, from the cerebrum, to the
midbrain, and spinal cord. Neurons of the spinal
cord, lower motor neurons, send their axons to
muscles. The cerebrum controls complex learning
and voluntary behaviors, and ‘conscious’
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(A) Side view Songbird
The Brain
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Figure 8.1 (A) Songbird and human brains compared. (B) Old and new nomenclature for the bird brain.
Dashed gray lines separate regions that differ by cell density and size, such as the six layers of the cortex.
The darkest gray area of the human cerebrum are all axon pathways, typically called white matter,
connecting the cortex with various cerebral and non-cerebral areas. Abbreviations: E, entopallial nucleus;
B, basorostral nucleus; L2, field L2 nucleus; OB, olfactory bulb; HP, hippocampus; CDL, Corticoid dorsal
lateral (C) A diagram of neurons and their connections.
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processing, whereas the midbrain is involved in
innate behaviors and ‘non-conscious’ processing.
Glial cells typically provide physical support and
nourishment to neurons.

THE SEARCH FOR VOCAL
LEARNING BRAIN AREAS

Vocalizations are learned in some species and
innate in others, and this behavioral contrast is
expected to reflect a brain difference. As humans,
however, we often have difficulty in
understanding its true basis because, in everyday
language, we do not distinguish auditory learning
from vocal learning. Vocal learning is the ability
to imitate the sounds that you hear or improvise.
It is a rare trait, found so far in only six animal
groups: three birds (parrots, hummingbirds, and
songbirds) and three mammals (humans, bats,
and cetaceans, the whales and dolphins [Thorpe
1961; Marler 1970b; Wiley 1971; Caldwell
& Caldwell 1972; Nottebohm 1972; Kroodsma
& Baylis 1982; Dooling et al. 1987a; Guinee
& Payne 1988; Baptista & Schuchmann 1990;
Rubsamen & Schafer 1990; Esser 1994; Gaunt
et al. 1994; McCowan & Reiss 1995]). Auditory
learning is the ability to form memories of the
sounds that you hear, and to associate sounds
with objects and living things in the environment.
Auditory learning is much more widespread. It
is present in nearly all land and many aquatic
vertebrates. An example helps in understanding
this distinction. A dog can learn the meaning of
the sounds sit (in English), sientese (in Spanish),
or osuwali (in Japanese). Dogs are not born with
this knowledge of human words. They acquire
it through auditory learning. However, a dog
cannot imitate the sounds sit, sientese, or osuwali.
Humans, parrots, and some songbirds can. This
is vocal learning, and though it depends upon
auditory learning (Konishi 1965a), it is distinct
from it. Aside from mimics, most vocal learners
only imitate sounds of their own species.

The history of the search for vocal learning
brain areas in songbirds has its roots in the search
for language brain areas in humans, beginning

nearly 200 years ago. Vocal learning is the
behavioral substrate for spoken language. In the
first recognized breakthrough, in 1861, a French
physician, Paul Broca, published a paper about
an autopsy of one of his patients who had a
stroke (Broca 1861). The patient could only speak
one word, ‘tic,’ and had extensive brain damage,
with a central location for the lesion in the now
famous Broca’s Area of the cortex. From this
and several subsequent patients, Broca concluded
two things: (i) that language within the brain
was localized, not spread out and (ii) its location
was on the left side of the frontal lobe. Forty-
four years later in 1905, Oswald Kalischer, a
German scientist, attempted to determine if
parrots have a Broca’s-like Area (Kalischer 1905).
He performed left and bilateral hemisphere
lesions, and stimulation experiments, on Amazon
parrots. He found some vocal effects, but this
was preliminary work and was never followed
up. Studies on vocal non-learning animals,
including mice and monkeys, revealed no cerebral
vocal regions (Kuypers 1958b; Jürgens 1995,
1998). Only midbrain vocal regions that control
innate vocalizations were found. It was not until
115 years after Broca’s discovery that Fernando
Nottebohm, and two of his colleagues, Tegner
Stokes and Christiana Leonard, in 1976 published
a pioneering report, announcing the discovery
of cerebral vocal structures for learned
vocalizations in a non-human species, the canary,
a songbird (Nottebohm et al. 1976).

Nottebohm began his neuroanatomical
investigations in the peripheral nervous system
outside the spinal cord. He was studying the
organization and function of the songbird syrinx
and its connection with the axon nerve bundle
that controls it, the tracheosyringeal nerve
(Nottebohm 1971a, b), so-called because its axons
innervate both the trachea and syrinx. The
songbird syrinx is the main organ that produces
learned vocalizations (see Chapter 9). Nottebohm
made the interesting finding that after surgical
disconnection of the left tracheosyringeal nerve
from the syrinx, canaries and other songbird
species had more difficulty in producing their
learned songs than after disconnecting the right
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nerve (Nottebohm 1971b; Nottebohm &
Nottebohm 1976). He then reasoned that this
tracheosyringeal nerve dominance might originate
in the central nervous system, perhaps in the
cerebrum, as is the case for human language.
He and his colleagues made what turned out to
be a lucky guess and created surgical lesions in
brain regions next to the auditory pathway. They
figured that a vocal system might be next to an
auditory system (Nottebohm et al. 1976). The
region they focused on included what is now
called the auditory pallium. In their very first
try, they found that the canary ceased to sing
normally, particularly with lesions to one side of
the brain.

This was the first demonstration of lateralization
in the cerebrum of a non-human species; like
humans, canaries were left-side dominant.
Repeating their lesions in more birds, they
narrowed down the location that led to loss of
learned song to one region. The structure in this
region was given the name HVC, for hyperstriatum
ventrale pars caudale, later renamed as the High
Vocal Center. Lesions to the left canary HVC
resulted in greater song deficits than to the right
HVC. They then labeled degenerating axons from
the HVC lesions and determined that HVC
projected to another structure in the pallium
involved in production of learned vocalizations,
that is now called Robust nucleus of the
Arcopallium, RA, because of its robust appearance
in stained tissue sections. HVC also projected to
a structure in the striatum that they called Area
X, because at the time lesions there did not lead
to noticeable song deficits (Nottebohm et al.
1976). In stained brain sections, these vocal nuclei
can be seen under low magnification, and
sometimes with the naked eye. It is remarkable
that they were not identified earlier in anatomical
investigations of the avian brain.

Soon thereafter, there was an explosion of
studies on the cerebral vocal structures of the
songbird brain. Mark Konishi and his students
performed the first electrophysiological
experiments in the brain of awake songbirds (Katz
& Gurney 1981; McCasland & Konishi 1981),
in search of the brain regions that integrate

learned auditory information with learned
vocalizations. Nottebohm and Konishi also
introduced into neurobiology the zebra finch, a
bird in which vocal learning had been described
in detail by Immelmann (1969) and his students.
It was believed that study of the differences
between zebra finches and canaries would reveal
the underlying brain mechanisms for continued
adult brain plasticity. Zebra finches pass through
the juvenile phase of vocal learning relatively
fast, within 90 days after hatching, instead of a
full year as in some other species, and can breed
several times a year. Since then, zebra finches
and canaries have become the mainstay of
songbird neurobiology research. In 1981, John
Paton, Kirk Manogue, and Nottebohm used
electrophysiological and neuronal connectivity
approaches to describe several similar brain
structures in a parrot (Paton et al. 1981). In
2000, Claudio Mello and I used behavioral and
molecular approaches to reveal the entire set of
cerebral vocal structures in hummingbirds (Jarvis
et al. 2000). Because we had used the same
approach with all three vocal learning groups,
we were able for the first time to compare cerebral
vocal structures in hummingbirds, parrots, and
songbirds. For studies in humans, the invention
of the new imaging techniques of Positron
Emission Tomography (PET) and Magnetic
Resonance Imaging (MRI) in the 1980s and
1990s, and their use to study language-activated
brain areas in humans, also propelled the brain
and language field forward (Poeppel 1996; Binder
1997). However, it is still not possible for scientists
to access human brains as readily as we can do
with birds.

Hundreds of papers later, a new research field
has emerged, focused on the neurobiology of
songbird vocal communication, with over 98
laboratories worldwide as of 2003, resulting in
many detailed analyses of the brain network
involved in the learned vocal communication of
songbirds. Thus, over 140 years after Broca’s
discoveries in humans and 26 years after
Nottebohm’s discoveries in canaries, we now know
more about brain pathways for vocal learning in
birds than we do in humans.
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THE SONGBIRD VOCAL
COMMUNICATION BRAIN
NETWORK

Networks of neuronal connectivity can be
determined by a variety of methods. The two
best are based on neuronal tract-tracing and
electrical activity. For tract-tracing, a colored and/
or fluorescent dye is surgically injected into the
brain region of interest; over several days the
dye is transported through axons and/or dendrites
to connecting regions; the brain is then dissected
from the animal, sectioned and examined
underneath a microscope for presence of the
tracer in the connecting regions. Alternatively,

electrical activity in two or more neurons can be
recorded simultaneously and the circuitry is
deciphered mathematically based on the relative
timing of their firing. Tract-tracing is good at
defining the global circuitry, whereas electrical
activity is better at defining the microcircuitry.
Both methods have been used in defining the
brain pathways responsible for songbird vocal
communication.

The key network consists of three different,
interconnected pathways, one posterior, one
anterior, and an auditory pathway. Of several
versions, the one I favor most is presented in
Figure 8.2 (Jarvis in press). The posterior and
anterior vocal pathways are often called
collectively the ‘vocal control nuclei,’ ‘song control

Figure 8.2 (A) The anterior and posterior vocal pathways in the songbird brain. (B) There is one main
auditory pathway. Abbreviations not in the main text: CN, cochlear nucleus; LLD, lateral lemniscus, dorsal
nucleus; LLI, lateral lemniscus, intermediate nucleus; LLV, lateral lemniscus, ventral nucleus; SO, superior
olivary nucleus; PAm, para-ambigualis nucleus; RAm, retroambigualis nucleus. Black arrows connect the
nuclei of the posterior vocal pathway (light background). White arrows link nuclei of the anterior vocal
pathway (dark background). Dashed arrows connect nuclei between the two pathways. Within the cerebrum:
dark gray is pallium, medium gray is striatum, and light gray is pallidum. Connectivity was extrapolated
from the following studies: Nottebohm et al. 1976, 1982; Okuhata & Saito 1987; Bottjer et al. 1989, 2000;
Wild 1994, 1997; Johnson et al. 1995; Nixdorf-Bergweiler et al. 1995; Vates & Nottebohm 1995; Livingston
& Mooney 1997; Vates et al. 1997; Wild et al. 1997a, 2000; Iyengar et al. 1999; Luo & Perkel 1999a, b;
Perkel & Farries 2000. Syrinx drawing from Suthers (1997).
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nuclei,’ or the ‘song control system,’ nuclei here
referring to collections of neurons.

The posterior vocal pathway consists of four
cerebral nuclei all located within the back part
of the pallium (Fig. 8.2A), HVC and RA, and
two less commonly studied nuclei, the Interfacial
Nucleus, NIf, and Avalanche, Av. They are
integrated in a circuit with the final output from
RA to the midbrain vocal nucleus DM and to a
set of hindbrain areas that includes respiratory
nuclei RAm and PAm, and the tracheosyringeal
nucleus, the so-called 12th nucleus, nXIIts. From
there, axons of the respiratory nuclei make
synapses onto other motor neurons of the spinal
cord, which in turn control muscles of the chest
wall and air sacs involved in respiration. Axons
of the tracheosyringeal nucleus synapse onto the
muscles of the trachea and syrinx. Thus, the
posterior vocal pathway controls motor neurons,
producing sounds and modulating breathing
while doing so. In contrast to birds, mammals
use the larynx to produce vocalizations (see
Chapter 9). So far, no connections have been
found in songbirds from the posterior vocal
pathway onto motor neurons that control the
tongue and beak movements although we expect
to find connections there because song is
modulated by beak movements (see Chapter 10).
In general, cerebral projections connecting
directly to hindbrain and spinal cord motor
neurons are a telltale sign of involvement in
learned movements.

The anterior vocal pathway consists of three
cerebral nuclei located towards the front of the
cerebrum, Area X, the Magnocellular nucleus of
the Anterior Nidopallium, MAN, and the oval
nucleus of the Mesopallium, Mo, which is the
most recently discovered (Jarvis et al. 1998),
and one nucleus in the thalamus (Fig. 8.2A).
Little is known about the function of Mo.
Connections between the others form a loop
from MAN to Area X to the dorsal part of the
thalamus and back to MAN, which we can
abbreviate as MAN → Area X → Dorsal
Thalamus → MAN. This pathway is divided
into two parallel parts, lateral (l) and medial
(m) as lMAN → lArea X → DLM → lMAN

and mMAN → mArea X → ?DIP → mMAN.
The posterior pathway sends input into the
anterior pathway’s medial and lateral parts by
way of a projection from HVC → all of Area X.
The anterior pathway in turn sends output to
the posterior pathway by way of a projection
from lateral and medial MAN to different parts
of the posterior pathway; lMAN → RA and
mMAN → HVC (Fig. 8.2A; Box 28, p. 233).
Thus, the anterior vocal pathway has little direct
interaction with vocal motor neurons of the
brainstem (hindbrain and midbrain), but through
its interactions with the posterior pathway is
poised for other functions, including the learning
of vocalizations.

The microcircuitry is important in
understanding how these pathways operate. The
HVC has three major neuron types: (i) the RA-
projecting neurons that send axons from HVC
→ RA, (ii) the X-projecting neurons that send
axons from HVC → Area X, and (iii) the
interneurons that make connections within HVC,
between its RA- and X-projecting neurons. Thus,
the X-projecting neurons are the input cell type
to the anterior pathway. The output cell type of
the anterior pathway in MAN has two axons
going in different directions; for lMAN, one
axon projects to lArea X, staying within the
anterior pathway, and the other to RA, in the
posterior pathway. Presumably this cell type in
mMAN has one axon projecting to mArea X
and the other to HVC. In this manner, the lateral
part of the anterior pathway influences RA in
the posterior pathway and the medial part of
the anterior pathway influences HVC in the
posterior pathway.

The auditory pathway, processing sound as a
first step in song learning, begins at the hair
cells in the cochlea of the ear (Fig. 8.2B; see
Chapter 7), activated by sound (Hudspeth 1997).
They send axons to cochlear, CN, and leminiscal,
LL, sensory nuclei in the hindbrain. These in
turn project to the midbrain auditory nucleus
MLd. MLd projects to Ovoidalis, Ov, in the
thalamus. Ov projects to the primary auditory
cells of the pallium, L2, then to secondary areas,
L1 and L3, and then onto tertiary auditory areas,
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BOX 28

THE SONG SYSTEM: A MINIHISTORY AND SOME CONNECTIVITY DETAILS

As is often the case in science, discoveries are made in bits and pieces. The order of discovery influences
thinking about how things work. In the song system, the pathways were named differently at first. The posterior
circuit was considered a ‘direct pathway,’ by which HVC sends information to RA; the anterior circuit was called
an ‘indirect pathway,’ from HVC to RA (Okuhata & Saito 1987), terminology that was well established by the early
1990s. The anterior pathway was also sometimes called the recursive loop (Williams 1989) or accessory loop
(Doupe & Konishi 1991). The direct pathway was said to begin in HVC with neurons projecting to RA. The indirect
pathway was also said to begin in HVC with neurons projecting to Area X; Area X to DLM, DLM to lMAN, and
finally lMAN back to RA. In this view, HVC belonged to both pathways. In the mid-1990s, a connection from lMAN
to lArea X was found, effectively forming a loop, (Nixdorf-Bergweiler et al. 1995; Vates & Nottebohm 1995), later
shown to be a closed loop (Luo et al. 2001). The pathway then began to look more like the so-called cortical–
basal ganglia–thalamic–cortical loops of the mammalian brain (Bottjer & Johnson 1997; Perkel & Farries 2000).
In the late 1990s, the indirect pathway was renamed the anterior forebrain pathway (AFP), because of its location
(Doupe 1993), and this has become common usage. In addition, connections between the medial part of the
pathway were discovered and it was realized that they parallel the more commonly studied lateral part (Foster
et al. 1997; Jarvis et al. 1998). To complement the anterior circuit’s name, the direct pathway was renamed the
posterior pathway (Jarvis et al. 1998). Finally, comparisons with other vocal learners and mammals (Jarvis
unpublished) led to the view presented in this chapter, with the loop of the anterior pathway considered as the
basic pattern, also present in the brains of other vocal learners and in nonvocal pathways of mammals. I argue
that differences between species arise primarily in the connections between the anterior and posterior nuclei.

Some connectivity details
There are many complex connections within the vocal pathways of songbirds. RA projects to UVa in the thalamus,
DM in the midbrain, the tracheosyringeal motor nucleus (nXIIts) in the brainstem, and to at least four premotor
nuclei in the brainstem that control breathing, abbreviated PBvl, IOS, RVL, rVRG, and RAm (Wild 1997). UVa
projects up to HVC, providing a direct route for feedback from RA to HVC (Striedter & Vu 1997). DM, like RA,
projects to the tracheosyringeal motor nucleus and the same four breathing-related brainstem nuclei, providing
a means for DM to modulate activity from RA onto these nuclei. It is this DM connectivity that coordinates the
syringeal and respiratory muscles during vocalizing in non learning species. In songbirds, it appears that RA has
taken over the innate vocalizing system by synapsing onto DM and all of its downstream targets (Vicario 1994).
The respiratory nucleus RAm makes synapses onto motor neurons of the spinal cord which, in turn, control
muscles of the chest wall and air sacs involved in breathing. In order to coordinate the two sides of the brain, UVa
and DM send axons to their connecting counterparts on the other side of the brain.

Within the cerebrum, the HVC and lMAN neurons contact the dendrites of the same cells in RA (Mooney &
Konishi 1991), but not always in the same location. This is how lMAN may modulate HVC activity into RA. In HVC,
the interneurons contact both its X-projecting and RA-projecting neurons, coordinating their activity (Mooney
2000). In the anterior vocal pathway, the connections form closed loops (Luo et al. 2001). This means that there
will be contact from a given neuron in lMAN to lArea X, and from there, to DLM, which will send its axon back to
the same lMAN neuron within that loop. Adjacent will be another neuronal closed loop parallel to it. An unusual
feature of the anterior vocal pathway, and perhaps of the avian brain generally, is that in Area X, in the striatum,
there is a smaller number of pallidal-like neurons to which the striatal neurons are thought to make contact
(Perkel & Farries 2000). If this is correct, HVC and lMAN project onto the striatal neurons in Area X which, in turn,
converge onto the pallidal neurons in Area X and, from there, to the DLM of the thalamus. In the mammalian
striatum, the pallidal cells appear so far to be entirely separate from the striatum.

Erich Jarvis
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Caudal Medial Nidopallium, NCM, Caudal
Medial Mesopallium, CMM, the HVC shelf of
the nidopallium and the RA cup of arcopallium,
and a Caudal Medial part of the lateral Striatum,
CMS. The auditory pathway also has a
descending feedback projection with connections
similar to the vocal pathway, from the HVC
shelf to the RA cup to the shells of thalamic and
midbrain auditory regions. One key feature of
the auditory pathway is that, once projections
from the auditory thalamus, Ov, reach the
cerebrum’s primary auditory receiving cells, L2
in the pallium, the L2 cells send projections
that spread out to many other pallial and one
subpallial auditory areas for further processing.
Sensory input ascending into cerebral regions is
a telltale sign of sensory learning.

It is an open question, where auditory
information enters the vocal pathways. It was
long thought that the main auditory input was
directly from L2 into HVC (Kelley & Nottebohm
1979). However, this view was based on non-
specific tract-tracing leakage into the adjacent
NIf vocal nucleus that projects to HVC. Instead,
L2 projects to an auditory region called the HVC
shelf, which in turn sends only a few axons into
HVC (Fortune & Margoliash 1995; Vates et al.
1996). Given that the HVC shelf projects to the
RA cup, one might wonder if this is how auditory
information enters, but the cup also sends very
few if any axons into RA (Mello et al. 1998).
Two other less well-studied locations may be
potential sources of significant auditory input.
Preliminary results show that auditory electrical
activity into HVC requires input from NIf, and
not from the adjacent field L2 region (Boco &
Margoliash 2001). Input to NIf comes from Uva
of the thalamus (Box 28, p. 233). Another
potential source of auditory input is a region
called para-HVC, a thin layer of cells medial to
HVC, on the surface of NCM, connected with
NCM, and projecting into Area X of the anterior
vocal pathway (Foster & Bottjer 1998). Taken
together, the major source of auditory input into
the posterior vocal pathway may come directly
from brainstem auditory areas into Uva into
vocal NIf; direct auditory information into the

anterior pathway may come from the NCM shell
into Area X. The final answers on the linkages
between the auditory and vocal networks await
further investigation.

FUNCTIONS OF VOCAL PATHWAYS
AND NUCLEI

Use of Lesions, Electrophysiological
Recordings, and Gene Activation

In total, the songbird vocal communication
network consists of seven vocal cerebral nuclei,
one thalamic nucleus, one midbrain nucleus,
one hindbrain nucleus, and a comparable number
of auditory nuclei (Fig. 8.2). The layout suggests
that different parts serve distinct behavioral and
physiological functions. To decipher these
functions, three basic approaches have been used:
(i) the creation of lesions as performed in
songbirds by Nottebohm and colleagues (1976),
(ii) recording electrical activity as first performed
in songbirds by Leppelsack (1978), Konishi and
students (Katz & Gurney 1981; McCasland &
Konishi 1981), and (iii) examining the molecular
biology of the circuitry as first performed by
Clayton, Mello, myself, and colleagues (Mello
et al. 1992; Jarvis et al. 1995; Clayton 1997).
To understand how the vocal pathways function,
it is useful to review the underlying logic of
these three approaches, all widely used in what
is collectively called neuroethology, a term
invented by Jerram Brown (Brown & Hunsperger
1963), studying the neural basis of mammalian
vocalizations.

1. With lesions, results are interpreted in terms
of loss of function. If a brain region is destroyed
and a particular aspect of behavior is affected,
then the interpretation is that the brain region
is responsible for that aspect of the behavior.

2. With electrical activity, current changes
across neuron membranes are measured. Action
potentials are large currents that travel down
axons to communicate with connecting neurons.
There are also sub-threshold potentials; small
local current changes on the membranes that
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communicate within and between neurons. To
measure activity, metal or glass electrodes are
inserted into the brain regions or cells of interest.
The electrical potentials picked up are sent by
wire to detection devices. Easiest to measure is
multiunit activity, registering the summed activity
from several neurons near the electrode tip. This
can be performed in awake animals. In contrast,
single unit activity, the activity of a single neuron,
is very difficult to measure, whether inside or
outside the cell. It is feasible with tissue slices or
anaesthetized animals, but difficult in awake
animals; with each movement, the electrode
attached to the head shifts slightly and loses
contact with the cell. One solution has been to
use movable electrodes that can be adjusted with
a small micro motor attached to the bird’s head
(Fee & Leonardo 2001). Sometimes it is possible
to extract single unit activity out of multiunit
recordings. Multiunit measurements are sufficient
to establish general relationships between activity
and behavior, whereas single unit measurements
are better for exploring mechanisms of
communication within a neural network.

3. Molecular studies in songbirds have had
their biggest impact by measuring the synthesis
of gene products, messenger RNA (mRNA), and
proteins. The order of events for gene product
synthesis is that gene in the DNA is used to
synthesize mRNA by a process called transcription
and the mRNA is then used to translate the
genetic code and synthesize the protein by a
process called translation. In situ hybridization
is used to detect mRNA synthesis and
immunocytochemistry for detecting protein
synthesis. Most useful for songbird studies have
been activity-dependent genes; their products
are synthesized as a result of neurons firing action
potentials. The activity-dependent gene most
studied is ZENK. The molecular function of
the ZENK protein is to bind to the DNA
regulatory regions of select genes and either
enhance or repress their mRNA transcription.
Because of this, ZENK is called a transcription
factor. It is also called an immediate early gene,
or IEG for short, because in the brain ZENK is
normally synthesized at very low levels and then

is briefly up regulated in cells after a short period
of increased brain electrical activity (Worley et
al. 1991). Once the activity ceases or returns to
baseline levels, new synthesis stops. Because the
half-lives of the mRNA and protein are short,
about 15 min and 30 min respectively, the
accumulation and presence of the gene product
is short-lived (Herdegen & Leah 1998). In this
manner, the IEGs can be used in ways somewhat
similar to functional magnetic resonance imaging
(fMRI), in the sense that fMRI activity implies
recent electrical activity. However, like fMRI,
the relationship of ZENK expression with neuron
electrical activity is not one-to-one. Many areas
of the thalamus, the pallidum, and primary
sensory neurons of the pallium do not synthesize
ZENK, regardless of the level of activity. Other
IEGs are differently distributed in the brain,
and other factors besides electrical activity can
affect IEG synthesis (Box 29, p. 236).

The Posterior Vocal Pathway

When either HVC or RA, the two main cerebral
structures of the posterior pathway, is lesioned
bilaterally, on both sides of the brain, songbirds
are unable to produce learned vocalizations
(Nottebohm et al. 1976). Lesioned canaries still
attempt to sing as judged by their posture and
throat movements, but they are silent or produce
only faint sounds (Fig. 8.3A). Zebra finch become
unable to produce learned calls, or lose
modifications that they have learned, reverting
to the innate version (Simpson & Vicario 1990).
Innate vocalizations are retained. When Uva or
NIf are lesioned, most learned syllables are
retained, but syntax, the ordering of learned
vocalizations, is affected and becomes more
variable (Williams & Vicario 1993; Hosino &
Okanoya 2000). With large lesions incorporating
the midbrain vocal nucleus DM or the
tracheosyringeal nucleus, birds can no longer
produce either learned or innate vocalizations,
becoming mute (Brown 1965; Nottebohm et
al. 1976; Seller 1981). Smaller lesions of DM
can reduce the motivation to vocalize. Taken
together, these experiments show that to utter
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BOX 29

ACTIVITY-REGULATED GENE EXPRESSION IN THE BRAIN: A HYPOTHESIS

The association between electrophysiological activity and the synthesis of so-called immediate early genes (IEGs) is well
established, but the exact relationship is not known. IEGs may be directly responsive, not to electrical potentials in
neurons, but to the neurotransmitters that are released at synapses. The neurotransmitters, such as glutamate and
dopamine, then bind to their respective receptors. If enough receptors are occupied, two independent events are
hypothesized: (i) depolarization of the post-synaptic neuron and subsequent firing of it’s own action potential to generate
behavior or process sensory information; and (ii) activation of second messenger pathways that leads to synthesis of
ZENK, c-fos, BDNF, and other IEGs also in the post-synaptic neuron. Second messengers are molecules such as
calcium ions that enter the cell or cyclic AMP molecules that are formed within the cell, in both cases after the transmitter
binds to its particular cell receptor. The second messengers then attach to and activate protein transcription factors ready
to go into the cell. These then bind to the promotor regions of select IEGs, such as ZENK, to turn on their mRNA and
subsequent protein synthesis. Soon after performing their various functions, the IEGs are rapidly degraded by enzymes.
Methods that reveal the presence of IEG activation provide valuable insights into which brain areas and circuits were
engaged immediately beforehand.

Post-synaptic neurons that do not express the necessary receptor or second messenger systems to activate synthesis
of a particular IEG, such as ZENK, will still fire action potentials in response to pre-synaptic input on its receptors, but
will not turn on ZENK expression. One can also experimentally dissociate post-synaptic activity of neurons, preventing
them from firing, and still get neurotransmitter-induced ZENK synthesis (Keefe & Gerfen 1999). However, in most parts
of the brain, in contrast with other tissues, electrophysiological activity and IEG synthesis are co-induced by synaptic
neurotransmitter release. I hypothesize that the level of IEG expression is controlled by the firing rate of the presynaptic
neurons. A literature analysis suggests that the higher the rate of action potentials, the greater the amount of IEG
synthesized, at least for ZENK (Chew et al. 1995; Mello et al. 1995; Stripling et al. 1997; Jarvis et al. 1998; Hessler &
Doupe 1999b). Brain areas that do not express ZENK, such as the pallidum, primary sensory neurons of the pallium, and
parts of the dorsal thalamus (Mello & Clayton 1994; Jarvis et al. 1998), presumably lack the appropriate receptors, or
have receptors that inhibit its expression. Other IEGs are synthesized in response to neuronal activity in different subsets
of brain regions. For example, the IEG c-fos, also a transcription factor, is synthesized in the same areas as ZENK, but
it has a higher threshold for induction by activity, and it is synthesized at relatively higher levels in pallial song nuclei by
singing (Kimpo & Doupe 1997; Wada & Jarvis unpublished). The mRNA of BDNF, a brain growth factor, is synthesized
after singing only in pallial regions of the cerebrum, including the song nuclei, and not in the striatal nucleus Area X (Li
et al. 2001). Presumably the striatum, including Area X, does not have the necessary receptor combination to induce
BDNF by neurotransmitter release. The multiplicity of receptor types for different neurotransmitters means that stimuli
may trigger many different electrical and molecular responses throughout the brain.

Erich D. Jarvis
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learned vocalizations, most cerebral nuclei of
the posterior pathway are required; midbrain
and hindbrain nuclei are needed for production
and contextual modulation of all vocalizations,
innate and learned.

Electrophysiological recordings show that
immediately before singing, neurons in NIf fire
first, followed by HVC, and then RA (McCasland
1987). This type of premotor activity occurs
milliseconds before sound output (Fig. 8.3B).
During singing these nuclei continue to fire action
potentials and stop milliseconds before the sound
output ceases. This firing pattern indicates that
the posterior pathway neurons are the direct brain
generator of the learned vocalizations. Molecular
studies show that the act of singing induces a
large increase in synthesis of ZENK and other
IEGs in the posterior vocal pathway nuclei (Jarvis
& Nottebohm 1997; Kimpo & Doupe 1997).

Low levels of ZENK mRNA appear within the
first 5–10 min of singing, peak after 30 min,
and stay at a steady state as long as the bird
continues to sing at a regular rate. The amount
synthesized is related to the number of songs a
bird utters (Jarvis & Nottebohm 1997). This
means that either the mRNA is stabilized, or it
is degraded and re-synthesized at a steady rate as
the bird continues to vocalize. The interactions
between behavior, electrical activity, and gene
expression, are such that electrical activity in
the brain network leads to muscular activity, in
turn producing vocal behavior and at the same
time inducing gene expression in that pathway
(Box 29, p. 236). The gene products synthesized
then regulate the expression of other genes.

Two open questions are: how does the electrical
activity of the posterior vocal pathway actually
generate singing behavior and what are the cellular
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Figure 8.3 (A) Sonograms of canary song before and 9 months after bilateral lesions to HVC. Modified
from Nottebohm et al. (1976). (B) Electrical activity during singing in HVC and RA of two different male
zebra finches. Modifed from Yu & Margoliash (1996).
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and behavioral consequences of regulated gene
expression. Insight into the first question comes
from single unit recordings of individual HVC
and RA neurons in zebra finches while singing,
or in other states with neurons firing as they do
during singing. In HVC, each RA-projecting
neuron produces a burst of action potentials once
per song motif, the repeated unit of zebra finch
song, at a precise time within the motif. These
HVC neurons burst in a sequence (Hahnloser
et al. 2002). In contrast, each HVC interneuron,
as well as neurons in RA, fires multiple times
during a song motif, in synchrony with each
other and with the single burst of the RA-
projecting neurons (Yu & Margoliash 1996;
Hahnloser et al. 2002). The X-projecting neurons
of HVC fire at rates intermediate between the
RA-projecting and interneurons. These findings
indicate that each HVC interneuron and each
neuron in RA connected to the tracheosyringeal
nuclei receives convergent input from multiple
HVC RA-projecting neurons. They also suggest
that HVC has many subpopulations of RA-
projecting neurons, each active at different times
in a song motif and each activating a different
ensemble of RA neurons (Hahnloser et al. 2002).
The different RA ensembles then produce
patterns of activity in the muscles of the syrinx
and respiratory apparatus, controlling the timing
of muscle contraction and relaxation appropriate
for the sounds produced. That is, RA has to fire
in a manner that coordinates timing of both
syringeal muscles for vocalizing and abdominal
muscles for breathing (Wild 1997). This appears
to be achieved by two different but interconnected
sets of neurons in RA, one projecting to the
tracheosyringeal motor neurons and the other
to respiratory premotor neurons (Mooney et al.
2002). During breathing without singing, the
respiratory neurons regulate breathing
independently of RA. During singing, RA as
well as DM take over (Vicario 1994; Wild et al.
1997a; Mooney et al. 2002). The
electrophysiological findings further suggest that
HVC interneurons make strong inhibitory
contacts on the X-projecting neurons, modulating
their firing during singing and thus HVC’s signals

to the anterior vocal pathway. However, more
investigation is required to decipher the exact
nature of the relationship of electrical signals
from Uva to NIf to HVC to RA to the
tracheosyringeal and respiratory nuclei, and onto
the syringeal and respiratory muscle, as well as
signals to the anterior vocal pathway.

Insight into the cellular and behavioral
consequences of regulated gene expression comes
from cell culture and gene blocking experiments
in other species. In cultured mouse cells, the
ZENK protein binds to the regulatory regions
of genes involved in modulating the structure
of neurons and transport of molecules inside
neurons (Box 29, p. 236). It has also been
hypothesized that IEGs like ZENK act as
molecular switches that convert short-term
memories into long-term ones (Goelet et al.
1986). However, songbirds that are singing well-
learned songs still produce ZENK (Jarvis &
Nottebohm 1997). I hypothesize that in the
posterior vocal pathway, perhaps every time the
bird sings, ZENK is induced to help replace
proteins that get used up during the act of singing,
and maintaining the song motor memories; when
the bird sings 30 min later, the pathway is ready
to produce song again.

The Anterior Vocal Pathway

In contrast to the posterior vocal pathway, many
aspects of the anterior vocal pathway have been
enigmatic since its discovery as, for example,
the naming of ‘Area X’ (Nottebohm et al. 1976).
In 1999, the neurobiology graduate students of
Duke University captured the essence of this
enigma with a play they wrote for the
departmental retreat, called the ‘Area X-Files.’
Interestingly, the brain region in which Area X
is located, the striatum, puzzled scientists studying
humans and other mammals years before it was
officially accepted at the Duke University 2002
nomenclature forum that this area in birds is
homologous to the mammalian striatum (Wilson
1914; DeLong & Georgopoulos 1981; Parent
& Hazrati 1995; Brown & Marsden 1998).
Nevertheless, the anterior vocal pathway of
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songbirds has special functional properties that
help us gain a general understanding of how the
cerebrum works.

When nuclei of the anterior vocal pathway
are bilaterally lesioned, birds of all ages still
produce some form of learned vocalizations. They
can sing, but ongoing vocal learning is disrupted
and they can no longer imitate new sounds. For
example, when juvenile zebra finches are lesioned
in lArea X during the sensitive period for vocal
learning, the bird’s song remains plastic and thus
nothing new can be imitated or crystallized.
When lesioned in lMAN, the bird’s song rapidly
becomes stereotyped and again nothing new can
be imitated (Bottjer et al. 1984; Sohrabji et al.
1990; Scharff & Nottebohm 1991; Nordeen &
Nordeen 1993). Note that most so-called Area
X lesions, are actually in its lateral portion lArea
X. In zebra finch adults that have mastered their
song and are no longer imitating anything new,
lesions to lMAN and lArea X have no apparent
effect. However, in species that still learn as adults,
either by imitation or improvisation (canaries)
or re-develop old songs after a non-singing
seasonal lapse (white-crowned sparrows), lesions
in lMAN do have effects (Nottebohm et al. 1990;
Suter et al. 1990; Benton et al. 1998). In the
plastic song of adult canaries, which occurs in
the fall, lesions to lMAN reduce vocal plasticity,
whereas during stereotyped singing, in the spring,
lesions have no effect. In white-crowned sparrows
before the yearly re-initiation of singing in the
fall, lesions to lMAN result in stereotyped song
first becoming plastic and then crystallizing to a
different song; but lesions during the highly
stereotyped singing season in the spring have no
effect. And in zebra finches, adult song can be
rendered plastic again either by partial cutting
of the tracheosyringeal nerve or by deafening
the animal. These manipulations lead to gradual
modification and deterioration of the song, but
prior lesions to lMAN prevent this experimentally
induced plasticity (Williams & Mehta 1999;
Brainard & Doupe 2000).

Thus, regardless of age, the anterior vocal
pathway is not needed for song production, but
is necessary for naturally occurring or
experimentally induced song learning or

modification. If the pallial structure lMAN is
removed when song is plastic, song becomes
stereotyped; but if song is already stereotyped,
then there is no change. If the striatal structure
lArea X is removed when song is plastic, it remains
so; but if song is already stereotyped, then there
is also no change. This suggests that during vocal
learning lMAN of the pallium adds variability
whereas lArea X of the striatum adds stereotypy
to the vocalizations. A balance between the two
enables learning to occur. For these reasons, it
appeared at first that during non-imitative stages
of life, such as the adult phase in zebra finches,
the anterior vocal pathway is no longer used.

Then a challenge emerged. In both juveniles
and adults the act of vocalizing induces ZENK
gene expression in nuclei of the anterior vocal
pathway of zebra finches, in all of MAN and of
Area X (Jarvis & Nottebohm 1997). In fact in
adults as well as young, ZENK synthesis in Area
X was the highest of all vocal nuclei. Then
electrophysiological studies of adults revealed
action potentials milliseconds before and
throughout singing in both lMAN and lArea X
(Hessler & Doupe 1999a). In lAreaX, tonically
active neurons were recorded and, besides
increased activity, some decreased activity during
singing. Neither a change in electrophysiological
activity nor ZENK expression occurred when
the birds simply heard another bird’s song; small
increases of activity occurred in half of the animals
when the birds heard playbacks of their own
song. In contrast, large increases of activity and
ZENK expression occurred when deafened birds
were actively singing, at levels not detectably
different from intact birds singing. These findings
suggest that electrophysiological activity and gene
expression in the anterior vocal pathway are
motor-driven, as in the posterior vocal pathway.
This still begs the question of why lesions of the
anterior vocal pathway, at least the lateral half,
do not affect singing in adults with well-learned
song, when the pathway is highly active during
singing.

Social Context

One answer came when the vocalizing-driven
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BOX 30

DIRECTED AND UNDIRECTED SONG: ZEBRA FINCHES IN CAPTIVITY AND THE FIELD

Zebra finches sing frequently in the field and in captivity. Throughout the year, at almost any time of the day when
birds are stationary in trees and shrubs, one can hear the cheerful, mechanical sounds that constitute song
phrases of the zebra finch. During pre-copulatory courtship, directed song is emitted by a sexually aroused male
when he sings directly at the female a few centimetres away as he dances towards her. The visual and vocal
components combine to form a powerful sexual signal that is often ignored, or avoided, by most females; but if
conditions are right, she responds with a tail vibration display that is an invitation for the male to mount and
copulate. In wild flocks, males will confront and sing to any new female that lands near them, but copulation is
rarely invited except by their own mated female at a private location in the few days before egg-laying. When
choosing sexual partners laboratory females prefer males with a high rate of singing and with complex song
phrases (Collins et al. 1994). Undirected song, originally called solitary song, is more frequently heard. Males,
often perched alone on the tops of bushes, will stare straight ahead, and sing many phrases that usually appear
to be completely ignored by other zebra finches. Undirected singing is also common in resting flocks when males
seem to find enough solitude for a few phrases. In captivity, visual isolation from conspecifics frequently increases
bouts of undirected singing. During undirected song, males remain stationary and never make any courtship
movements. The two versions of song are equally loud, and directed song is a more intense performance: faster,
more notes and longer bouts, though the differences are subtle (see below; Sossinka & Böhner 1981). While
directed song is clearly a sexual signal, the function of undirected song is far from clear. When a female partner
was experimentally removed, a wild male immediately increased his undirected song rate and reduced it when
she returned (Dunn & Zann 1996a). This suggests males are advertising their quality and unmated status via
undirected song and the presence of their mate inhibits such performance. Close proximity of male companions
also inhibits undirected song but the functional significance of this behavior is unknown. During breeding,
undirected song is most commonly performed during nest building when the female has just entered the partly
built enclosed nest and he is just outside on the way to collect more nesting material. If he does not sing there
is a good chance she will leave the nest shortly afterwards and this could result in extra-pair mating during her
fertile period or allow other females to dump eggs in her nest. Thus undirected song in this context appears to
be a form of mate and nest guarding (Dunn & Zann 1996b).
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synthesis of ZENK in lMAN and lArea X, as
well as the lower two-thirds of RA, was found to
be dependent upon social context (Jarvis et al.
1998). In zebra finches, undirected singing, given
while not facing another bird, increases ZENK
synthesis in lMAN, lArea X, and RA. Directed
singing, facing another bird while singing, usually
a female, induces much less ZENK synthesis in
these nuclei. In contrast, ZENK expression in

the medial part of the anterior pathway, mMAN
and mArea X, and in both RA-projecting and
X-projecting neurons of HVC is similar during
directed and undirected singing. Electrophysio-
logical recordings are consistent with these results,
showing that in lMAN, lArea X, and RA, electrical
activity is different during undirected and directed
singing, whereas in HVC it does not differ
(Hessler & Doupe 1999b; Dave & Margoliash

BOX 31

ANTERIOR FOREBRAIN PATHWAY LESIONS DISRUPT SONG IN ADULT BENGALESE FINCHES

Lesioning Area X or LMAN in the brains of juvenile zebra finches had profound effects on song learning and
performance, but no effect was detected in adult zebra finches (see p. 000). Nevertheless, the nuclei of the
anterior forebrain pathway do not regress in adulthood. Furthermore, a part of this system is apparently active
while singing, as shown by electrophysiological recordings and gene expression studies. Thus, the function of the
anterior forebrain pathway in adulthood remains an enigma. We used adult Bengalese finches to re-examine the
real-time involvement of the anterior forebrain pathway in song production. We selected this species because
Bengalese finches are critically dependent upon real-time auditory feedback when producing the adult song
(Okanoya & Yamaguchi 1997; Wooley & Rubel 1997). We reasoned that the feedback control might be mediated
by the anterior forebrain pathway. When a partial lesion of Area X was made in adult Bengalese finches, a marked
deficit was observed; the number of song note repetitions increased dramatically after the lesion. Curiously, the
effect occurred only in the portion of the song where the number of repetitions was naturally variable; the part of
the song where the number of repetitions was fixed was not affected at all. The effect of surgery lasted up to two
weeks, after which the original song was recovered, identical with that in the preoperative recordings (Kobayasi
et al. 2001). We suspect that the symptom observed here might be somewhat similar to Huntington’s disease in
humans in that this behavior becomes difficult to stop once it has started. It seems that the anterior forebrain
pathway, including the basal ganglia, may be involved in the real-time control of song production, especially
regarding the temporal precision of song duration.
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2000; Jarvis et al. 2002). During undirected
singing, both lMAN and lArea X, the two regions
best studied electrophysiologically, show robust
firing throughout song bouts in a relatively noisy
manner (Hessler & Doupe 1999b). During
directed singing, much less firing occurs and in
lMAN the noise drops out leaving a pattern
more matched to individual song syllables.
Because lMAN projects to RA and mMAN
projects to HVC, and because there is a social
context difference in RA and not in HVC, I
propose that the lateral part of the anterior vocal
pathway regulates RA and the medial part
regulates HVC.

The comparison of activity during directed
and undirected singing has given rise to various
alternative hypotheses about the functional role
of the anterior vocal pathway in adults. One
hypothesis is that, besides learning, the anterior
vocal pathway is also used to produce small
moment-to-moment differences in singing output
to modulate the meaning of vocalizations for
listening birds (Jarvis et al. 1998). In zebra finches,
there are small differences between directed and
undirected singing (Box 30, p. 241), including
the presence of more introductory notes, slightly
faster motifs, and longer song bouts in directed
song (Sossinka & Bohner 1980). Another
hypothesis is that the anterior vocal pathway is
somehow connected with the attention that the
bird gives to its surroundings during directed
versus undirected singing (Hessler & Doupe
1999b). Still another suggests that undirected
song is simply practice, and that use of the anterior
vocal pathway and the production of ZENK
maintains the pathway’s health and sustains motor
memories (Jarvis & Nottebohm 1997; Jarvis et
al. 1998). During directed singing, stimulating
the female, as the object of desire, is presumably
more important than song practice. A proposed
role for auditory feedback will be discussed later.
However, if there is a maintenance function, lesions
to the pathway should result in slow deterioration
of song. This has not been found in adult zebra
finches. An effect has been seen in well-learned
song of a close relative, the Bengalese finch
(Kobayasi et al. 2001). Lesions to a large portion

of Bengalese finch Area X resulted in temporary
effects on song syntax. The birds stuttered when
producing syllables that were often repeated in
normal song (Box 31, p. 242), suggesting a role
for the anterior vocal pathway in the generation
of some adult syntax, but the role with regard to
social context is not clear. There were no differen-
tial effects on directed versus undirected singing.

Interestingly, lesions to the medial part of the
anterior vocal pathway, the part that is always
highly active during both directed and undirected
singing, results in an immediate effect on syntax
in adult zebra finches (Foster & Bottjer 2001).
Lesions to adult mMAN caused increased syntax
variability, but had very little effect on song
syllable structure. Lesions to mMAN in young
birds did not appear to affect their early plastic
song, but the birds could not crystallize a
stereotyped syntax, though they still had relatively
stereotyped syllable structure. It should be noted
that these nuclei are very tightly packed together,
and a number of the lesions encompassed mHVo
above and/or mArea X below mMAN. Generally,
the medial part of the anterior pathway appears
to be involved in syntax learning and production,
with mMAN possibly influencing HVC to help
form stereotyped syntax. Taken together with
the effects of lesions in the posterior pathway
suggests that removal of any of the vocal nuclei
inputs to HVC, such as NIf, Uva, and mMAN,
results in the inability of HVC to produce normal
stereotyped syntax (Foster & Bottjer 2001).

Despite the progress, the basic function of
the anterior vocal pathway remains rather elusive.
It surely plays a role in vocal learning, and it is
very active during singing at all stages of life.
But beyond that, the situation is less clear, as is
also true of the anterior forebrain-basal ganglia
pathway of mammals (Wilson 1914; DeLong
& Georgopoulos 1981; Parent & Hazrati 1995;
Brown & Marsden 1998). Deciphering the basic
functions of the anterior vocal pathway may yield
new insights into cerebral functioning in general.
But to understand vocal learning, we must also
consider how the anterior vocal pathway and
the song system in general gain access to auditory
information.
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THE BRAIN AND AUDITION

Functions of the Auditory Pathway

For some years after discovery of the songbird
vocal control system, the search in the brain for
the locus of auditory song processing focused
on the vocal nuclei. There was a conviction that
the place to look was where auditory and motor
information meet. In the first electrophysiological
studies of HVC, action potentials were detected
in response to sound, especially to playbacks of
the bird’s own song (Katz & Gurney 1981;
McCasland & Konishi 1981), thus identifying
the vocal nuclei as possible auditory processing
stations. It came as a surprise when molecular
biologists played songs to zebra finches and
canaries and found induced ZENK synthesis,
not in the vocal nuclei, but in another set of
cerebral brain areas, including NCM (Mello et
al. 1992; Fig. 8.4A). This finding set NCM on
the map and eventually six other cerebral auditory
responsive areas as a network (Fig. 8.3) important
in the processing of song as stimuli (L3, L1,
HVC shelf, CMM, RA cup, and CMS; Mello
& Clayton 1994). The electrophysiology of some
of these auditory areas had been studied earlier

(Leppelsack 1978), mostly in the context of non-
song sounds (Müller & Leppelsack 1985; Müller
& Scheich 1985), but their potential relevance
to song processing and learning was not
appreciated at the time.

We now know that when male or female
songbirds hear songs of their own species, high
rates of action potential firing and strong
induction of ZENK synthesis occur in these seven
auditory cerebral areas. When they hear songs
of other species, less ZENK is synthesized in
these areas (Fig. 8.4A). When they hear short
duration pure tones, ZENK is not induced, and
electrical activity is actually inhibited below
baseline (Mello & Clayton 1994; Chew et al.
1995; Jarvis & Nottebohm 1997; Stripling et
al. 1997; Jarvis et al. 2002). Thus,
electrophysiological and molecular responses of
the songbird auditory cerebrum are highly
sensitive and species-specific. One area in the
pallium, L2, and one in the thalamus, Ov, are
known to be auditory as judged by their sound-
induced electrical activity and connectivity, but
ZENK is not expressed in them. In the midbrain
auditory region, MLd, ZENK synthesis does
occur in response to hearing song.

The species-specific molecular response in

Figure 8.4 Hearing-induced gene expression in the zebra finch brain. (A) Accumulated ZENK mRNA in
NCM in the auditory pathway, relative to silence, when zebra finches hear various stimuli for 30 min; the
other species was canary. From Mello et al. 1992. (B) Accumulated ZENK mRNA in NCM when birds heard
first a familiar song, then a novel one. Modified from Mello et al. 1995.
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NCM is learned while the birds are growing up.
When young zebra finches have been raised in
social isolation, playback of their own-species
songs does not induce ZENK synthesis in NCM
(Jin & Clayton 1997). When zebra finches are
raised by canaries, as adults, the most potent
stimulus at activating ZENK synthesis in the
auditory cerebrum is not zebra finch song but
canary song (Ribeiro 2000). Thus, what a bird
hears as a juvenile can influence its brain
molecular responses as an adult.

Electrical activity and ZENK synthesis in these
cerebral areas is also influenced by song familiarity.
When males or females hear playbacks of novel
zebra finch songs, ZENK synthesis is strong in
the cerebral auditory regions, but is reduced when
they become familiar with songs after repetitions,
as if they have a molecular memory of recently
heard songs (Mello et al. 1995; Fig. 8.4A). Novel
songs also induce electrical activity, with an initial
burst of high firing rates in NCM neurons that
also decreased as the songs were repeated. When
hearing a familiar song however, the firing rate
never decreased to silent baseline levels. If the
now familiar song is presented several hours or a
day or two later, the firing rates start where it left
off (Chew et al. 1995; Stripling et al. 1997; Fig.
8.4B). This is a form of neuronal memory called
long-term habituation. It appears that auditory
memories of song are being stored in NCM and
other connected cerebral auditory areas.

Lesion studies also show that long-term song
memories can involve NCM. Ikebuchi &
Okanoya (2000) trained Bengalese finches to
discriminate between songs and measured heart
rates when the birds listened to novel and familiar
songs (Ikebuchi et al. 2003). Female heart rates
increased when they heard novel songs. As they
became familiar with the song, their heart rates
decreased to a steady level. When NCM was
lesioned, the females’ heart rates no longer
increased on hearing novel songs, suggesting that
NCM is required for discrimination of novel
from familiar songs. They could learn a behavioral
discrimination task in which birds had to
discriminate between two songs heard, but could
not remember later what they had learned. It

appears that NCM is not required for the short-
term auditory memory of song, but is needed
for long-term memory of them. These memory
deficits of NCM lesions are somewhat
reminiscent of the symptoms of Alzheimer’s
disease in humans.

ZENK and other genes may be involved in
the formation of long-term memories. When
general inhibitors of mRNA or protein synthesis
are injected into NCM at the time of novel
song playback, they do not affect the short-term
habituation of neuronal activity that occurs with
repeated stimulation. However, when the songs
are played later, after 3 hours, the electrical activity
rate is as high as with a novel song (Chew et al.
1995). Inhibiting mRNA and protein synthesis
specifically at 3 hours and 6 hours after hearing
novel songs also prevents further long-term
maintenance of the habituated memory of songs.
Since ZENK and other IEGs are expressed
quickly, within the first hour that birds hear the
novel songs, and because blocking synthesis of
gene products at this time affects long-term
memory, it appears that these genes may act as
molecular switches that convert short-term
memories into long-term memories (Goelet et
al. 1986). The effect at later times suggests that
there are several waves of gene expression involved
in the process.

The electrophysiological mechanisms by which
the auditory pathway processes and learns species-
specific sounds are only just beginning to be
understood. As information is conveyed from
the midbrain to the auditory regions of the
cerebrum, each station shows more complexity
in its response to sounds, including responsiveness
to species-specific songs (Chew et al. 1995, 1996).
In the cerebrum, field L2 responds first, followed
by L1, L3, CMM, and NCM, in the order in
which they are connected. L2 responses are
evoked by many types of sounds, in a linear
fashion, and in a tonotopic manner, with low-
frequency neurons at the top of L2 and high
frequency at the bottom (Capsius & Leppelsack
1999; Sen et al. 2000). At each subsequent
station, the neurons then respond less linearly,
registering specific features such as frequency
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modulation, syllable combinations, and down-
sweeps and up-sweeps. These more sophisticated
responses are also evident in the ZENK gene
expression response, with different species-specific
syllable types being processed in particular parts
of NCM (Ribeiro et al. 1998). The perception
of song probably involves all of these anatomical
regions, with those furthest removed from L2,
in the Nidopallium (L1, L3, NCM), Mesopallium
(CMM) and Lateral Striatum (CMS), possibly
serving as the prime locations of the song
‘percept’.

Although we now know that NCM and other
areas are auditory centers for processing songs,
this does not explain the lack of induced ZENK
expression and other IEGs in the vocal control
nuclei after hearing songs. This lack of increased
expression is elucidated by the later discovery
that there was less hearing-induced electrical
activity in vocal nuclei when the animals were
awake, than when they were anesthetized or
sleeping (Dave et al. 1998; Schmidt & Konishi
1998; Hessler & Doupe 1999a; Nick & Konishi
2001). Most earlier electrophysiological work
was conducted on anaesthetized subjects, whereas
the gene expression studies were done with
awake animals. This new paradox, awake versus
sleeping-induced hearing activity, still left a major
question unanswered: where do the functional
interactions between the auditory and vocal
pathways take place?

Auditory Feedback and the Template

As is intuitively obvious, vocal learning, and vocal
imitation in particular, requires that a bird hear
the tutor’s song that he will imitate. In addition,
Konishi (1965a) found that a songbird also needs
to hear himself practice that song in order to
imitate it accurately. If a songbird is allowed to
listen and form an auditory memory of the tutor’s
song, but then is deafened before he physically
practices that song, the bird will not learn to
accurately produce what he had earlier heard.
From these behavioral experiments arose the idea
of the song template (Marler & Tamura 1964;
Konishi 1965a; Fig. 8.5). This hypothesis

proposed that during song learning, a young
bird first forms an auditory memory, a template
somewhere in the brain, based on the tutor’s
songs that he hears. Sometime thereafter, days
to almost a year depending upon the species,
the bird begins to practice singing and by listening
to his own song, he will try to match his produced
vocal output with the auditory template in his
brain. Since the formulation of this hypothesis,
the search for the auditory template and the site
for auditory feedback in the songbird brain has
been a major area of research. The search has
lead to findings that are both interesting and
elusive.

As already mentioned, the exact source of
auditory input into the vocal pathways is
unresolved, even though some auditory cell
populations, L2, HVC shelf, and RA cup, are
directly adjacent to vocal nuclei cell populations,
NIf, HVC, and RA. However, the search for
sites of auditory–vocal integration, or
sensorimotor integration more generally, was not
limited to connectivity studies. It was thought
that HVC, showing electrical activity both while
vocalizing and when the bird hears his
own song played to him, should be a good
candidate site for such integration and the song
template (McCasland & Konishi 1981;
McCasland 1987).

But soon thereafter auditory responses were
found throughout all known cerebral vocal nuclei
(HVC, RA, lArea X, lMAN) as well as in the
tracheosyringeal motor neurons (Williams &
Nottebohm 1985; Williams 1989; Doupe &
Konishi 1991). Depending upon the anesthetic
used, auditory responses were induced not only
by playbacks of the bird’s own song, but also by
other birds’ songs and non-biological sounds,
such as tones (Katz & Gurney 1981; Williams
& Nottebohm 1985), leading Williams and
Nottebohm (1985) to propose the Motor Theory
of Song Perception, as a counterpart to the Motor
Theory of Speech Perception for humans
(Liberman et al. 1967; Liberman & Mattingly
1985). They hypothesized that the same brain
areas used to produce sounds (vocal–motor areas)
were also used to perceive them (hearing–sensory
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areas). This theory was part of a larger debate
begun even before Broca’s time, between the
‘diffusionists’ and the ‘locationalists.’ Diffusionists
believed that brain functions were spread out
and that the same area is used for more than
one function. Locationalists believed that specific
regions of the brain served specific functions, as
propounded by Gall & Spurzheim (1810–1819;
Benson & Ardila 1996). For songbirds, the firing
of neurons throughout the vocal control system
in response to any sound brought the debate
closer to the diffusionist’s model. This finding
also indicated that the vocal pathways could
process more than just the birds’ own song,
throwing some doubt on whether vocal pathways
store only a song template for auditory feedback
comparison or simply process sounds for auditory
perception in general.

The next candidate was the anterior vocal
pathway (Doupe & Konishi 1991), which at
the time did not seem to do anything in adult
animals after learning was complete. It was
proposed that when a juvenile zebra finch forms

an auditory memory of a tutor’s song that the
auditory template is stored in the anterior vocal
pathway. The pathway would then act as a
coincidence detector between the song produced
and the song heard. Specifically, it was proposed
that during juvenile practice, when vocal motor
activity originating in HVC generates song, the
bird would hear itself sing, and this information
would be transferred from the auditory pathway
to HVC. HVC in turn would send this auditory
feedback signal into the anterior vocal pathway
via its X-projecting neurons. The anterior
pathway would then compare the produced
feedback song with the expected song as
represented by the template. With a mismatch
the anterior pathway would then correct that
discrepancy by changing the activity of RA
neurons via lMAN (Williams 1989; Doupe &
Solis 1997; Fig. 8.5).

A major feature of this hypothesis is the
presumption of responsiveness of the anterior
vocal pathway to auditory stimuli, particularly
of the bird’s own song. Three kinds of results

Song Learning, Auditory Feedback, and Template Hypotheses
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Figure 8.5 Template models of song learning. (A) Template hypothesis as proposed by Konishi 1965a.
Tutor’s song is heard and stored as an auditory template. The bird tries to produce an imitated song, hears
himself sing and compares that with the template. (B) A template hypothesis proposed by Troyer & Doupe
2000. First, the anterior pathway receives an efference copy of the song from the X-projecting neurons of
HVC, coming in turn from RA-projecting neurons of HVC. Second, auditory feedback is sent to the HVC’s
X-projecting neurons to the anterior pathway and compared there with the efference copy.
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began to change this view. First ZENK synthesis
in the anterior vocal pathway, including MAN
and Area X, was found to be activated not by
hearing playbacks of the bird’s own song, but by
singing (Jarvis & Nottebohm 1997). Moreover,
when birds were deafened, singing still drove
increases in ZENK synthesis in the anterior and
posterior vocal pathways to the same levels found
when they could hear. Second, like the posterior
vocal pathway, auditory activity in the anterior
vocal pathway was found to be shut off or highly
diminished when zebra finches were awake
(Margoliash 1997; Hessler & Doupe 1999a). In
addition, like the posterior vocal pathway, the
singing electrical activity in lMAN and lArea X
was premotor, firing before song output, and
occurring whether the birds could hear or were
deaf (Hessler & Doupe 1999b). Thus, in the
anterior vocal pathway there is motor
electrophysiological activity and gene expression
with no requirement for auditory feedback. Third,
were the discoveries of closure of the anterior
forebrain loop via the lMAN to lArea X
connection (Nixdorf-Bergweiler et al. 1995; Vates
& Nottebohm 1995; Luo et al. 2001), and medial
and lateral parallel connections of the anterior
pathway, one with an output to RA and the
other to HVC (Foster et al. 1997; Jarvis et al.
1998). This suggested the more global view, that
the anterior vocal pathway serves, not as an
indirect route of transferring information from
HVC to RA, but as a closed-loop processing
station receiving information from HVC and
sending that processed information or
instructions to HVC and RA. Debate continues
about whether there is low auditory activity or
none at all in the anterior and posterior vocal
pathway nuclei. However, there may be species
differences; preliminary data reveal robust
hearing-induced activity in HVC of awake song
sparrows (Nealen & Schmidt 2002).

Striving to reconcile these contradictions,
Troyer & Doupe (2000) proposed a theoretical
model, showing how the anterior vocal pathway
may still function in auditory feedback with a
stored song template. They argue that whereas a
motor song signal is transported from HVC to

RA, via HVC’s RA-projecting neurons, at the
same time an ‘internal sensory efference copy’
of song is transported in parallel to the anterior
vocal pathway from HVC to Area X, via HVC’s
X-projecting neurons (Fig. 8.5B). The term
‘efference’ refers to activity directed away from a
central location in the brain, in this case HVC.
The two signals, one motor, the other an internal
sensory efference copy, would arrive in RA and
be compared there, but auditory feedback from
the bird’s own song would be compared in HVC’s
X-projecting neurons. Problems confronting this
model are the requirement that the signals from
HVC to Area X should be sensory, when there
is no known sensory input for the efference copy
in this model, and the fact that in anesthetized
birds all HVC neuron types, X-projecting, RA-
projecting, and interneurons, are equally
responsive to auditory activity (Mooney 2000).
In addition, in awake birds, all HVC neuron
types show motor-driven ZENK expression and
premotor electrical activity during singing (Jarvis
& Nottebohm 1997; Hahnloser et al. 2002).
However, it is possible that the X-projecting
neurons send a ‘motor efference copy’ of song
(Margoliash 1997; Mooney et al. 2002).

If the auditory responses in vocal nuclei occur
mainly when the birds are anesthetized, what is
their role in real life? Interesting answers were
also found in sleeping birds (Dave & Margoliash
2000). When sleeping zebra finches hear
playbacks of their own song, the hearing-induced
electrical responses in HVC and RA suddenly
appear, as if the birds were anesthetized. When
the birds wake up, the hearing-induced responses
cease. In HVC, these auditory responses were
most prominent when the birds heard song
playbacks during deep, slow-wave sleep (Nick
& Konishi 2001). When sleeping zebra finches
are not hearing playbacks of song, HVC and
RA sometimes display spontaneous complex
patterns of electrical activity that match the
singing activity which the bird produced earlier
that day (Dave et al. 1998; Hahnloser et al.
2002), as though the birds’ vocal motor pathway
is replaying the singing activity produced during
the day, but without the bird actually singing or
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hearing song. Replay during sleep might stabilize
motor memories of a bird’s songs so that it can
sing them again later (Dave et al. 1998), or the
bird may simply dream about singing (Box 32,
p. 249).

The best evidence for a role of the anterior
vocal pathway in some form of auditory feedback
is that lesioning of lMAN prevents the song
deterioration resulting from tracheosyringeal
nerve cutting and deafening (Williams & Mehta
1999; Brainard & Doupe 2000). Given the
limited auditory responses of awake animals, this
role might only be permissive, with actual
template instructions coming from elsewhere,
possibly from the auditory pathway. The species-
specific molecular responses of ZENK and
electrophysiological activity in NCM and related
areas have led to a focus on them as a potential
location of the template. When zebra finches
raised alone with a tutor became adults, induction
of ZENK synthesis was highest when the birds
heard song of their tutors (Bolhuis et al. 2000).
Moreover, the closer a tutor was matched, the
higher the levels of ZENK synthesis in NCM.
This response is counterintuitive, given that
familiar songs of non-tutor birds induce less
ZENK expression (Mello et al. 1995; Fig. 8.4).
It is possible that hearing tutor songs in novel
social contexts may induce high levels, but this
has yet to be tested. Nevertheless, responsiveness
of NCM and related areas is clearly selective,
especially to sounds that resemble the birds’ own
song, so that they could be involved in auditory
feedback.

Another finding points in this direction. When
songbirds hear themselves sing, ZENK is induced
in the bird’s NCM and other auditory areas in a
much more restricted pattern than when they
hear other birds sing, or their own song from a
tape recorder (Jarvis et al. 1998). Apparently awake
birds identify playbacks of their own song as a
novel song from some other bird, sounding similar
to their own. Thus, tests of the auditory feedback
and template hypotheses using tape recorded
playbacks of the birds’ own song may be deficient
because this method does not mimic the state of
the animal while actually singing himself.

In summary, the search for mechanisms
underlying auditory feedback and the
hypothesized template continues, and has the
potential to yield exciting findings. It is not yet
known if the interactions between auditory–
sensory information and vocal–motor
information occur in the vocal pathway, the
anterior vocal pathway loop, the auditory pathway
or somewhere not yet studied. Wherever they
take place, the sensorimotor interactions might
involve sub-threshold electrical responses, or some
non-electrical mechanism. It looks as though
the answers will be found by studying animals
while they hear themselves vocalize, rather than
while hearing song playbacks, especially perhaps
during sensitive periods for vocal learning when
birds are actively using auditory feedback to
generate imitated songs.

SENSITIVE PERIODS

‘Critical’ or ‘sensitive’ learning periods are stages
in life when there is a limited window of
heightened ability to learn new information. They
occur in all animals, and are prominent in human
development (Rauschecker & Marler 1987).
Songbirds have become a premier model for
understanding the neuroethology of sensitive
periods, and similarities with those for language
learning in humans (Doupe & Kuhl 1999) make
songbirds especially interesting. Vocal learning
in both songbirds and humans has four phases.
In songbirds, the first is called the auditory
acquisition phase in which they form auditory
memories of the songs that they hear; the second
is a babbling-like subsong phase in which they
engage in vocal motor practice, but do not
produce imitations; in the third, plastic song
phase, they practice imitating sounds with
increasing precision; fourth is a crystallization
phase in which they go through a period that is
puberty-like, the voice becomes stabilized and
well learnt, and the birds become adults and
ready to breed. The timing of these phases varies
in different species and they sometimes overlap
(see Chapter 3).
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BOX 32

DO BIRDS SING IN THEIR SLEEP?

Sleep, as defined by specific postures, elevated sensory thresholds, and brain states, appears to be ubiquitous in birds
and mammals, yet its functions are poorly understood. It has been studied extensively in mammals but only recently has
the phenomenon of sleep in songbirds begun to be addressed. All birds show REM and non-REM periods of sleep
(Rattenborg et al. 2002), but the pattern and frequency may be different than in mammals. Small birds have short periods
of REM sleep (circa 4 s.; Szymczak et al. 1993). This may reflect the trend relating the period of sleep cycles to animal
size but, in general, birds may have less REM sleep than do mammals (Siegel 1995). Recent observations have given
the study of birdsong an unexpected focus in sleep research. We have known for some twenty years that some neurons
in the song system of the brain respond best to playback of song, especially the bird’s own song; most detailed studies
were conducted on anesthetized white-crowned sparrows and zebra finches (Margoliash 1983; Margoliash & Fortune
1992; Theunissen & Doupe 1998). The situation in unanesthetized birds is more complicated. In awake zebra finches,
neurons in parts of the song system, such as RA, respond more weakly than expected to song playback, or hardly at all.
The same RA neurons respond vigorously to song playback in sleeping birds (Dave et al. 1998). Whereas sensory
thresholds in general are elevated during sleep, there are clearly exceptions to this rule. The implications of this
phenomenon for basic and perhaps even clinical research have yet to be fully appreciated. In birds, one hypothesis is
that suppression of auditory activity in awake animals in the motor pathways, including RA, is the expression of an
already established, well-controlled adult song, and that auditorily-driven activity in RA during singing represents an error
signal. The expression of auditory activity during sleep may reflect a singing-like state the song system enters, enabling
it to access the hypothesized error signals that guide adaptive changes to re-stabilize song during sleep.

The initial RA recordings during sleep were from clusters of neurons, but eventually techniques were developed to
record from single cells in RA while birds sang, and to re-record them later during undisturbed sleep. The result was a
remarkable finding (see fig.). In virtually every cell encountered, there was bursting activity during undisturbed sleep that
matched the same bursting patterns observed for that cell when the bird was singing while awake (Dave & Margoliash
2000). Analysis of electrical brain activity during sleep is challenging because there is no immediate, reliable time
referent linked to behavior, calling for some sophisticated statistical analysis. Nevertheless, obvious matches were found
between the sleeping and waking states (see below), as for example where an RA neuron emitted a long train of 30 or
more spikes organized into multiple bursts, each of which matched the sequencing of the activity patterns of that same
neuron during singing. Are birds singing in their sleep? The occurrence of coordinated bursting in song system neurons
suggests that song is being replayed in the sleeping brain. A similar phenomenon has been reported in the hippocampal
spatial memory system of sleeping rats after they have been exploring a maze (Wilson & McNaughton 1994). Replay
concepts are at the heart of some theories postulating that memory consolidation takes place during sleep, but a role for
sleep in the acquisition or maintenance of birdsong is still speculative. Do birds dream of singing? Owners of pet
budgerigars and other birds will not need much convincing, but the truth is that we still have no objective access to the
mental imagery that birds may experience during sleep. In some cases RA neurons give trains of bursts during sleep
representing whole syllable sequences or motifs, and apparently the population of RA neurons bursts synchronously
during sleep. If we could learn how to release brainstem inhibition of the bird’s vocal system, we might find that sleeping
birds would actually burst into song.

Daniel Margoliash

RA Bursting in Sleep Matches Daytime Tutor Song

Tutor
Song
RA

Bursting
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Critical periods in vocal learning behavior
are controlled by hormones and the brain.
Songbirds hatch from the egg presumably with
cerebral vocal nuclei already present, but they
cannot yet produce learned vocalizations. Day
10 after hatching is the earliest that the vocal
nuclei have been sought and found (Nixdorf-
Bergweiler 2001). At this age, they produce the
innate begging calls that induce feeding by the
parents (see Chapter 5). As the hatchling bird
grows so does its brain. The cerebral vocal nuclei
grow at different rates (Nixdorf-Bergweiler 2001):
in zebra finches, lMAN size peaks before the
subsong phase and then decreases; Area X, HVC,
and RA sizes peak right after the subsong phase
and are maintained to adulthood.

Not all connectivity is in place after hatching.
The connectivity of the anterior vocal pathway
is present, but that for the posterior vocal pathway
is not yet completed (Mooney & Rao 1994).
During the auditory acquisition phase, which
overlaps with the subsong phase in the zebra
finch and several sparrows, neurons from HVC
to RA wait outside of the RA nucleus. As the
bird begins to produce subsong, these HVC
neurons grow into RA and find connections there.
At this time, the lMAN axons in RA are spread
throughout RA. Later as the bird begins to
produce plastic song, for the first time practising
imitations in earnest, the axonal spread is pruned
back until the appropriate connections are made
(Herrmann & Arnold 1991). During this pruning
process, electrical activity in the anterior vocal
pathway, from lMAN to RA, also undergoes
changes. Before subsong, the speed of electrical
signaling between the two regions is fast. During
and after subsong, the speed decreases (Livingston
& Mooney 1997; Mooney 1999). The growth
of connections from HVC into RA is thought
to prepare the posterior vocal pathway for
producing sounds. The pruning of connections
from lMAN to RA and the decrease in signaling
speed are thought to aid in providing RA with
the necessary information from the anterior vocal
pathway on how to sing the imitated song.

Changes in gene expression also occur during
sensitive periods. In young animals, before the

subsong phase, the amount of ZENK synthesis
in the auditory regions, in vocal nuclei, and in
other brain areas is high, without the need for
hearing song or for singing (Jin & Clayton 1997;
Jarvis et al. 1998; Whitney et al. 2000; Stripling
et al. 2001). During the subsong phase, the basal
levels start to decrease, and ZENK can then be
induced by hearing song, in the auditory pathway,
and by singing subsong, in the vocal pathway
(Jarvis & Nottebohm 1997; Jin & Clayton 1997).
By adulthood, the basal levels are dramatically
reduced and the induction of ZENK by singing
and hearing is further amplified. The higher levels
of basal ZENK in juveniles are thought to reflect
their higher brain plasticity compared with adults.
During these successive developmental stages, a
host of other genes undergo changes in expression
in the vocal nuclei. These include genes for
synaptic transmission, affecting the glutamate
receptors that are responsible for changing the
speed of communication between neurons, and
genes for generating connectivity and hormone
receptors (Gahr & Kosar 1996; Soha et al. 1996;
Singh et al. 2000). It is not clear how these
changes in gene regulation influence sensitive
periods, but some insight has been gained by
examining species and sex differences.

SPECIES AND SEXUAL
DIFFERENCES

There is just one vocal learning primate, humans.
The vocal learning suborder of oscine songbirds
includes over 4000 species (Nottebohm 1972;
Sibley & Ahlquist 1990), with a wide spectrum
of variation in vocal learning behavior, from
closed-ended vocal learners, such as zebra finches,
to highly plastic opened-ended vocal learners,
such as canaries (Nottebohm et al. 1990;
Catchpole & Slater 1995; see Chapter 3). As
juveniles, most species go through similar phases
of song learning leading up to crystallized adult
song. However some, such as the zebra finch
crystallize one song as an adult, and others, such
as canaries, go through seasonal phases of plastic
song, and learn new song themes as adults; yet
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others can learn new songs any time of the year.
Like humans, however, most open-ended vocal
learners still learn song most easily as juveniles.
Other variations include differences in the ability
to imitate other species’ sounds, the ability to
improvise, and to increase repertoire size, and
syntactical complexity (see Chapter 4). We can
assume that there is something significant about
the mechanisms operating in songbird brains
that make this great variation in vocal learning
behavior possible.

Species Differences

Could there be different sets of vocal nuclei from
one species to another? Nearly a hundred songbird
species have now been examined, and they are
remarkably consistent. All have the four large
cerebral vocal nuclei, HVC, RA, MAN, and Area
X (Brenowitz 1991; DeVoogd et al. 1993;
Brenowitz 1997). When carefully examined,
many also have the smaller cerebral vocal nuclei
NIf, Av, and Mo (personal observations). Thus,
the behavioral variability is not explained by the
presence or absence of certain vocal nuclei.

A second possibility is differences in anatomical
connectivity. This is more challenging; it takes
years of study to determine connectivity in one
species. Nevertheless, connectivity between zebra
finches and canaries has been compared in detail,
and although comparisons are not complete, no
major differences have been found (Vates &
Nottebohm 1995; Vates et al. 1997).

The third source considered was variation in
the size of vocal nuclei (Nottebohm et al. 1981;
DeVoogd et al. 1993; MacDougall-Shackleton
et al. 1998). Size differences between species
and between individuals of the same species do
occur, but the data are contradictory and
controversial. Some reports show that both across
and within species, those with large vocal
repertoires, measured as the number of songs a
bird has, or the number of different syllables or
phrases it employs, have relatively larger HVCs
(Nottebohm et al. 1981; DeVoogd et al. 1993;
Airey & DeVoogd 2000; Airey et al. 2000; Fig.
8.6). In some species with seasonal learning
periods, HVC size increases during learning
periods (Nottebohm et al. 1986). However, others
have failed to replicate the finding that repertoire
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Figure 8.6 Song repertoires and brain space. X-axis values were calculated as relative HVC/cerebrum
volume of one species minus relative HVC/cerebrum volume of another species (�), average HVC of
volume of one genus minus that of another (O), or HVC volume of one family minus HVC of another (+).
The same was done for y-axis values, calculating song repertoire size differences between species,
genera, or families; males of ~40 species were used for these calculations. There is a positive correlation
at all three levels of analysis. Modified from DeVoogd et al. 1993.
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size is related to vocal nuclei size, at least within
a species (MacDougall-Shackleton et al. 1998;
Ward et al. 1998). The interpretation of these
contradictory results may be complicated by the
finding that the amount of singing a bird performs
influences the size of the vocal nuclei and the
number of cells in them (Li & Jarvis 2001; Sartor
et al. 2002; Alvarez-Borda & Nottebohm 2002).
Thus, the changes seen in seasonally singing birds
may occur because they sing more during learning
periods. Differences between species or
individuals of a species may reflect the amount
of song a particular species or individual is prone
to produce. As with muscles of the body, the
more the bird sings, the greater the potential
increase in size of the cerebral vocal nuclei, as
discussed later. Yet there is some supportive
evidence that the relative size of the vocal nuclei
is important; zebra finches have a larger lArea X
relative to lMAN than do canaries (unpublished
observations), a difference that is consistent with
the hypothesis that lArea X endows a bird’s song
with stereotypy and lMAN endows it with
plasticity.

A fourth compelling source of species
differences is genetic, especially the differential
expression of genes for synaptic transmission.
Synaptic transmission involves neurotransmitters
released at synapses, and glutamate is the most
abundant neurotransmitter in the brain. The
‘pre-synaptic neuron’ releases the glutamate from
its axons and the ‘post-synaptic neuron’ receives
the glutamate on receptors in its dendrites. Each
type of neuron has one or more of the 24 different
kinds of glutamate receptors. The receptors
transmit information about the electrical signals
between pre- and post-synaptic neurons, to
influence in different ways the expression of genes
such as ZENK, in post-synaptic neurons (Box
29, p. 236). Compared to the rest of the brain,
the patterns of expression of glutamate receptors
are unusual in vocal control nuclei, apparently
either higher or lower than the surrounding brain
subdivision to which they belong (Wada et al.
2001). Furthermore, each species examined had
its own unique pattern of expression in the vocal
nuclei. Specializations of mGluR2, NR2A, and

NR2B glutamate receptor distribution were
strongly correlated with the type of syntactical
complexity displayed in the song of each species.
Lower mGluR2 and NR2A, and higher NR2B
were related to higher syntax variability.
Syntactical complexity and vocal learning style
are often related, with open-ended vocal learners
having more variable syntax than closed-ended
species (see Chapter 4). It may be that one source
for some of the variability in vocal learning is to
be found in differences in the distribution of
ancient gene families.

Sex Differences

There was once a widespread belief that, except
for breasts, genitalia, and overall body size, men
and women were basically the same, particularly
their brains. It came as a shock to many that
some male songbirds have large cerebral vocal
nuclei and females have smaller ones, or even
none at all (Nottebohm & Arnold 1976; Arnold
& Mathews 1988). Although small sex differences
had been detected earlier in other brain areas,
this first demonstration of significant gender
differences, seen even with the naked eye, in the
brain of an evolutionarily advanced vertebrate,
challenged the notion that there are no significant
differences between males and females (Raisman
& Field 1971; Ball & Macdougall-Shackleton
2001). Soon thereafter, scientists began to find
significant sexual differences in select brain areas
of other birds, and of mammals, particularly in
parts of the hypothalamus that control
reproductive functions (Ball & Macdougall-
Shackleton 2001), and cerebral areas that control
language (Harasty et al. 1997; Cooke et al. 1998).

In those songbird species in which the females
have few or no detectable vocal nuclei, such as
zebra finches, the females do not engage in vocal
learning. Female zebra finches are born with
cerebral vocal nuclei, but as they mature their
vocal nuclei atrophy. As adults their cerebral vocal
nuclei are hardly noticeable (Nixdorf-Bergweiler
2001). One of them, lMAN, shrinks less
dramatically than others and in adult females of
some species, destroying it hampers the perceptual
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processing of the male’s song (Hamilton et al.
1997; Burt et al. 2000). In canaries, females
have vocal nuclei, but they are smaller than those
in males, and females do not learn as much song
or sing as much as males (Nottebohm & Arnold
1976). In other species, such as bay wrens, vocal
nuclei are comparable in size in males and females,
and they counter-sing with each other (Arnold
et al. 1986; Ball & Macdougall-Shackleton 2001;
Balthazart & Adkins-Regan 2002).

These gender differences may be related to
environmental constraints. Most songbird studies
have focused on birds living in temperate climates,
especially in North America and Europe, where
there are more species in which only males sing
(Morton 1996a), leading some to assume that
the natural order of vocal behavior in birds is
that only males learn vocalizations and sing.
However, many more species live in the tropics
and often both males and females produce learned
song (Kroodsma et al. 1996). Morton (1996a)
proposed that the changing seasons and harsher
winters could have led to selection for more
division of labor, with males singing and females
specializing more in selecting mates and tending
to the young. This temperate–tropical contrast
is apparent even when comparing different
populations of closely related species: At one
extreme, the Carolina wren lives in a temperate
zone climate, and females have no detectable
cerebral vocal nuclei and do not sing; at the
other extreme are its tropical cousins, the bay
wren and buff-breasted wren, whose females have
vocal nuclei and song repertoires equal in size to
those of males (Arnold et al. 1986; Brenowitz &
Arnold 1986; Morton 1996a; Nealen & Perkel
2000). Thus, the environment may in a sense
have had an influence on the evolution of gender
differences in brain and behavior. Not
surprisingly, such differences are in part
hormonally controlled.

The Role of Hormones

Testosterone and estrogen are found in all
vertebrates; testosterone is often assumed to
regulate male sexual behavior and estrogen

assumed to regulate female sexual behavior.
However, this still popular notion has become
outdated, partly because of surprises about the
interrelationships of hormones, brains, and sex
uncovered in songbirds. The first surprise was
when Gurney & Konishi (1980) found that if
they injected a young female zebra finch with
extra doses of estrogen she would grow male-
like vocal nuclei. Testosterone did not have this
effect, but did cause estrogen-injected females
to sing as adults later in life (Pohl-Apel & Sossinka
1984). These females did not display male
plumage, but were sufficiently masculinized that
they attempted to breed with other females. Thus,
hormonal treatment of a developing songbird
can convert a vocal non-learner into a learner.
However, it is not the case that injecting hormones
induces cerebral vocal nuclei and vocal learning
in non-vocal learning species, such as quail; nor
does injecting estrogen into vocal learning males
increase the size of their vocal nuclei; similarly,
blocking estrogen and testosterone in young vocal
learners or removing their gonads does not
prevent formation of cerebral vocal nuclei
(Adkins-Regan & Ascenzi 1990; Balthazart et
al. 1995; Wade 2001), but does lead to a decrease
in size of the vocal nuclei and reduction in the
amount of singing, though the birds still learn
to imitate song and sing (Wade 2001; Alvarez-
Borda & Nottebohm 2002). In addition, female
canaries, which sing less than males, sing more
when given testosterone, and their vocal nuclei
increase in size during the process (Nottebohm
1980; DeVoogd & Nottebohm 1981). Debates
ensued about the roles and sources of testosterone
versus estrogen in the development of cerebral
vocal nuclei and song learning (Wade 2001;
Balthazart & Adkins-Regan 2002). The search
for solutions is ongoing and not without
contradictions (Box 33, p. 255), but the following
is a synthesis of the facts as they now stand.

Testosterone is actually a pro-hormone, a
hormone precursor. It is converted by three
different enzymes, aromatase, 5α-reductase, and
5β-reductase, into estrogen, 5α-
dihyrotestosterone, and 5β-dihydrotestosterone
(Ball & Balthazart 2002; Balthazart & Adkins-
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Regan 2002). The synthesized estrogen crosses
cell membranes and binds to estrogen receptors
inside the cells. The bound receptor acts as a
transcription factor causing, amongst other
actions, changes in gene expression. Likewise,
the androgen 5α-dihyrotestosterone crosses cell
membranes and binds to androgen receptors
inside the cell. The bound receptor then causes
a different set of changes in gene expression,
amongst other actions. The synthesized 5β-
dihydrotestosterone is the inactive form of the
testosterone pro-hormone, and is treated as waste.

There are two sources of these hormones: the
gonads and adrenals, and the brain itself
(Holloway & Clayton 2001; Schlinger et al.
2001). Testosterone is produced and released
into the blood stream by the testes in males and
by the adrenal glands in males and females;

estrogen by the ovaries. Testosterone crosses the
blood–brain barrier to act in the brain, as
indicated, where it is converted into estrogen,
in both males and females. Brain-synthesized
estrogen is released back into the blood stream
at levels as high as those released from the gonads
(Schlinger & Arnold 1992). Within the brain,
distribution of hormone receptors and the
hormone-synthesizing enzymes differs with the
brain region, sex, species, season, and stage of
development, somewhat like the glutamate
receptors. The androgen-synthesizing enzyme,
5α-reductase, is present throughout much of
the brain of songbirds, but the estrogen-
synthesizing enzyme, aromatase, is selectively
expressed in NCM and related auditory areas.
This is true of both male and female songbirds,
whether or not females have vocal nuclei

BOX 33

PATHWAYS FOR HORMONAL INFLUENCE ON BIRDSONG

Birdsong is seasonal, and one of the earliest observations made by field biologists and natural historians is that
singing behavior is positively correlated with various measures of reproductive physiology. Experiments established
that testosterone from the gonads enhances seasonal changes in song production. Both estrogenic and androgenic
metabolites of testosterone appear to be involved in these effects of testosterone on song. They exert their
effects on behavior by binding to intracellular receptors. Pioneering autoradiography studies in the early 1970s
revealed that receptors for testosterone are found in several of the forebrain song control nuclei including HVC,
RA and lMAN (Arnold et al. 1976). This observation was somewhat unexpected in that androgen and estrogen
receptors in the brain otherwise seemed to be restricted to the limbic regions and selected areas in the diencephalon
and mesencephalon. This finding, along with the observation that the syrinx itself has androgen receptors
(Lieberburg & Nottebohm 1979), suggested that testosterone might activate song by binding directly to receptors
in the vocal control system as well as in the syrinx. Anatomical studies employing either immunohistochemical
methods for the localization of androgen receptor (AR) and estrogen receptor (ER) proteins as well as in situ
hybridization studies of the messenger RNA for AR and ER confirmed and extended the initial autoradiographic
studies (Balthazart et al. 1992; Bernard et al. 1999). However, at least in temperate zone birds, song is part of
a still larger suite of male reproductive behaviors, extending beyond the domain of the song system in the strict
sense. In both birds and mammals the preoptic region of the brain is known to coordinate the effects of testosterone
on male sexual behaviors. In European starlings, lesions to the preoptic region block song behavior as well as
other reproductive behaviors (Riters & Ball 1999). Catecholamine cell groups that project to the forebrain song
control nuclei are also known to express both androgen and estrogen receptors (Appeltants et al. 1999; Maney
et al. 2001). It is therefore possible that the effects of testosterone on song are at least in part mediated by its
action in the preoptic region and/or in brainstem catecholamine cell groups that, in turn, project to forebrain song
control regions. Although it seems likely that direct action of testosterone in song control nuclei regulates the
quality of song produced, testosterone effects on the motivation to sing may involve other parts of the brain
as well.

Gregory F. Ball
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(Metzdorf et al. 1999; Soma et al. 1999; Saldanha
et al. 2000). In the cerebral vocal pathways, only
HVC has estrogen receptors. In adult canaries,
the receptor levels are high during each breeding
season, whereas in zebra finches, they are present
only once in life, during early juvenile
development, in the HVC of both males and
females (Gahr & Konishi 1988; Gahr & Metzdorf
1997; Jacobs et al. 1999). In adults of most
species, Area X lacks androgen receptors, whereas
all pallial vocal nuclei contain androgen receptors
but at different levels in different species (Jacobs
et al. 1999; Tramontin & Brenowitz 2000; Ball
et al. 2002). These hormone and brain differences
have a genetic basis.

In mammals, the XX chromosome pair makes
a female and the XY pair a male. In birds, the
opposite occurs; a ZZ pair makes a male and a
ZW pair makes a female. Thus, in mammals,
the female is the ‘genetic default;’ a Y chromosome
is needed to make a male body from a female.
In birds, the male is the genetic default, and a
W chromosome is needed to make a female body
from a male (Balthazart & Adkins-Regan 2002).
Estrogen synthesized in the egg helps mold the
male testes into female ovaries, a change probably
facilitated by the W chromosome. In birds as in
mammals, circulating testosterone converted to
estrogen in the brain masculinizes the brain.
Strong evidence for sex linkage came from the
brain of a zebra finch that was gynandromorphic,
half male, half female (Box 34, p. 249).

Bringing this knowledge together, the
following tentative picture emerges (Fig. 8.7).
During early development, an as yet unknown
genetic program that includes genes on the Z
chromosome starts the formation of the cerebral
vocal nuclei in both sexes. Sometime around
hatching, circulating testosterone that enters the
brain is converted to estrogen via aromatase; the
estrogen binds to its receptor in HVC, facilitating
growth of HVC and connecting nuclei. The
circulating testosterone is also converted in the
brain to the androgen 5α-dihyrotestosterone
using 5α-reductase, which then binds to its
receptors in pallial vocal nuclei to modulate not
tissue growth, but crystallization of connections

and later enhancement of singing output.
For those species in which the females do not

engage in vocal learning, it is probable that genes
on their W chromosome actively prevent or
reverse the growth of cerebral vocal nuclei. This
genetic mechanism presumably evolved after the
evolution of songbird vocal learning in tropical
zones, for species living thereafter in temperate
zones. However, when these females are given
extra doses of estrogen early in life, as in the
zebra finch, inhibition of vocal nuclei growth is
overcome. In addition, if one of the two Z
chromosomes of males is not fully inactivated,
they have the potential like mammals to
synthesize extra doses of gene products responsible
for the formation of vocal nuclei.

During the juvenile-to-adulthood transition,
an androgen surge helps crystallize the song to
adult form and readies the bird for breeding.
There is a parallel with human puberty; large
hormonal increases occur, an adult-like voice
crystallizes, and the young teenager, male or
female, is biologically ready to have children.
The underlying mechanisms in the two sexes
are not the same, and in birds the sex differences
are not yet fully understood. In species where
only males imitate song, female vocal nuclei have
already shrunk in size by this time; so these
females go through a puberty-like phase, but
without engaging in vocal learning. In species
that learn new songs seasonally, a similar process
reoccurs; song becomes plastic, learning occurs,
and then testosterone products recrystallize the
new songs and ready the bird’s singing for the
upcoming breeding season.

Androgens are thought to crystallize the voice
by binding to pallial vocal nuclei receptors,
activating genes that stabilize synapses between
vocal nuclei and helping the survival of new
neurons arriving in HVC (Rasika et al. 1994;
White et al. 1999). A castrated male gives plastic
song but fails to crystallize until given a seasonally
appropriate dose of testosterone (Marler et al.
1988). Artificially high doses of testosterone in
juveniles or in the plastic phases of adult singing
also induce song crystallization (Korsia & Bottjer
1991; Nottebohm 1993). Androgens stimulate
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BOX 34

WHAT MAKES A BIRD BRAIN FEMALE OR MALE?

Even casual observations of birds reveal a profound sex difference in the ability to sing. Song is a quintessential
example of male sexual advertisement and, in many species, females sing little or not at all. The male’s greater
ability is directly caused by a marked sex difference in the structure of the neural song circuit. In zebra finches,
for example, several brain regions controlling song are about five times larger in males than in females. This large
sex difference in brain structure, the first to be discovered in any vertebrate (Nottebohm & Arnold 1976), invites
an obvious question; what causes brain development to differ in the two sexes?

The first answer was suggested by studies in mammals, in which hormones secreted by the testes act on the
fetus to make the brain male. The important hormones are testosterone and its metabolite, estradiol. When
female zebra finches were treated with estradiol on the day of hatching, they developed a much more male-like
neural song circuit and a fairly good male song (Gurney & Konishi 1980). Androgens also seem to play an
important role because the masculinizing actions of estradiol are blocked by an anti-androgen, flutamide (Grisham
et al. 2002). Thus, although estrogen induces a masculine pattern of development, it appears to require an
androgen-dependent step. These studies suggest that, in birds also, male sex hormones make a male brain.
Some doubts about this idea arose, however, because blocking the action of these hormones does not prevent
a male from singing and developing a male-like song circuit (Arnold 1997). The hormonal theory was further
challenged when genetically female zebra finches, induced by a drug injection to develop large testes rather than
ovaries, were found to have a feminine neural song circuit (Wade et al. 1999), contradicting the earlier findings.

An alternative idea is that the genetic sex of brain cells plays a role in determining whether the brain has male
or female characteristics. The strongest support for this view comes from the analysis of an unusual bilateral

A Gynandromorphic
Zebra Finch

right left

gynandromorphic zebra finch that arose by mutation
(Agate et al. 2003). This bird was genetically male on
the right half of its body, and genetically female on the
left half (see fig.). Male plumage covered only the
right half of its body, and the right gonad was a testis
and the left gonad an ovary. Amazingly, the neural
song circuit was more masculine on the right half of
the brain than on the left, indicating that the differences
in genetic sex on the two sides of the brain influenced
their sexual characteristics. Although the origin of sex
differences is not fully understood, both hormonal and
intrinsic genetic factors appear to play critical roles.
One intriguing, as yet unsupported, idea is that
genetically male brain cells may themselves produce
more sex hormones than female brain cells, and that
sex hormones originating in the brain are important
for sexual differentiation as well as for the control of
adult behavior (Schlinger et al. 2001).

Arthur P. Arnold
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singing, and a positive feedback mechanism is
thought to be involved, with androgen binding
to vocal nuclei receptors enhancing singing, which
in turn enhances testosterone release by the
gonads, which then encourages more singing
(Fig. 8.7). This positive feedback loop can be
broken in the non-breeding season of seasonally
singing species, when androgen receptor levels
in the vocal nuclei are low, and the birds just
sing for short 10-min bouts (Ball et al. 2002).
As a possible mechanism by which androgen
enhances singing, binding to androgen receptors
in pallial vocal nuclei neurons may reduce the
threshold for electrical activity, as occurs in
mammals (McEwen 1994; Ramirez et al. 1996),
making the neurons associated with singing more
ready to fire. The general picture is that hormones
have three types of facilitating effects on the
songbird vocal communication system: they help
form the system, they stabilize synapses and
neurons involved in the learning and

crystallization of song, and they induce song
production.

However, hormone receptors are not present
in the cerebral vocal nuclei of all vocal learners.
The HVC-like vocal nuclei of hummingbirds
have high levels of androgen receptors, but no
estrogen receptors (Gahr 2000). In the one species
of parrots examined, budgerigars, there are no
androgen or estrogen receptors in their vocal
nuclei (Gahr 2000). Only songbirds have high
aromatase in their auditory regions (Metzdorf
et al. 1999; Soma et al. 1999; Gahr 2000;
Saldanha et al. 2000). Thus, it looks as though
hormones may have different roles in the vocal
systems of different vocal learners.

ADULT NEUROGENESIS
DISCOVERED

One of the major outgrowths of these hormone

Possible Hormonal Mechanisms for Sex Differences in the Brain and Singing

Genes on Z &
other chromosomesDevelopment

Adulthood

(A)

(B)

brain estrogen

X

hatching

song imitation

begin formation of cerebral vocal nuclei

enhance vocal nuclei growth and formation

in females of some species, W chromosome
gene(s) possibly inhibits vocal nuclei growth

song crystallization adulthood

testis &/or brain
androgen surge

puberty-like
transition

stimulates
more adult androgen enhanced song production & vocal nuclei size

stimulates

X

blocked by other factors and
may be seasonally controlled

Figure 8.7 Diagrams of possible interactions between (A) sex hormones, brain development, and (B) the
formation and activation of the vocal learning system in youth and adulthood.
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studies in songbirds was the discovery that the
adult brain is able to make new neurons.

Nearly 100 years ago, Ramon y Cajal, an early
Nobel Laureate in neuroscience, stated that,
unlike skin, which is constantly renewed, in the
adult brain “the nerve paths are something fixed,
ended, immutable. Everything may die, nothing
new may be rejuvenated” (Ramon y Cajal 1913).
This view became dogma, epitomized in the
statement “do not destroy your brain cells because
you will not make any more.” Over the years,
various attempts were made to challenge this
doctrine by new methods, trying to induce new
neuronal growth in adult brains, but without
success. The view prevailed that warm-blooded
vertebrates do not generate new neurons as adults,
perhaps because it would be too costly to hold
onto long-term memories (Rakic 1985). In the
1960s, Altman (1962) found new neuron
proliferation in the adult rat brain. However,
his work met with strong criticism, and was
difficult to repeat, discouraging further investiga-
tion.

Song Plasticity and Rejuvenation of the Brain

Goldman & Nottebohm (1983) were startled
when, twenty years later, as they studied the
relationship between seasonal re-growth in the
size of HVC and hormones in adult canary brains,
they found newly labeled neurons (Fig. 8.8).
Nottebohm had found earlier that injection of
testosterone in female canaries resulted in a 90
percent increase in the size of HVC. To identify
dividing cells, the animals were injected with
radioactively labeled thymidine, one of the
nucleotides of DNA. When cells replicate, the
radioactive nucleotide is taken up into the DNA
of the new cell and can be detected. Goldman
and Nottebohm went to great lengths to prove
that the new cells were actually neurons. Perhaps
not surprisingly, their results were met with
skepticism, and at first were difficult to get
published. Later Paton, Alvarez-Buylla, and Kirn
decisively proved that the newly generated cells
in the songbird brain were indeed new neurons
that were functional in the song system (Paton

New Neurons in the Adult Brain

Discovered in songbird HVC in 1983 Discovered in human hippocampus in 1998

FluroGold labels ‘neurons’ connected to another brain region.
Tritiated thymidine, 3H-Thy, labels newly divided cells.

(A)

NeuN, a neuron-specific gene, identifies cells as neurons.
Bromodeoxyuridine, BrdU, also labels newly divided cells.

(B)

Figure 8.8 (A) Evidence of newly formed neurons in the adult songbird brain from Alvarez-Buylla & Kirn
1997. Left: canaries were injected with 3H-thymidine; after allowing new neurons to reach HVC, RA was
injected with FluoroGold, which was taken up by the axons of HVC’s RA-projecting neurons. Right: at high
power, Flo-labeled cells containing 3H-Thy are seen. (B) Evidence of newly formed neurons in the adult
human brain (Eriksson et al. 1998). Left: frontal sections of a human hippocampus labeled with a marker
that identifies the neuron-specific gene NeuN (dark staining areas). Right: high power of the granule cellular
layer (GCL) double-labeled with NeuN and bromodeoxyuridine (BrdU) showing a neuron born in the brain
of this patient when he/she was an adult. Pictures kindly provided by John Kirn (A) and Fred Gage (B).
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& Nottebohm 1984; Alvarez-Buylla et al. 1988
1990, 1992). Remarkably, neuron death and
replacement were found to occur in HVC, at a
high rate on a daily basis, with nearly all of the
neurons of a given cell type replaced each year
(Kirn et al. 1991; Nottebohm 2002). In
retrospect, it is hard to imagine how neurogenesis
in the adult brain was missed.

But the skepticism persisted. The vocal nuclei
are highly specialized brain tissues, and it was
argued that perhaps new adult neurons are found
only in these unusual structures. Alvarez-Buylla
and collaborators then showed that new neurons
were present throughout the songbird cerebrum,
and in the cerebrums of vocal non-learning birds
as well (Nottebohm & Alvarez-Buylla 1993; Ling
et al. 1997). Then, using the same techniques,
they found new neurons in the cerebrum of a
mammal, the mouse (Lois & Alvarez-Buylla
1993; Lois et al. 1996; Doetsch et al. 1997),
finally confirming Altman’s (1962) findings. The
new neurons they found were mostly transported
to the olfactory bulb.

Skeptics retreated to another line of defense,
arguing that the olfactory bulb is a primitive
structure and of little importance in holding
onto complex memories. However, around this
period, studies of mice using the same approaches
as those used on songbirds, demonstrated the
incorporation of new neurons in the mammalian
hippocampus, a region involved in learning and
memory (Cameron et al. 1993; Gould &
McEwen 1993). The numbers of new neurons
entering the hippocampus each day were
staggering, in the thousands, and were
significantly reduced by stress and enhanced by
learning (Gould et al. 1999a; Gould & Tanapat
1999). Most animals kept in cages are stressed
and this may be one reason why adult
neurogenesis was overlooked in the past. Gould
then also found new neurons entering the adult
primate cortex, an area certainly responsible for
complex learning (Gould et al. 1999b). Finally,
Gage, Eriksson, and colleagues in 1998, studying
the autopsied brains of patients who had been
injected days or years earlier with a cell division
marker (bromodeoxyuridine) used to diagnose

the severity of their cancer, found evidence of
new neurons in the human hippocampus that
survived in the patients until their death (Eriksson
et al. 1998; Fig. 8.8). So, the 100-year-old
doctrine of no new neurons in adulthood
gradually crumbled (Specter 2001; Nottebohm
2002), though still not without challenges
(Kornack & Rakic 2001; Rakic 2002a, b).

The discovery of new neurons in the vocal
nuclei of songbirds led Nottebohm to propose a
role for them in the formation of new song
memories (Nottebohm 1984). Several findings
appeared to support this view. In canaries, old
neurons die and are replaced by new neurons at
a higher rate during times of the year when the
birds learn new song syllables, after the molt in
the autumn and around the breeding season in
April to May (Kirn et al. 1994; Fig. 8.9).
However, other studies seemed to challenge this
notion. Zebra finches continue to show neuronal
death and new neuron addition in HVC well
after song learning is complete (Ward et al. 2001).
Other species that undergo seasonal changes in
breeding and singing behavior accompanied by
changes in death and incorporation of new vocal
nuclei neurons do not add new songs to their
repertoires (Tramontin & Brenowitz 1999, 2000).

If there is a link to learning, it may be indirect,
as suggested by Li and colleagues (2000), who
found that just the act of singing without any
evidence of learning new songs, drives the
increased survival of new neurons in HVC within
a few days (Fig. 8.9), with the number of newly
arrived neurons proportional to the amount of
singing. This motor-driven survival of new
neurons adds further to testosterone-induced
enhancement of survival (Alvarez-Borda &
Nottebohm 2002). Similarly, in the rat brain,
wheel running for extended periods of time
increases proliferation and incorporation of new
neurons in the hippocampus (Van Pragg et al.
1999). It seems that one of the most salient
factors influencing the addition of new neurons
is exercise, the act of performing a behavior rather
than a need to incorporate new memories. A
relationship to exercise does not necessarily
exclude learning; however, the new neurons
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Figure 8.9 (A) Changes in cell death, song learning, and new neuronal survival across the year in brains
of males of a seasonal breeding species, the canary. Peaks in cell death are followed by peaks in new song
syllables and new neurons. Modified from Alvarez-Buylla & Kirn 1997, Kirn et al. 1994, and Nottebohm et
al. 1986. (B) Singing-driven enhancement of new neuron survival in HVC. Left: canaries were either
allowed to sing for 7 days, or prevented from singing by interrupting them. Singing increased the survival
of neurons that entered HVC but had no affect on new neurons that entered the hippocampus, a non-vocal
area. Right: the enhancement of new neuron survival is proportional to the rate of singing over a 30-day
period. This enhancement was independent of the gonads; these animals had their testes removed.
Modified from Li & Jarvis 2001 and Alvarez-Borda & Nottebohm 2002.

presumably inherit or acquire the memories
embodied in the old neurons.

Not all neuronal types are replaced. Neurons
with short-distance axonal connections, such as
local neurons, are more likely to be replaced
than those that traverse long distances, such as
those from the cortex or pallium to the spinal
cord. Neurons in the adult thalamus and
midbrain are not replaced (Nottebohm &
Alvarez-Buylla 1993). Interestingly, the latter are

areas involved mainly in innate behaviors. In
the songbird vocal system, only neurons of HVC
and Area X are continually replaced in adulthood,
and not those of lMAN and RA (Kirn et al.
1999). The arcopallium in which RA resides
generally does not undergo neuron replacement
and, like RA, is the part of the avian brain that
sends long descending axons to the brainstem
and spinal cord (Zeier & Karten 1971; Kirn et
al. 1999). Within HVC, its RA-projecting
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neurons are replaced throughout adult life, but
its X-projecting neurons are not (Alvarez-Buylla
et al. 1988; Kirn et al. 1999). Using a laser-
lesion procedure, Scharff et al. (2000) selectively
labeled the RA-projecting and X-projecting
neurons of HVC with a dye, which kills the
cells when zapped with the laser at a particular
wavelength of light. When they killed off the X-
projecting neurons in adult zebra finches, song
was temporarily affected for a day or two and
then returned to normal. This is similar to what
happens when lArea X is lesioned. The birds
showed no induced regeneration of the X-
projecting neuron type in HVC. HVC just
became smaller, due to the neuron loss. When
they killed off the RA-projecting neurons,
however, the birds could not sing, as happens
when the entire HVC is lesioned. After several
months, the birds slowly recovered the same or
a very similar song to that produced before the
lesion, and newly incorporated RA-projecting
neurons were found throughout HVC. Thus,
when damaged, the RA-projecting neuron
population of HVC can be restored, and
remembered behavior can be recovered. This
shows that the song template is not stored in
the RA-projecting neurons.

The discovery of neurogenesis in adult bird
brains helped to revitalize the field of adult
mammalian brainstem cell research, and the search
for new ways to repair brain injuries (Gage 2000).
Although scientists have a long way to go, there
are exciting prospects. Adult brainstem cells of
both birds and mammals have been found within
the walls of the cerebral ventricles, in areas called
the ventricular zones, which line the cavity where
the cerebral spinal fluid flows (Doetsch et al.
1999). The stem cells divide and give rise to
daughter cells that then migrate to their destination
in the brain and become neurons. One of the
problems in taking advantage of this mechanism
to induce repair of damaged brain tissue, is that
there will be a need to control the incorporation
of cells that normally get replaced, to induce and
control those not normally replaced, where they
migrate to, and their eventual connectivity. Vocal
learning birds can serve as a useful animal model

for the development of these kinds of brain repair
techniques.

EVOLUTION OF VOCAL LEARNING:
SONGBIRDS, HUMMINGBIRDS,
AND PARROTS

Can vocal learning birds serve as useful animal
models for language? To answer this question
we need to gain a better understanding of the
evolution of vocal learning. All songbirds
examined, including birds that are not typical
singers, such as corvids – crows, ravens, jays and
magpies  – have cerebral vocal nuclei (DeVoogd
et al. 1993; Brenowitz & Kroodsma 1996). In
corvids they are presumably used for learning
and producing their complex calls and low
volume songs (see Chapter 5). Thus, vocal
learning was probably present early in songbird
evolution. How did this come about? Nottebohm
(1972) proposed that songbirds, hummingbirds,
and parrots evolved their vocal learning abilities
independently. His reasoning was that most of
their close relatives, including the sub-oscine
songbirds (but see Chapter 3), are all vocal non-
learners, and presumably represent the ancestral
condition for birds. After the discovery that some
parrot vocal nuclei have similarities with those
of songbirds (Paton et al. 1981), Brenowitz (1991)
proposed that just as the behavior they control
is similar, the cerebral vocal nuclei of songbirds
and parrots evolved independently but with
shared properties. In his detailed study of
budgerigar vocal nuclei connectivity, Striedter
(1994) gave parrot vocal nuclei different names
than in songbirds, assuming that if they evolved
independently, then they should not have the
same names. My colleagues and I did the same
for hummingbirds, and used molecular mapping
of vocal areas to provide new perspectives (Jarvis
et al. 2000).

The late Luis Baptista first proved that
hummingbirds are vocal learners (Baptista &
Schuchmann 1990). He was a lover of
hummingbirds, and his work was in part the
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inspiration for the direction of my own research
on vocal learning. Unlike songbirds and
budgerigars, hummingbirds are difficult to work
with. They are among the smallest and fastest
flying birds. They do not breed readily in captivity,
and they are very territorial and often kill each
other if they are kept in close quarters. Because
of this, we took our molecular brain mapping
experiments into the field. In the Atlantic Forest
region of Brazil, near Santa Teresa, we found a
site with one of the highest populations of
hummingbirds in the world. Unlike songbirds
and parrots, hummingbirds live only in the
Americas. They consist of two main lineages,
the Trochilinae and the Phaethornithinae. The
two species we studied were the somber
hummingbird, an ancient Trochilinid, and the
rufous-breasted hermit, an ancient Phaethor-
nithinid (Box 35, p. 263). After we observed a
bird, either singing, or listening without singing
for 30 min in the morning, we attracted him
into a cage with a sugar water bottle, captured
him, and examined ZENK expression in his
brain. This approach, similar to the one we had
used earlier on songbirds and parrots (Jarvis &
Mello 2000), helped us to identify vocal nuclei
that were not revealed by other methods.

Comparisons of the ZENK expression patterns
in the three taxa of vocal learners revealed some
remarkable similarities. All had seven cerebral
vocal structures that showed gene activation
during singing. We found three of the seven in
nearly identical brain locations, in anterior parts
of the cerebrum, though they have different
shapes. In songbirds, these structures are part of
the anterior vocal pathway. The remaining four
of the seven are all in different brain locations
in each of the vocal learning groups, but are still
within the same brain subdivisions relative to
each other. Two of these, the HVC-like and the
RA-like structures have similar shapes. In
songbirds, these structures are part of the posterior
vocal pathway. All three vocal learning groups
had similar auditory areas, showing gene
activation after hearing species-specific
vocalizations, all in the same relative brain
locations. The similarity of these auditory areas

is not surprising, since vocal non-learning birds
were already known to have such auditory regions
(Wild et al. 1993). Interestingly, the location of
the four posterior nuclei relative to the auditory
areas differs, in accordance with the relative age
of each order. Parrots are the oldest, and their
posterior vocal nuclei are far away from the
auditory areas; hummingbirds are the next oldest,
and their posterior vocal nuclei are closer and
adjacent to auditory regions; songbirds are the
most recent, and their posterior vocal nuclei are
shifted further back, embedded within the
auditory areas.

Lesion studies confirmed that the cerebral vocal
structures of parrots, at least those studied, are
required for producing and learning vocalizations
(Heaton & Brauth 2000a, b). Interestingly, lesions
in the parrot nucleus parallel to HVC, NLc,
revealed that it is required for the birds to speak
English words (Lavenex 2000). This was the first
time anyone had established the role of a structure
in a non-human brain for the production of
imitated human speech. Electrophysiological
studies in anaesthetized budgerigars show that
their vocal nuclei also have auditory responses,
and this may turn out to be a basic feature of
vocal learners. Neither lesioning nor
electrophysiological studies have yet been
conducted in the vocal nuclei of hummingbirds,
though there have been preliminary
hummingbird connectivity studies (Gahr 2000).

The comparisons show that all three vocal
learner groups have similar posterior vocal
pathways, connecting a region of the nidopallium
to the arcopallium, then to the tracheosyringeal
motor neurons, and then to the syrinx and the
abdominal respiratory muscles. Connectivity of
the anterior vocal nuclei has only been studied
in the songbird and the parrot. Both have similar
anterior vocal pathway connectivity, forming a
pallial–striatal–thalamic–pallial loop (Striedter
1994; Durand et al. 1997). Where the
connectivity differs greatly, is in the connections
between their posterior and anterior vocal
pathways. In the parrot brain, the anterior vocal
pathway does not receive its posterior pathway
input from the HVC-like structure, as occurs in
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BOX 35

COMPLEX SONGS WITH A SMALL BRAIN:  HUMMINGBIRDS

Hummingbirds have many fascinating characteristics, including one of the highest brain-to-body size ratios in
existence, and a large species-specific diversity of vocalizations, some of which display local dialects (Wiley
1971; Snow 1973; Stiles 1982; Rehkaemper et al. 1991; Gaunt et al. 1994; Ventura & Takase 1994; Vielliard
1994; Rusch et al. 1996; Schuchmann 1999; Ficken et al. 2000). Given Luis Baptista’s demonstration of vocal
learning in hummingbirds (Baptista & Schuchmann 1990), we wonder how such a small brain, the size of the tip
of a man’s pinky could do what many animals with bigger brains cannot. With the discovery of the hummingbird
cerebral vocal system, of a kind not found in non-vocal learning animals (Jarvis et al. 2000), the answer appears
to lie in the patterning of neuron connectivity rather than absolute brain size. We have been studying two species,
the sombre hummingbird (A) and the rufous-breasted hermit (B). Sombre hummingbird song has a relatively
stereotyped and rhythmic syntax, like a zebra finch, but the syllables are complex and two-voiced, with rapid
frequency modulations (CD #—). Rufous-breasted hermit song has a complex syntax, consisting of rolling
sequences of increasing and decreasing pitches and modulations, generating a great variety of different syllables
(CD #—). Like songbirds, these species appear to produce their songs in affective contexts, either in an undirected
manner or directed to the opposite sex during courtship (Ferreira et al. 2003).  A wealth of information may be
gained by studying the brains of the smallest birds in existence.

Erich D. Jarvis & Adriana R. Ferreira

(A) (B)
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songbirds. Instead, part of the posterior vocal
pathway’s RA-like nucleus projects into the two
anterior vocal nuclei, Mo-, and MAN-like nuclei.
In the parrot, the output of the anterior pathway
does not have well-separated medial and lateral
divisions. Instead, the same region of the MAN-
like nucleus projects to both its RA-like and its
HVC-like vocal nuclei. Since connectivity of the
songbird Mo nucleus has not been yet
determined, a complete comparison with parrots
is not possible (but see below).

In parrots and songbirds auditory pathways
from the ear to the auditory pallium (NCM
and other areas) are very similar to those in vocal
non-learning birds. Thus, auditory pathway
connections appear to be an ancient inheritance.
However, there are differences in the mode of
interaction of the auditory and vocal pathways.
Besides the major difference in location of the
posterior vocal nuclei relative to the auditory
regions, the parrot vocal pathways receive auditory
input from two different auditory pathways: one
is like that in songbirds, from Ov of the thalamus
to field L2 to L1 and L3; the other is from a
more frontal pathway, less well characterized,
that involves a projection from the lateral
lemniscus intermediate (LLI) nucleus of the
hindbrain to nucleus basorostralis. In parrots,
both pathways, L1 and L3, and nucleus
basorostralis then project to the NIf-like vocal
nucleus, which then projects into the parrot nuclei
of the posterior (HVC-like) and anterior (Mo)
pathways.

By combining the connectivity and gene
expression findings for all three vocal learning
groups, we get an indication of some basic
requirements for avian vocal learning. There are
seven cerebral vocal nuclei organized into a
posterior vocal pathway that projects to the lower
vocal motor neurons and an anterior vocal
pathway that forms a loop and is involved in
other aspects of vocal learning. Another
requirement is that every major cerebral
subdivision except the pallidum and hyperpallium
has at least one vocal nucleus. This in turn suggests
a basic requirement for avian cerebrally controlled
behaviors where, as in mammals, each cerebral

function involves some part of a six-layered cortex
plus the basal ganglia (Swanson 2000a). Variation
seems to be permissible, in the shapes of the
vocal nuclei, the absolute brain location of the
posterior vocal pathway relative to the auditory
pathway, the connectivity between the two vocal
pathways, and in the connectivity between the
vocal and auditory pathways. There are also
variations in the relative sizes of vocal nuclei.
The parrot Mo-like and MAN-like vocal nuclei
are relatively much larger than their songbird
and hummingbird counterparts; like canaries,
with a relatively large MAN to Area X ratio,
parrots are thought to display more vocal plasticity
than most songbirds or hummingbirds.

Three Evolutionary Hypotheses

Now that we have all of this information in
hand, we can begin to answer questions about
the evolution of vocal learning brain areas in
birds. Modern birds are said to have evolved
from a common ancestor sometime around the
cretaceous–tertiary boundary at the time of the
extinction of dinosaurs (Feduccia 1995; Fig.
8.10). How did seven similar brain structures
with somewhat similar connectivity evolve in
three distantly related vocal learning bird groups
in the past 65 million years? To put the question
in perspective, the phylogenetic distance between
parrots and songbirds (Sibley & Ahlquist 1990)
is as great as that between humans and dolphins
(Novacek 1992; Fig. 8.11). To explain the shared
similarities, three hypotheses have been proposed
(Jarvis et al. 2000).

Hypothesis 1: Three out of the 23 avian orders
evolved vocal learning independently (Fig 8.10,
solid circles). Each time, they evolved seven
similar brain structures to serve the purposes of
learned vocal communication. This would suggest
that the evolution of brain structures for vocal
learning, and for complex behavior in general,
is under strong epigenetic constraints. If true,
then a similar scenario can be made for the vocal
learning mammals: humans, cetaceans, and bats
(Fig. 8.11, solid circles). The evolution of wings
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provides an analogy. Wings evolved
independently at least four times, in birds, bats,
pterosaurs (ancient flying dinosaurs), and insects.
In each case, they evolved at the sides of the
body, usually one on each side, and not one on
the head, the other on the tail, or elsewhere.
One hypothesis is that wings evolved in similar
ways because of a strong constraint, the center
of gravity of the body, dictating the most
energetically efficient manner for flight.
According to this logic, one can predict that if,
in another half a million years or so, pigeons

were to evolve vocal learning, then they too would
have seven similar brain regions in well-defined
locations.

Hypothesis 2: An alternative hypothesis is that
there was a common avian ancestor with vocal
learning, possessing the seven cerebral vocal
nuclei. These traits were only retained in the
three current vocal learning orders and lost at
least four times independently in the interrelated
vocal non-learning orders (Fig. 8.10, open
circles). Repeated losses would suggest that

Brain Structure and the Phylogenetic Relatedness of Birds
AVIAN FAMILY TREE 23 ORDERS

~65 MYA to the PRESENT

Three alternative hypotheses
3 independent gains
4 independent losses
everybody has it to varying degrees

* Vocal learners

Struthioniformes (ostrich)
Tinamiformes (tinamous)

Craciformes (scrubfowl)
Galliformes (chickens, quail)
Anseriformes (ducks, geese)

Turniciformes (buttonquails)

Piciformes (toucans, woodpeckers)

Galbuliformes (puffbirds)
Bucerotiformes (hornbills)
Upupiformes (hoopoes)
Trogoniformes (trogons)
Coraciiformes (rollers)

Coliiformes (mousebirds)
Cuculiformes (cuckoos, roadrunners)
Psittaciformes (parrots)*

Apodiformes (swifts)
Trochiliformes (hummingbirds)*
Musophagiformes (turacos)
Strigiformes (owls)

Columbiformes (pigeons, doves)
Gruiformes (cranes, trumpeters)
Ciconiiformes (shorebirds, birds of prey)
Passeriformes (songbirds/suboscines)
Passeriformes (songbirds/oscines)*

Figure 8.10 A phylogenetic tree of living birds according to DNA relationships. The Passeriform order is
divided into its two suborders, suboscine and oscine songbirds. Lines at the root of the tree indicate extinct
orders. Open and closed circles show the minimum ancestral nodes where vocal learning could have
evolved or been independently lost. Vocal learners are in bold. Modified from Sibley & Alhquist (1990).
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maintenance of vocal learning and the underlying
cerebral vocal structures may be under another
type of epigenetic constraint; there would
presumably be considerable costs to retaining
vocal learning or evolving in adaptive
circumstances that did not require vocal learning.
If the losses occurred independently, several times,
then again a similar scenario can theoretically
be advanced for the vocal learning mammals:
humans, cetaceans, and bats (Fig. 8.11, open
circles). However, chimpanzees and other
primates would have had to lose the trait recently,
multiple independent times.

Hypothesis 3: A third hypothesis is that avian
vocal non-learners have some rudimentary system
of cerebral vocal nuclei that scientists have missed
previously, and these systems were independently
amplified in the vocal learners. If true, this would
present a challenge to the hypothesis that cerebral
vocal nuclei are unique to vocal learners. It implies
that all birds have at least the primordia for the
necessary brain structures, with the potential for
vocal learning to varying degrees. A similar
scenario could be argued for mammals and
perhaps all advanced vertebrates; they all have
at least the primordia for vocal cerebral brain
structures and for vocal learning, including
chimpanzees, lions, tigers, and bears, to varying
degrees, and that these were amplified in the
vocal learners.

Whichever hypothesis is correct, singly or in
combination, the answer will be fascinating. They
all suggest that the evolution of brain pathways
for complex behaviors is constrained by factors
as yet unknown. All lead to the same prediction,
that vocal learning mammals, including humans,
may have evolved vocal brain pathways with
features held in common with vocal learning
birds.

PARALLELS BETWEEN BIRDS AND
HUMANS?

It has been appreciated for some time that the
vocal learning behavior of songbirds shares

developmental characteristics with human
language learning (Thorpe 1961; Marler 1970b).
It may seem bizarre to even suggest that bird
brains can teach us something new about how
human brains work. But in an era when
geneticists have shown us how profitable it can
be to move from humans to fruit flies to bacteria
and back, I am encouraged to offer some
suggestions about how human/avian comparisons
might proceed.

The precise relationships between songbird
and human vocal brain regions remain
unexplored. The omission exists in part because
of the erroneous historical belief that the avian
brain is one large basal ganglion, that humans
are much more special than they really are, and
because of the obvious limitations on the
experimental study of humans. Now that we
have a new picture of the relationships between
avian and mammalian brains (Jarvis et al. under
review; Reiner et al. in press B) and given our
expanding knowledge of the brain pathways
for learned vocal communication amongst
distantly related birds, the time may be ripe for
a reappraisal of the neurobiology of human
language as viewed from a comparative
perspective.

For comparisons to be productive, some
translations need to be made between the
terminologies used in bird and human vocal
communication research (Doupe & Kuhl 1999).
We can separate human vocal communication
into three categories: comprehension, speech,
and language. Comprehension is the perception
and understanding of language; speech is the
production of language sounds, including
phonemes and words; and language is the
syntactical sequencing of these sounds into
meaningful phrases and sentences. The term
‘language’ has also been applied to non-vocal
communication, such as reading and signing.
Most neurobiologists interested in language have
strived to project these behavioral terms onto
different brain structures, comprehension and
language to the cortex, in Wernicke’s and Broca’s
areas, and speech to lower brainstem motor areas,
the periaqueductal gray and 12th nucleus (Hollien
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Figure 8.11 The mammalian family tree and the evolution of vocal learning. The phylogenetic tree of
living mammals is based on relationships compiled by Novacek (1992). Except for primates, the Latin
name of each order is given with examples of some common species. Vocal learners are asterisked. Open
and closed circles show the minimum ancestral nodes where vocal learning could have either evolved or
been independently lost. Independent losses would, at a minimum, have required a common vocal learning
ancestor node located by the arrow. Within the primates, there would have to be at least 6 independent
losses (tree shrews, prosimians, new and old world monkeys, apes, and chimps), and one loss (tree
shrews), followed by a regain of vocal learning (humans). This assumes that all other primates are vocal
non-learners. Compare with Fig. 8.10.
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1975; Geschwind 1979; Fitch 2000a; Kent 2000),
though linguistic definitions can vary widely
depending upon the subfield or the investigator.
In songbird research, there is no equivalent
distinction between language-like and speech-
like properties. One word, ‘song,’ represents both
production of learned sounds and their
sequencing. In this manner, the linguistic
definition of ‘language’ for humans is at least
somewhat similar to the avian neurobiologists’
definition of ‘song;’ the linguistic definitions of
‘speech’ and ‘singing’ for humans are similar to
the avian neurobiologists’ definitions of ‘call and
song production.’ Using the rules of avian
neurobiologists, speech and singing combined
would be called ‘language production.’ Rather
than projecting predefined behavioral terms onto
different brain structures, however, students of
birdsong have tended to project definitions in
the opposite direction, from brain structures to
the behaviors they appear to control.

The terminology for behavioral deficits
resulting from brain lesions also varies from one
scientist to another. For humans, we tend to
speak of dysarthria (slurred speech), verbal aphasia
(poor syntax production), and auditory aphasia
(poor language comprehension; Benson & Ardila
1996). For songbirds, the equivalent terms are
not well formalized, but they include song
degradation, disrupted syllable structure,
disrupted sequence or syntax production, and
impaired song discrimination, the latter being
equivalent to a comprehension deficit. With the
benefit of translations like this, the new
comparative brain nomenclature, and a detailed
literature review (Jarvis 2001), I propose the
following speculative thesis on the neurobiology
of human language.

We can think of humans, like vocal learning
birds, as having three basic cerebral pathways
for vocal behavior, one posterior, one anterior,
plus an auditory pathway; together they are
responsible for human vocal learning, speech,
and singing. The posterior vocal pathway begins
with facial motor cortex in the cerebrum and is
the only one in which some connections have
been determined. Using an old tract-tracing

method, staining stroke-induced degenerating
axons from autopsied human brains, Kuypers
(1958a) showed that the human face motor cortex
projects directly to the lower motor neurons that
control vocalizations, the nucleus ambiguous.
As the tracheosyringeal nucleus in birds projects
to the syrinx, so the nucleus ambiguous in
mammals sends axons that control muscles of
the larynx. However, a connection from the cortex
to the nucleus ambiguous is lacking in our closest
relative, the chimpanzee, and in other non-human
primates (Kuypers 1958b; Jürgens 1995) as well
as pigeons and other vocal non-learning birds
(Wild et al. 1997a). Thus, these properties of
the human face motor cortex are analogous to
those of the pallial nuclei HVC- and RA-like
combined, in vocal learning birds (Fig. 8.12).

I propose that the human anterior vocal
pathway consists of the classical Broca’s area of
the cerebral cortex, plus an entire band of cortex
on either side of Broca’s area. Human patients
suffering damage in these areas can produce the
sounds of language, but they have difficulty
learning new speech sounds and in producing
correct syntax (Benson & Ardila 1996). In
humans, these two deficits are identified as poor
repetition and verbal aphasia; in songbirds the
equivalent terms used are poor imitation or
disrupted song learning and syntax deterioration.
Thus, the properties of this strip of cortex, for
which I have suggested the name ‘the language
strip’ (Jarvis 2001), most resemble those of a
combination of the avian pallial MAN-like and
Mo-like vocal nuclei. Damage to two other major
brain regions in humans also leads to language
deficits in imitation and syntax, without
eliminating production entirely, though
sometimes the effects are worse than those after
damage in the language cortex. These are the
anterior portion of the human striatum and a
region of the anterior human dorsal thalamus
(Damasio et al. 1982; Naeser et al. 1982; Graff-
Radford et al. 1985; Alexander et al. 1987; Fig.
8.12). The worst deficits may perhaps occur
because, as in the brains of non-human mammals,
connections from the cortex converge in the
striatum, and then into the thalamus,
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concentrating function into smaller and smaller
areas (Parent & Hazrati 1995). These properties
of the human anterior striatum and thalamus
are analogous to those of the striatal Area X-like
and thalamic DLM-like vocal nuclei of vocal
learning birds. My interpretation is that the
human anterior pathway, consisting of a language
cortex strip, anterior striatum, and anterior dorsal
thalamus, is connected in a cortical–basal ganglia–
thalamic–cortical loop, much as in non-vocal
areas of non-human primates (Parent & Hazrati
1995) and in the anterior vocal pathways of

vocal learning birds.
I suggest that the human auditory pathway

for language comprehension is a sensory
perceptual learning pathway with projections
from the hair cells in the ear that reach the
midbrain (the inferior colliculis), the thalamus
(the medial geniculate), the primary auditory
cortex, and the secondary auditory cortex
(Wernicke’s Area). All mammals, birds, and
reptiles examined have a similar set of connections
(Carr & Code 2000). When tested, the cerebral
part of this pathway in various species has proved,

Figure 8.12 A speculative comparison of left hemisphere brain organization and connectivity of vocal and
auditory brain areas of parrots, hummingbirds, humans and songbirds. White arrows indicate proposed
anterior vocal pathways and black arrows indicate proposed posterior vocal pathways. Connectivity was
extrapolated from the following sources: songbird (cited in Fig. 8.2 legend); parrot (Paton et al. 1981;
Brauth et al. 1987, 1994, 2001; Brauth & McHale 1988; Striedter 1994; Durand et al. 1997; Farabaugh &
Wild 1997; Wild et al. 1997b); hummingbird (Gahr 2000). Connectivity in hummingbirds is not known, and
humans is conjectured, or based upon findings in non-human mammals and vocal learning birds (Kuypers
1958a).
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as in songbirds, to be tuned to the perception of
species-specific sounds (Wang et al. 1995).

There is an additional parallel in the occurrence
of cerebral dominance. As mentioned earlier, in
humans and in many songbirds, the left side of
the brain is dominant over the right in vocal
communication. According to my proposed
model, the left human posterior vocal pathway
controls the production of speech phonemes and
words and the left human anterior vocal pathway
controls the sequencing of phonemes into words
and words into sentences. The human vocal
pathways on the right side control singing in a
similar manner. When the left language areas
are damaged, humans have trouble producing
or sequencing speech (aphasia), but when the
right language areas are damaged they have
trouble producing and sequencing singing
(amusia; Wertheim 1969; Benson & Ardila
1996). Like vocal learning birds, there is a sex
difference in the language areas of humans, but
in the reverse direction. Women, although left
dominant, are more prone than men to utilize
both sides of their brains for speech and language;
they have more connections between the two
hemispheres, a higher density of language area
synapses, and larger language brain regions than
men (Shaywitz et al. 1995; Witelson et al. 1995;
Harasty et al. 1997). Such differences are thought
to explain why, from a young age, women have
better language skills than men (Bradshaw 1989;
Mann et al. 1990; Halpern 1992). These brain
differences between the sexes, although less
extreme than in many birds, are also thought to
be under the influence of testosterone and
estrogen (Kimura 1996).

From this strictly anatomical point of view,
and leaving aside all of the cognitive requirements
for language, I offer the speculation that the
‘main’ difference between the vocal
communication systems of humans and vocal
learning birds lies, not in the presence or absence
of particular pathways, or in their pallial
organization, but in the relative sizes of structures
that make up their vocal pathways. In the anterior
vocal pathway, humans appear to have a much
larger pallial representation (MAN- and Mo-

like regions) relative to the striatum (Area X-
like region), compared with vocal learning birds.
Such a huge size difference is consistent with
the prodigious variability and complexity of
human vocal behavior that appears to be greater
than all of the vocal learning birds combined.
The pallial organizational differences between
mammals and birds, a layered cortex in humans
and a globular pallium in birds (Fig. 8.1), must
mean that there is more than one type of brain
organization that can produce vocal learning
behavior.

One wonders then how humans, members of
a relatively young, approximately 120,000-year-
old species, evolved brain pathways for learned
vocal communication that appear to be somewhat
similar to those used by the very distantly related
vocal learning birds? As far as their auditory
pathways go, birds and humans probably
inherited them from a common reptilian-like
ancestor. The general ability to engage in auditory
learning can explain why dogs, chimpanzees,
and other animals are able to acquire an
understanding of human speech sounds. Dogs
presumably have a Wernicke’s-like area for
learning to process complex sounds.

With regard to the vocal pathways, humans
obviously must have evolved their cerebral
vocal pathways independently of a common
ancestor with birds and reptiles, given that
vocal learning is so rare. This conclusion calls
for some caution, given the occasional reports
of other animals, such as seals, chimpanzees,
Japanese macaques, and prairie grouse said to
have imitated either human speech or calls of
what were thought to be a different dialect of
their species (Hayes & Hayes 1951; Sparling
1979; Ralls et al. 1985; Masataka & Fujita 1989;
Perry & Terhune 1999). But we need more
experimental study before these anecdotes can
be properly assessed; most have been difficult, if
not impossible, to replicate (Owren et al. 1993;
Marler 1999).

With independent evolution as the most
plausible hypothesis, then the similarity of the
vocal pathways of humans and vocal learning
birds would suggest that they evolved under some
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type of environmental, epigenetic constraint. One
advantage of learned vocalizations is the ability
to adapt sounds for more efficient communication
in different environments (see Chapter 6).
Humans are thought to have evolved in the East
African Rift Valley where within limited areas
you can find tropical forest, savannah, and desert.
Perhaps vocal learning evolved in both birds and
humans to cope with diverse environments,
favoring diverse vocal behavior, exploiting the
potential of brain pathways, based upon a design
that was already part of the basic vertebrate plan.
To make the necessary changes in the brain, a
motor system would be needed for producing
learned movements, with posterior and anterior
pathway components already present, to be
directed to the lower motor neurons that control
the muscles of the vocal organs; once connected
to a sensory pathway for hearing, this could
become a recipe for vocal learning.

CONCLUSIONS

Scientists have a come a long way in their studies
of brains and birdsong. As we acquire new
information, the ideas and concepts presented
here will be subject to change. Some of the
exciting advances we can anticipate will come
from deciphering the role that the anterior vocal
pathway plays in learned vocal communication.
Another profitable area will be the role of replayed
electrical activity in the brain associated with

singing during sleep. We still have much to learn
about the mechanisms of auditory–vocal
integration and the search for a template. The
discovery of new neurons in the adult brain has
revolutionary implications for medical science.
The molecular biology of vocal learning is helpful
in understanding genetic mechanisms of behavior,
and in resolving the great mystery of how vocal
learning evolved. Some areas as yet unexplored
include the study of vocal brain areas in the
other mammalian vocal learners, cetaceans, and
bats. The extensive knowledge we now have about
vocal learning in birds may provide a useful guide
in how best to approach the study of these
mammalian vocal learners, though cetaceans will
always be a challenge. New techniques may
emerge for exploring brain connectivity and
behaviorally-driven gene expression in human
brains in an ethically responsible manner, though
it is not yet clear how best to proceed. Students
of both human and non-human vocal behavior
need to share mindsets and develop a shared
vocabulary, if the translation of discoveries from
one field to the other is to be facilitated. This is
especially important if research on vocal learning
birds is to be of any help in understanding the
underpinnings of language in the human brain.
Last, but not least, we must not lose sight of the
continuing need for studies on the peripheral
structures, the beak, the syrinx and its muscles,
which, like our lips, tongue, and throat, play a
key role in the physical production of learned
sounds.


