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Recent advances in anatomical, physiological and

histochemical characterization of avian basal ganglia

neurons and circuitry have revealed remarkable simi-

larities to mammalian basal ganglia. A modern revision

of the avian anatomical nomenclature has now provided

a common language for studying the function of the

cortical–basal-ganglia–cortical loop, enabling neuros-

cientists to take advantage of the specialization of

basal ganglia areas in various avian species. For

instance, songbirds, which learn their vocal motor

behavior using sensory feedback, have specialized a

portion of their cortical–basal ganglia circuitry for song

learning and production. This discrete circuit dedicated

to a specific sensorimotor task could be especially

tractable for elucidating the interwoven sensory,

motor and reward signals carried by basal ganglia, and

the function of these signals in task learning and

execution.
Introduction

The cortical–basal ganglia circuit has been implicated in
the learning and execution of sequences of movements
[1–5]. Advancing this concept in mammals has been
hindered by the complexity of the connections within the
basal ganglia. Despite the general structure of functional
loops connecting the cortex and basal ganglia [6,7], the
complex pattern of convergent and divergent projections,
and the sparse connectivity within these structures [8,9],
has not enabled specific behavioral repertoires to be linked
to specific circuits.

We propose that several major obstacles to under-
standing cortical–basal ganglia function could be reduced
by using more comparative and neuroethological
approaches to the problem. Birds possess virtually all
mammalian basal ganglia structures, and their pallial
inputs and thalamic and brainstem outputs, with some
intriguing differences that could shed light on function.
Moreover, a subset of birds, the songbirds, learn to
produce their complex, sequenced vocal motor output
using sensory feedback [10], and have specialized a
portion of their forebrain–basal ganglia circuitry
expressly for the purpose of song learning. Because this
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specialized cortical–basal ganglia circuit, known as the
anterior forebrain pathway (AFP), is discrete and devoted
to a specific well-defined behavior, rather than a broad
range of motor behaviors, it should be particularly
tractable for investigating how basal ganglia structures
contribute to the learning and performance of motor skills.

Here, we review the anatomical and electrophysiologi-
cal studies that support the strong parallels between
avian and mammalian basal ganglia circuitry, and the
functional investigations of the songbird AFP that are
beginning to suggest the behavior-related signals it
carries.
Avian basal ganglia and the new avian nomenclature

Modern views of the avian telencephalon

A glance at a traditional avian atlas would suggest that
almost the entire avian telencephalon is basal ganglia,
because most of the structures of the lateral telencephalic
wall have names with the word ‘striatum’ as a root.
However, modern neuroanatomical, molecular biological
and neurochemical studies have shown that the avian
basal ganglia have much the same telencephalic extent as
in mammals (Figure 1). The voluminous territory above
the basal ganglia in birds is now recognized as function-
ally and developmentally akin to the neocortex of
mammals, deriving in the same way as cortex from the
pallial sector of embryonic telencephalon. At an open
meeting in July 2002 known as the Avian Brain Nomen-
clature Forum, avian brain nomenclature was revised to
reflect this modern knowledge [11] (Figure 1).

The new terminology for the avian basal ganglia and its
major brainstem afferent and efferent cell groups is very
similar to that in mammals. For example, the basal
telencephalic territory that is rich in dopaminergic fibers
and cholinesterase, which in mammals is known as the
striatum (i.e. caudate–putamen), is now also called the
striatum in birds [12,13]. Similarly, the basal telencepha-
lic structure that resembles mammalian globus pallidus in
its neurochemistry, cytology and connections is now called
the globus pallidus in birds too. Recent studies of forebrain
patterning reinforce these homologies, showing that birds
and mammals use the same genes during the development
of the striatal, pallidal and pallial sectors of the tele-
ncephalon [14].
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Figure 1. Schematic drawings showing the traditional and revised avian telencephalic nomenclature, a mammalian basal ganglia circuit model, and an avian basal ganglia

circuit model. (a–c) Avian basal ganglia nomenclature. In traditional avian atlases, most of the structures of the lateral wall of the telencephalon have names with the word

‘striatum’ as a root (a), stemming from terminology developed in the early 20th century, when most of the avian telencephalon was thought to consist of a hypertrophied

basal ganglia. This view was part of a theory that the major subdivisions of the telencephalon had evolved in serial order: a globus pallidus (also called, because of its

presumed antiquity, the paleostriatum) in jawed fish, a neostriatum in amphibians, and a primitive cerebral cortex in reptiles. Mammals were thought to have elaborated

cerebral cortex into neocortex (b), and birds were thought to have elaborated the basal ganglia by addition of a new territory known as the hyperstriatum (a). This view of

telencephalic evolution has been refuted by modern neuroanatomical, molecular biological and neurochemical studies. It is now clear that the basal ganglia are not

hypertrophied in birds but, rather, occupy much the same telencephalic extent as in mammals (c). The large territory above the basal ganglia in birds is now realized to be

functionally and developmentally akin to the neocortex of mammals. To reflect such current understanding better, avian telencephalic terminology was recently revised [11].

(d,e) Circuit diagrams comparing the functional organization of the basal ganglia in mammals and birds. The pluses and minuses indicate whether specific projections use an

excitatory (C) or inhibitory (K) neurotransmitter. The characteristic transmitter used by each major type of projection neuron, which might not be the primary

neurotransmitter (e.g. in the case of striatal projection neurons), is also shown. The terminology used for basal ganglia subdivisions in birds is now similar to that in

mammals, as per the recent revision in avian brain nomenclature. As in mammals, the striatal and pallidal output circuitry of birds is organized into direct substance P (SP)-

positive striatal outputs to pallidal neurons promoting movement and enkephalin (ENK)-positive striatal outputs to pallidal neurons inhibiting unwanted movement. The

pallidal neurons of the indirect pathway have direct outputs to the targets of the SP-expressing striatal neurons [i.e. internal segment of globus pallidus (GPi), substantia nigra

pars reticulata (SNr) and nucleus spiriformis lateralis (SpL)] and indirect outputs to the same targets via the subthalamic nucleus (STN). In mammals, SP-expressing neurons

target two populations of pallidal-type neurons (GPi and SNr), whereas in birds three populations are targeted (GPi, SNr and SpL). However, it is not yet certain whether

neurons resembling those of the globus pallidus external segment (GPe) in the avian globus pallidus (where they are intermingled with GPi-type neurons) have a projection

to GPi-type neurons of the avian globus pallidus. Such a projection has been demonstrated in mammals [93]. The striatum in mammals receives extensive dopaminergic

input from the midbrain, and excitatory glutamatergic (GLUT) input from the thalamus and cerebral cortex. Striatal inputs are similar in birds, with a massive dopaminergic

input from the midbrain, an excitatory glutamatergic input from the thalamus, and an excitatory glutamatergic input from most of the pallium overlying the striatum,

corresponding to the corticostriatal circuit of mammals. Panels (a–c) reproduced, with permission, from [11]; (e) reproduced, with permission, from [18].
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Circuitry of avian basal ganglia

In both birds and mammals, the basal ganglia consist of
the same set of interneuron and projection-neuron types
[15]. Striatal projection neurons include two main inter-
mingled types in both birds and mammals: those
www.sciencedirect.com
containing substance P, dynorphin and GABA, and those
containing enkephalin, neurotensin and GABA [15–17].
These neuron types give rise to projections to the midbrain
substantia nigra and globus pallidus, and they receive a
major glutamatergic input from the overlying pallium, a
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Table 1. Cell types and connectivity of avian cortical–basal ganglia projection neuronsa

BG-related cell type in

birds

Location in birds Transmitter used Source of input Projection target Location of

comparable cell

type in mammals

Refs

IT-type corticostriatal

neuron

External pallium and

nidopallium

Glutamate Pallium Striatum Layers 3 and

upper 5 of

neocortex

[23]

PT-type corticostriatal

neuron

Hyperpallium and

arcopallium

Glutamate Pallium Striatum Lower layer 5 of

neocortex

[23]

SPC striatal projection

neuron

Striatum GABA Pallium GPi neurons of

globus pallidus, SNc

and SNr

Striatum [15]

ENKC striatal projection

neuron

Striatum GABA Pallium GPe neurons of

globus pallidus

Striatum [15]

GPi-type pallidal neuron Globus pallidus GABA SPC striatal neurons Ventrointermediate

anterior thalamus

GPi [15]

GPe-type pallidal neuron Globus pallidus GABA ENKC striatal neurons Subthalamic nucleus GPe [15]

Thalamic–M1 projection

neuron

Ventrointermediate

anterior thalamus

Glutamate GPi-type neurons of

globus pallidus

M1 of the

hyperpallium

Ventral anterior

and lateral

thalamus

[15]

Subthalamic–pallidal

neuron

Subthalamic nucleus Glutamate GPe-type neurons of

globus pallidus

GPi-type pallidal

neurons

Subthalamic

nucleus

[18]

‘Cortical’ pyramidal tract

neuron

M1 of hyperpallium Glutamate Ventrointermediate

anterior thalamus

Brainstem premotor

and cord motor

neurons

Motor cortices [15]

A9 dopaminergic

neuron

SNc Dopamine SPC striatal neuron Striatum SNc [15]

Nigrothalamic and

nigrotectal neurons

SNr GABA SPC striatal neuron Ventrointermediate

anterior thalamus and

tectum

SNr [15]

aAbbreviations: BG, basal ganglia; ENKC, enkephalin-containing; GPe, external segment of globus pallidus; GPi, internal segment of globus pallidus; IT-type,

intratelencephalically-projecting type; PT-type, pyramidal tract-type; SNc, substantia nigra pars compacta; SNr, substantia nigra pars reticulata; SPC, substance

P-containing.
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major dopaminergic input from midbrain, and a lesser
glutamatergic input from thalamus (Table 1). These two
types of striatal projection neuron, a substantia nigra and
a globus pallidus are present in all jawed vertebrates,
supporting the idea that the basal ganglia performs a
fundamental role in telencephalic function. Striatal
interneuron types are also common to birds and mammals
(Table 2). Moreover, avian basal ganglia circuitry is
organized in the same direct–indirect pathway plan as
in mammals (Figure 1), with the subthalamic nucleus
probably being crucial to the interactions of these two
basal ganglia circuits [18].

These similarities suggest that study of the basal
ganglia of birds can aid in understanding the mammalian
basal ganglia. Moreover, organizational differences
between birds and mammals could be exploited. For
example, in mammals, striatonigral neurons and
Table 2. Cell types and connectivity of songbird Area Xa

Cell type [26] Morphology [26] Neurochemical Connections

Spiny Small soma,

spiny

GAD [40] Inputs from p

afferents, con

cells [30]

Fast-spiking Aspiny NR NR

Cholinergic Large, aspiny ChAT [26] NR

Low-threshold

spike

Aspiny NR NR

Aspiny

fast-firing

(pallidal)

Large, sparsely

spaced

Express GAD [40]

and LANT-6 [28]

(but not Nkx2.1)

[25]

Receive conta

spiny neuron

thalamus, can

pallial inputs
aAbbreviations: ChAT, choline acetyl transferase; GAD, glutamic acid decarboxylase; NO
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striatopallidal neurons are intermingled, making it
difficult to study them separately. In birds, however,
striatonigral neurons occupy the medial striatum whereas
striatopallidal neurons occupy lateral striatum, which
simplifies distinguishing them [19,20]. Similarly, in
mammals two types of corticostriatal neuron are found
in all cortical areas – a type in upper layer 5 and layer 3
that projects only intratelencephalically (IT-type) and a
type in deep layer 5 that projects to the pyramidal tract
(PT-type) [21,22]. Because of their close proximity, these
two cell types are difficult to study separately in
mammals; in birds, these cell types are found in separate
parts of the pallium [23,24]. Finally, songbirds possess a
specialized cortical–basal ganglia circuit involved in song
learning. The specialization of this circuit could help link
basal ganglia function to behavior. The anatomy and
physiology of this circuit will now be detailed.
Physiology [26] Mammalian homolog

allial

tact pallidal

Hyperpolarized resting

potential, fast inward

rectification, delayed

spiking

Medium spiny neuron

Very fast firing rates Parvalbumin fast-spiking

interneuron

Long-lasting

afterhyperpolarization,

slow spontaneous firing

Cholinergic interneuron

Broad, low-threshold

spike

SSTC, NOSC

interneuron

cts from

s, project to

also receive

[30]

Intrinsically

spontaneously active

w20 Hz

Globus pallidus

projection neuron

S, nitric oxide synthase; NR, not reported; SST, somatostatin.
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Figure 2. Simplified illustrations of song-related nuclei in oscine songbirds. (a) Vocal control nuclei are organized in two major pathways. Auditory inputs (largely from the

song system nucleus NIf) project to the nucleus HVC. A motor pathway (red) descends from nucleus HVC to the robust nucleus of the arcopallium (RA). RA projects both to the

hypoglossal nucleus (nXIIts), which innervates the syrinx (the vocal organ of birds), and to several brainstem respiratory centers. This pathway is essential for song

production. A second circuit (blue), known as the anterior forebrain pathway (AFP), arises from a separate set of projection neurons in the pallial nucleus HVC. These neurons

project to Area X of the medial striatum (MSt). Area X projects to the dorsolateral thalamic nucleus (DLM), which projects to the lateral magnocellular nucleus of the

nidopallium (LMAN). LMAN projects back to motor circuitry at the RA, with collateral axons projecting to Area X. Dopaminergic neurons (green) from the ventral tegmental

area (VTA) and the substantia nigra pars compacta (SNc) project strongly to Area X, and more weakly to LMAN (not shown). (b) The major pallial inputs and outputs of the

AFP, and its internal connectivity. The AFP is not essential for production of songs, but is required for learning and adult song plasticity [47,49].
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Figure 3. Cell types of Area X: electrophysiological and morphological identification. The large majority of Area X neurons resemble mammalian striatal medium spiny

neurons (SN) (a). Three neuron classes correspond to striatal interneurons: long-lasting afterhyperpolarization (LA) neurons, which are cholinergic (b); fast spiking (FS)

neurons (c); and low-threshold spike (LTS) neurons (d). In addition, Area X contains a cell type resembling mammalian pallidal cells and named aspiny fast-firing (AF)

neurons (e). Data reproduced, with permission, from [26] q (2002) Society for Neuroscience.
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Figure 4. Song learning and behavioral effects of songbird cortical–basal ganglia lesions. (a) Songbirds learn their song in two phases, as shown by the timelines [10]. During

an initial sensitive period for ‘sensory’ learning, in the first few months of life, seasonal birds memorize the adult ‘tutor’ song. Later, during ‘sensorimotor’ learning, they

begin to sing immature ‘subsong’ and gradually match it to the stored memory of the tutor song using auditory feedback. The developing, so-called ‘plastic’ song eventually

becomes stable or ‘crystallized’, and shows evidence of tutor copying, although birds also insert improvisations of their own. In zebra finches, the basic elements of song

learning are the same as in other songbirds but, because these birds develop and learn very rapidly, there is overlap between the two phases of song learning. (b) To the right

of the song-system schematic, the song of a zebra finch is shown as a spectrogram, reprinted with permission from [94], which plots frequency versus time, and indicates

sound intensity by the darkness of the trace. Adult zebra finch song consists of a stereotyped sequence of syllables (indicated by the numbers) separated by short silent

intervals. The stereotypy of the adult sequence is illustrated below the spectrogram by the transition diagram, which shows the typical transitions between syllables and

indicates their relative frequency by the thickness of the arrows. Songs of normal zebra finches after LMAN lesions in adulthood show virtually no change in their

spectrograms or sequence. (c) Lesions of Area X in juveniles, shown schematically on a circuit diagram at left, cause the song to stay immature and highly variable in

sequence even in adulthood. The right panel shows an adult song from an Area-X-lesioned bird, with abnormally long and wavering syllables and a highly variable transition

diagram. Reproduced, with permission, from [46] q (1991) Society for Neuroscience. (d) By contrast, LMAN lesions in juveniles cause the song to stabilize prematurely on a

restricted number of abnormal syllables, shown by a spectrogram of an LMAN-lesioned bird [reproduced, with permission, from [44] q (1984) AAAS] and a simple, stable

transition diagram.
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Area X and the AFP for song

The AFP (Figure 2) of oscine songbirds is essential for
vocal learning and plasticity. Area X, a key nucleus of the
AFP, lies within the medial striatum, suggesting that the
AFP is a cortical–basal ganglia circuit devoted to song-
related functions. Area X receives afferents from two
pallial nuclei, HVC (used as the proper name) and the
lateral magnocellular nucleus of the anterior nidopallium
(LMAN), and it projects to the medial portion of the
dorsolateral thalamic nucleus (DLM). The AFP thus
appears to form a three-station (pallium–basal ganglia–
thalamus) loop, in contrast to more typical four-station
(cortex–striatum–pallidum–thalamus) cortical–basal
ganglia loops in mammals and in pigeons (as already
discussed). We here present evidence that Area X has both
striatal and pallidal components and that, despite this
intermingling of cells, the basic pattern of connectivity
seen in mammals is conserved.

Area X contains various cell types (Table 2), the vast
majority of which are GABAergic neurons [25]. Most of
these have small somata and very spiny dendrites, and
exhibit intrinsic electrophysiological features closely
resembling those of mammalian striatal medium spiny
neurons [26]. These features include a hyperpolarized
resting potential in vitro, fast inward rectification, and
delayed action-potential firing (Figure 3). Electrophysio-
logical and immunocytochemical studies have also
revealed three classes of Area X neuron corresponding to
mammalian striatal interneurons [27,28] (Figure 4). Area
X thus has a full complement of striatal cells.

A final cell type of Area X is the aspiny fast-firing (AF)
neuron. Based on electrophysiological, morphological and
immunocytochemical properties, AF cells do not corre-
spond to any mammalian striatal class; rather, they
correspond to a class of pallidal cell [29] (Figure 3). At
least some of these neurons probably project to DLM [30].
Moreover, these projection neurons express glutamic acid
decarboxylase (GAD) [31] and the neurotensin-related
peptide LANT6, as do mammalian pallidal neurons [28].
They do not, however, express the mammalian pallidal
marker Nkx2.1 [25].

The connectivity of Area X also exhibits both striatal
and pallidal features. Afferents from the pallial areas HVC
and LMAN make glutamatergic connections, mediated by
AMPA and NMDA receptors, onto Area X spiny neurons
[32]. Area X receives dense dopaminergic innervation
from the midbrain, including the ventral tegmental area
(VTA) [33,34]. The spiny neurons of Area X contact the
pallidal neurons [28,30], suggesting that song-related
information can be transmitted via the AFP circuit in a
fashion resembling that of the mammalian direct path-
way. The Area X projection to DLM ends as strongly
inhibitory, calyx-like GABAergic synaptic contacts, with
one such synapse per DLM neuron [31].

Dopamine affects intrinsic and synaptic properties in
Area X. D1 receptor activation enhances spiny neuron
excitability and D2 receptor activation reduces excitability
[35]. Dopamine has diverse actions on different spiny
neurons, suggesting that most spiny neurons express both
D1 and D2 receptors and that, on average, D2 receptors are
more numerous or effective. D1 receptor activation
www.sciencedirect.com
presynaptically depresses pallial synaptic inputs [32]
and D1 receptors are essential for long-term potentiation
(LTP) in Area X [36].

Thus, a striking number of the cellular and physiologi-
cal components of the striatum and pallidum are found in
Area X, but are merged into one structure rather than
being segregated, as in mammals and in the avian lateral
striatum and pallidum. It is tempting to speculate that
such heterogeneity of basal ganglia organization, both
within and across species, is facilitated by the develop-
mental history of the basal ganglia, which involves
extensive migration and cellular intermixing [37,38].

Although recent work has focused on Area X, the AFP
as a whole also resembles a cortical–basal ganglia circuit.
As in mammals: there is marked topography throughout
the AFP [39]; the thalamic DLM neurons show typical
thalamic properties, including regular firing from rest,
and burst firing from hyperpolarized potentials [40,41];
and the projection from thalamus to LMAN, correspond-
ing to a mammalian thalamocortical projection, is gluta-
matergic [42]. It remains to be seen whether Area X also
participates in an equivalent of the mammalian indirect
pathway, via the subthalamic nucleus. More studies on
mammals will also clarify whether, as in DLM, pallidal
‘inhibitory’ inputs to the thalamus can drive postsynaptic
firing with precise timing [43].

Because the AFP is a basal ganglia circuit, but appears
to mediate a discrete sensorimotor task, it could facilitate
mapping of behavior onto specific neurons and their
properties, and it could ultimately elucidate basic neural
algorithms of basal-ganglia-dependent learning. Func-
tional studies of the AFP in behavior are summarized in
the next section.

Songbird basal ganglia in action

AFP function in learning of behavior

Songbirds learn their complex, sequenced vocal motor
behavior (Figure 4b) in early life, in a process (Figure 4a)
with parallels to human speech learning, especially in its
marked dependence on hearing self and others. The AFP
is crucial for this learning. Lesions of Area X (the striatal–
pallidal portion of the AFP) or of LMAN [the AFP outflow
nucleus, equivalent to cortical targets of the mammalian
basal ganglia (Figure 2)] both result in dramatic disrup-
tion of song when the lesions are made early in
sensorimotor learning [44–46]: Area X lesions lead to
failure of song stabilization and production of a continu-
ally varying sequence of syllables [45,46] (Figure 4c),
whereas LMAN lesions cause the song to stabilize
prematurely into a simplified sequence of abnormal
syllables [44,46] (Figure 4d). These differences are likely
to reflect the structure of the AFP:LMAN lesions result in
complete withdrawal of AFP activity from the descending
motor pathway, whereas lesions of Area X presumably
retain input from LMAN to motor circuitry, but strip this
area of afferent information, and perhaps increase its
activity abnormally owing to removal of inhibitory outflow
from Area X [31,46].

Although AFP lesions in normal adult finches have less
disruptive effects on song than do juvenile lesions [44]
(Figure 4b), the AFP does function in adults. For instance,
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panel is 4.5 s. Data in (a) and (b) reproduced, with permission, from [57]; data in (c) reproduced, with permission, from [95] q (2002) National Academy of Sciences, USA.

Review TRENDS in Neurosciences Vol.28 No.7 July 2005 359
LMAN lesions prevent the deterioration of adult song that
normally follows deafening [47] or disruption of the vocal
apparatus [48]. Because adult LMAN lesions prevent
changes in song triggered solely by deafening, it is possible
that the AFP evaluates sensory feedback of song, and that
aberrant AFP information generated in response to
altered or absent feedback actively drives non-adaptive
changes in song [49]. This hypothesis suggests that there
are parallels between the effects of LMAN lesions in deaf
adult birds and those of pallidotomy in Parkinson’s
www.sciencedirect.com
disease: in both cases, when motor behaviors are already
well-learned, removal of presumed abnormal cortical–
basal ganglia activity enables more normal expression of
these behaviors. During learning, activity in these same
circuits could instruct adaptive changes in motor output.
Testing this hypothesis awaits more information about the
signals carried by the AFP both during learning and in
abnormal conditions. Such experiments will also test ideas
from studies of mammalian cortical–basal ganglia func-
tion – for instance, that basal ganglia circuits select one
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motor action (e.g. a particular song syllable) while
inhibiting competing motor programs [50], or that the
balance between direct and indirect pathways influences
movement [4,51].

Sensory and motor properties of songbird cortical–basal

ganglia neurons

As in mammals [52–55], songbird basal ganglia appear to
have both sensory and motor-related responses. In
anesthetized adult zebra finches, neurons in the AFP,
and in its pallial inputs and motor output areas, respond
highly selectively to playback of the bird’s own song (BOS)
relative to songs of other individuals. These neurons are
also often ‘combination-sensitive’ – that is, they respond
more strongly to the correct sequence of sounds in song
than to component sounds played alone or in altered order
[56,57] (Figure 5a,b). This is an intriguing property for
circuits crucial to sequence learning, with striking
parallels to the sequence-specific neurons observed in
mammalian cortical–basal ganglia circuits [58,59].

Moreover, this ‘song-selectivity’ emerges during, and
reflects, learning of the BOS (Figure 5a) [57,60]. In some
cases, neurons of the AFP also respond strongly to the
tutor song copied by the bird [60]; such selectivity could be
useful in the BOS–tutor song comparison that is crucial to
song learning.

Both LMAN and Area X neurons, like their counter-
parts in mammalian cortex and basal ganglia [52,53], also
carry motor-related signals. They fire vigorously through-
out singing in adult zebra finches [61,62] (Figure 5c),
despite the fact that they are not required for normal adult
song production (Figure 4b) [44–46]. AFP activity during
singing resembles multi-unit activity during singing in
the song motor control nucleus HVC [63,64], and persists
even in deafened birds [61]. This suggests that singing-
related AFP activity represents in part an efference copy
of the premotor signals also sent to the motor output
pathway (Figure 2), which could be useful during learning
[65]. Recent experiments in which microstimulation of
LMAN resulted in acute and specific changes in learned
parameters of adult song [66] demonstrate that AFP
activity can direct real-time changes in song. They also
support the idea that in birds learning to sing, AFP signals
could bias song towards particular vocal motor targets.

Finally, similar to activity in basal ganglia neurons and
their cortical inputs and outputs [55,67–69], AFP neur-
onal activity is strikingly modulated by context. Birds sing
in two contexts, either alone (‘undirected’ song) or socially
(‘directed’ song), usually to a female companion as part of
courtship. Activity in the AFP is dramatically different in
these two settings: during directed singing, activity in
both Area X and LMAN is much lower than during
undirected singing [62,70], and its variability in timing
across trials and in relation to song is markedly decreased
[70]. This suggests that social context triggers an increase
in signal-to-noise ratio in AFP firing, decreasing the
amount of activity overall but enhancing its precision.
AFP variability is correlated with variability in song
output, and if LMAN is lesioned, the song loses its social-
context-driven variation [66]. This provides further
evidence for real-time modulation of song by the AFP,
www.sciencedirect.com
and raises the possibility that cortical–basal ganglia
circuits such as the AFP also contribute to motor learning
by introducing variability important for reinforcement
learning.

An obvious candidate for a behaviorally-sensitive
modulator of AFP firing is the strong dopaminergic
input from midbrain areas, especially the VTA, to Area
X and LMAN [71]. Courtship is an arousing and
potentially reinforcing setting, known to trigger dopamine
release in other species [72,73], and the alteration in Area
X and LMAN firing with social context is reminiscent of
the striking changes in the signal-to-noise ratio of firing
seen in slices of mammalian striatum in response to D1

agonists [35,74].

Neuronal correlation

Mammalian basal ganglia circuits have extensive ana-
tomical convergence and divergence of inputs from the
cortex onto the striatum, and thence to the pallidum [9], in
addition to mutual interconnections among neurons
within several stages of the circuit. Such architecture
predicts correlated firing among projection neurons within
the cortex and striatum. However, only sparse evidence for
such neuronal interactions has been observed, perhaps
because functional correlations depend on task-related
rather than topographic relationships among inputs
[75–77]. Task-dependent firing relationships would not
necessarily be present in neighboring or randomly
sampled neurons [78]. However, in anesthetized adult
zebra finches there is striking correlation of activity
between many pairs of neurons across nuclei of the AFP
and its inputs and outputs [79]. Anatomically, the song-
bird cortical–striatal circuit resembles that of mammals,
with wide convergence and divergence of inputs, and
recurrent interconnectivity within AFP nuclei [80–83]. In
contrast to mammals, however, this architecture also
apparently enables strong functional correlations. The
concentration in the songbird AFP of neurons specialized
for vocal motor control could facilitate selective recording
from neurons that are involved in a common task, and
thus are functionally interconnected.

Cellular plasticity in the song system

Cellular mechanisms that could contribute to learning
occur in at least two nuclei of the songbird AFP. Collateral
synapses within the pallial nucleus LMAN show activity-
dependent LTP [80]. This form of plasticity depends on
postsynaptic action-potential timing and on activation of
NMDA receptors, which undergo striking developmental
changes in this nucleus [84]. LMAN LTP occurs in 20-day-
old zebra finches, at an age when birds can be memorizing
the tutor song but are not yet singing. However, it is not
observed in slices from 60-day-old birds, which have
completed song memorization and are in the middle of
the sensorimotor phase of song learning. Another form of
LTP occurs at synapses made by pallial afferents to Area X
spiny neurons [36]. This LTP is Hebbian and synapse-
specific, requires activation of both NMDA receptors and
D1 receptors, and resembles plasticity reported in stria-
tum [85]. This form of plasticity is not found in slices from
30-day-old finches, but occurs from at least day 47 through
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Box 1. Outstanding questions

Several important questions about basal ganglia function might be

more easily addressed in songbird systems. Space restrictions limit us

to a few suggestions:

1. Function of different components of cortical–basal ganglia

loops
Basal ganglia circuits have been hypothesized to be crucial in motor-

sequence learning, in part based on their response properties [87].

However, in many cases, studies of the cortical areas that project to the

striatum show strikingly similar properties [88], and inactivation of

cortical areas such as the supplementary and presupplementary

motor areas causes deficits in learning of motor sequences that

resemble deficits resulting from inactivation of the basal ganglia [89].

Thus, the unique contribution of each part of the cortical–basal ganglia

circuit to sequence learning remains unclear. Understanding this will

require simultaneous recordings in functionally corresponding areas

of the cortex and basal ganglia as animals learn a sequenced motor

task, and recordings in one area paired with manipulations of activity

in another. Such experiments should be simpler both to carry out and

to interpret in the functionally specialized pallial–basal ganglia circuit

devoted to song [39]. Results could provide further evidence for the

idea, gradually emerging from mammalian systems, that it is most

accurate to think of the function of cortical–basal ganglia loops as a

whole, and that learning emerges from the mutual interaction

between cortex and basal ganglia. Another important question in

songbirds is whether (and if so, how) cerebellar circuits, which seem

likely to be crucial to aspects of song motor learning, interact with

basal ganglia pathways, as they do in mammals.

2. Sensory and motor interaction in cortical–basal ganglia

circuits
Cortical–basal ganglia neurons carry both sensory and motor-related

signals, but the relationship between these, which is probably crucial

to circuit function, is ill-understood. In the song system, this

relationship could be clearer. For instance, in the robust nucleus of

the arcopallium (RA), the same neurons that exhibit song-selective

responses in sleeping birds are active during singing [56]. Moreover,

there is a remarkable correspondence between the auditory responses

of these neurons to song and their premotor activity – playback of one

set of syllables triggers an auditory response that resembles the

premotor activity for the next syllable in the song. Thus, the auditory

response can be considered a prediction of the motor command for

the following syllable. These results raise the possibility that song-

selective neurons are crucial in linking sensory and motor represen-

tations in the song system. Further investigation will need to focus on

how this sensory–motor correspondence emerges, both during

learning and in different parts of the circuit.

3. Dopamine in motor learning and reinforcement, and

disease models
A plethora of evidence, including the effects of pathological states

such as Parkinson’s disease (PD), points to the importance of

dopamine in motor learning, but the cellular and circuit details remain

largely unclear. Experiments to examine these questions in song

learning, including stimulation and lesion of dopamine inputs to the

song system at crucial times during song development, if coupled

with neural recordings, could be highly informative. Moreover,

increasing understanding of the molecular events underlying PD [90]

has enabled new models of this disease, from rodents to flies. Avian

models of PD could ultimately be as useful as rodent models.

4. Function of correlated activity in cortical–basal ganglia

circuits

The songbird cortical–basal ganglia loop could be ideal for studying

the role of correlated activity in information propagation, because of

the relatively large (compared with mammals) proportion of neurons

involved in a specific sensorimotor task. It remains to be seen whether

the striking correlations in anesthetized songbirds persist in the

awake, behaving state. State dependence of correlations seems

generally to be important in cortical–basal ganglia circuits. In

dopamine-depleted monkeys, the normally weakly interconnected

globus pallidus neurons become strongly synchronized [91], as do

motor cortex neurons [92]. This suggests that connectivity that is

normally physiologically downregulated is enhanced in this patho-

logical state. In songbirds too, the degree of correlation in the AFP

varies in its strength [79], and correlation strength in the awake

songbird AFP might depend on behavior and/or dopamine levels. For

instance, the degree of correlation might vary between directed and

undirected singing, or between situations where the young bird sings

a well-learned version of his song versus an imperfect version.

Because the link to behavior can be made so much more easily than in

less specialized animals, the song system could be especially well-

suited to assessing the effects of cortical–basal ganglia correlations,

and of modulation of correlation strength, on function.
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adulthood, roughly paralleling the arrival of dopamine
inputs from the midbrain [86]. These phenomena provide
further evidence for similarities in cellular mechanisms
between avian and mammalian basal ganglia circuits.
Moreover, the well-studied learning process for songbird
vocalizations, and the ability to alter learning with
behavioral and circuit manipulations, offer advantages
for studying how synaptic changes contribute to learning
in this system.
Concluding remarks

In conclusion, the recent advances in avian basal ganglia
research, together with the revolution in avian neuroa-
natomical nomenclature, illustrate the usefulness of avian
models for the study of cortical–basal ganglia function.
Whereas the complexity of mammalian basal ganglia
circuitry makes several experiments technically infeas-
ible, the specialization of nuclei for specific behaviors in
songbirds should facilitate investigation of the neuronal
computations underlying sensorimotor tasks, including
the interrelationship of sensory and motor components
and the role of dopamine in reinforcement (Box 1).
www.sciencedirect.com
References

1 Graybiel, A.M. (1998) The basal ganglia and chunking of action
repertoires. Neurobiol. Learn. Mem. 70, 119–136

2 Hikosaka, O. et al. (2002) Central mechanisms of motor skill learning.
Curr. Opin. Neurobiol. 12, 217–222

3 Mink, J.W. (1996) The basal ganglia: focused selection and inhibition
of competing motor programs. Prog. Neurobiol. 50, 381–425

4 DeLong, M.R. (1990) Primate models of movement disorders of basal
ganglia origin. Trends Neurosci. 13, 281–285

5 Albin, R.L. et al. (1995) The functional anatomy of disorders of the
basal ganglia. Trends Neurosci. 18, 63–64

6 Kelly, R.M. and Strick, P.L. (2004) Macro-architecture of basal ganglia
loops with the cerebral cortex: use of rabies virus to reveal multi-
synaptic circuits. Prog. Brain Res. 143, 449–459

7 Middleton, F.A. and Strick, P.L. (2002) Basal-ganglia ‘projections’ to
the prefrontal cortex of the primate. Cereb. Cortex 12, 926–935

8 Bar-Gad, I. et al. (2003) Information processing, dimensionality
reduction and reinforcement learning in the basal ganglia. Prog.
Neurobiol. 71, 439–473

9 Wilson, C.J. (2004) Basal Ganglia, In The Synaptic Organization of the
Brain (Shepherd, G.M. ed.), Oxford University Press

10 Brainard, M.S. and Doupe, A.J. (2002) What songbirds teach us about
learning. Nature 417, 351–358

11 Reiner, A. et al. (2004) Revised nomenclature for avian telencephalon
and some related brainstem nuclei. J. Comp. Neurol. 473, 377–414

12 Karten, H.J. (1969) The organization of the avian telencephalon and
some speculations on the phylogeny of the amniote telencephalon. In

http://www.sciencedirect.com


Review TRENDS in Neurosciences Vol.28 No.7 July 2005362
Comparative and Evolutionary Aspects of the Vertebrate Central
Nervous System (Noback, C. and Pertras, J., eds), pp. 146–179, New
York Academy of Sciences

13 Parent, A. and Olivier, A. (1970) Comparative histochemical study of
the corpus striatum. J. Hirnforsch. 12, 73–81

14 Puelles, L. et al. (2000) Pallial and subpallial derivatives in the
embryonic chick and mouse telencephalon, traced by the expression of
the genes Dlx-2, Emx-1, Nkx-2.1, Pax-6, and Tbr-1. J. Comp. Neurol.

424, 409–438
15 Reiner, A. et al. (1998) Structural and functional evolution of the basal

ganglia in vertebrates. Brain Res. Rev. 28, 235–285
16 Graybiel, A.M. (1990) Neurotransmitters and neuromodulators in the

basal ganglia. Trends Neurosci. 13, 244–254
17 Gerfen, C.R. and Wilson, C.J. (1996) The basal ganglia. In Handbook

of Chemical Neuroanatomy (Swanson, L.W. et al., eds), pp. 371–468,
Elsevier

18 Jiao, Y. et al. (2000) Identification of the anterior nucleus of the ansa
lenticularis in birds as the homolog of the mammalian subthalamic
nucleus. J. Neurosci. 20, 6998–7010

19 Karten, H.J. and Dubbeldam, J.L. (1973) The organization and
projections of the paleostriatal complex in the pigeon (Columba
livia). J. Comp. Neurol. 148, 61–89

20 Anderson, K.D. and Reiner, A. (1991) Striatonigral projection
neurons: a retrograde labeling study of the percentages that contain
substance P or enkephalin in pigeons. J. Comp. Neurol. 303, 658–673

21 Cowan, R.L. and Wilson, C.J. (1994) Spontaneous firing patterns and
axonal projections of single corticostriatal neurons in the rat medial
agranular cortex. J. Neurophysiol. 71, 17–32

22 Reiner, A. et al. (2003) Differential morphology of pyramidal tract-type
and intratelencephalically projecting-type corticostriatal neurons and
their intrastriatal terminals in rats. J. Comp. Neurol. 457, 420–440

23 Reiner, A. et al. (2001) Physiology and morphology of intratelence-
phalically projecting corticostriatal-type neurons in pigeons as
revealed by intracellular recording and cell filling. Brain Behav.
Evol. 58, 101–114

24 Veenman, C.L. et al. (1995) Organization of the avian ‘corticostriatal’
projection system: a retrograde and anterograde pathway tracing
study in pigeons. J. Comp. Neurol. 354, 87–126

25 Carrillo, G.D. and Doupe, A.J. (2004) Is the songbird Area X striatal,
pallidal, or both? An anatomical study. J. Comp. Neurol. 473, 415–437

26 Farries, M.A. and Perkel, D.J. (2002) A telencephalic nucleus
essential for song learning contains neurons with physiological
characteristics of both striatum and globus pallidus. J. Neurosci. 22,
3776–3787

27 Kawaguchi, Y. et al. (1995) Striatal interneurones: chemical, physio-
logical and morphological characterization. Trends Neurosci. 18,
527–535

28 Reiner, A. et al. (2004) An immunohistochemical and pathway tracing
study of the striatopallidal organization of area X in the male zebra
finch. J. Comp. Neurol. 469, 239–261

29 Nakanishi, H. et al. (1990) Intracellular study of rat entopeduncular
nucleus neurons in an in vitro slice preparation: electrical membrane
properties. Brain Res. 527, 81–88

30 Farries, M.A. et al. (2005) Evidence for ‘direct’ and ‘indirect’ pathways
through the song system basal ganglia. J. Comp. Neurol. 484, 93–104

31 Luo, M. and Perkel, D.J. (1999) A GABAergic, strongly inhibitory
projection to a thalamic nucleus in the zebra finch song system.
J. Neurosci. 19, 6700–6711

32 Ding, L. et al. (2003) Presynaptic depression of glutamatergic synaptic
transmission by D1-like dopamine receptor activation in the avian
basal ganglia. J. Neurosci. 23, 6086–6095

33 Lewis, J.W. et al. (1981) Evidence for a catecholaminergic projection to
area X in the zebra finch. J. Comp. Neurol. 196, 347–354

34 Gale, S.D. and Perkel, D.J. (2005) Properties of dopamine release and
uptake in the songbird basal ganglia. J. Neurophysiol. 93, 1871–1879

35 Ding, L. and Perkel, D.J. (2002) Dopamine modulates excitability of
spiny neurons in the avian basal ganglia. J. Neurosci. 22, 5210–5218

36 Ding, L. and Perkel, D.J. (2004) Long-term potentiation in an avian
basal ganglia nucleus essential for vocal learning. J. Neurosci. 24,
488–494

37 Marin, O. et al. (2000) Origin and molecular specification of striatal
interneurons. J. Neurosci. 20, 6063–6076
www.sciencedirect.com
38 Marin, O. et al. (2001) Sorting of striatal and cortical interneurons
regulated by semaphorin–neuropilin interactions. Science 293,
872–875

39 Luo, M. et al. (2001) An avian basal ganglia pathway essential for
vocal learning forms a closed topographic loop. J. Neurosci. 21,
6836–6845

40 Luo, M. and Perkel, D.J. (1999) Long-range GABAergic projection in a
circuit essential for vocal learning. J. Comp. Neurol. 403, 68–84

41 Luo, M. and Perkel, D.J. (2002) Intrinsic and synaptic properties of
neurons in an avian thalamic nucleus during song learning.
J. Neurophysiol. 88, 1903–1914

42 Livingston, F.S. and Mooney, R. (1997) Development of intrinsic and
synaptic properties in a forebrain nucleus essential to avian song
learning. J. Neurosci. 17, 8997–9009

43 Person, A.L. and Perkel, D.J. (2005) Unitary IPSPs drive precise
thalamic spiking in a circuit required for learning. Neuron 46,
129–140

44 Bottjer, S.W. et al. (1984) Forebrain lesions disrupt development
but not maintenance of song in passerine birds. Science 224,
901–903

45 Sohrabji, F. et al. (1990) Selective impairment of song learning
following lesions of a forebrain nucleus in the juvenile zebra finch.
Behav. Neural Biol. 53, 51–63

46 Scharff, C. and Nottebohm, F. (1991) A comparative study of the
behavioral deficits following lesions of various parts of the zebra finch
song system: implications for vocal learning. J. Neurosci. 11,
2896–2913

47 Brainard, M.S. and Doupe, A.J. (2000) Interruption of a basal ganglia–
forebrain circuit prevents plasticity of learned vocalizations. Nature
404, 762–766

48 Williams, H. and Mehta, N. (1999) Changes in adult zebra finch song
require a forebrain nucleus that is not necessary for song production.
J. Neurobiol. 39, 14–28

49 Brainard, M.S. and Doupe, A.J. (2000) Auditory feedback in learning
and maintenance of vocal behaviour. Nat. Rev. Neurosci. 1, 31–40

50 Mink, J.W. and Thach, W.T. (1993) Basal ganglia intrinsic circuits and
their role in behavior. Curr. Opin. Neurobiol. 3, 950–957

51 Albin, R.L. et al. (1989) The functional anatomy of basal ganglia
disorders. Trends Neurosci. 12, 366–375

52 Graybiel, A.M. et al. (1994) The basal ganglia and adaptive motor
control. Science 265, 1826–1831

53 Hikosaka, O. et al. (2000) Role of the basal ganglia in the control of
purposive saccadic eye movements. Physiol. Rev. 80, 953–978

54 Aldridge, J.W. and Berridge, K.C. (1998) Coding of serial order by
neostriatal neurons: a ‘natural action’ approach to movement
sequence. J. Neurosci. 18, 2777–2787

55 Kimura, M. et al. (2003) Tonically active neurons in the striatum
encode motivational contexts of action. Brain Dev. 25 (Suppl 1),
S20–S23

56 Dave, A.S. and Margoliash, D. (2000) Song replay during sleep and
computational rules for sensorimotor vocal learning. Science 290,
812–816

57 Doupe, A.J. (1997) Song- and order-selective neurons in the songbird
anterior forebrain and their emergence during vocal development.
J. Neurosci. 17, 1147–1167

58 Mushiake, H. and Strick, P.L. (1995) Pallidal neuron activity during
sequential arm movements. J. Neurophysiol. 74, 2754–2758

59 Lu, X. et al. (2002) A neural correlate of oculomotor sequences in
supplementary eye field. Neuron 34, 317–325

60 Solis, M.M. and Doupe, A.J. (1999) Contributions of tutor and bird’s
own song experience to neural selectivity in the songbird anterior
forebrain. J. Neurosci. 19, 4559–4584

61 Hessler, N.A. and Doupe, A.J. (1999) Singing-related neural activity in
a dorsal forebrain–basal ganglia circuit of adult zebra finches.
J. Neurosci. 19, 10461–10481

62 Jarvis, E.D. and Nottebohm, F. (1997) Motor-driven gene expression.
Proc. Natl. Acad. Sci. U. S. A. 94, 4097–4102

63 Schmidt, M.F. (2003) Pattern of interhemispheric synchronization in
HVC during singing correlates with key transitions in the song
pattern. J. Neurophysiol. 90, 3931–3949

64 Yu, A.C. and Margoliash, D. (1996) Temporal hierarchical control of
singing in birds. Science 273, 1871–1875

http://www.sciencedirect.com


Review TRENDS in Neurosciences Vol.28 No.7 July 2005 363
65 Troyer, T.W. and Doupe, A.J. (2000) An associational model of birdsong
sensorimotor learning II. Temporal hierarchies and the learning of
song sequence. J. Neurophysiol. 84, 1224–1239

66 Kao, M.H. et al. (2005) Contributions of an avian basal ganglia–
forebrain circuit to real-time modulation of song. Nature 433, 638–643

67 Lauwereyns, J. et al. (2002) Feature-based anticipation of cues that
predict reward in monkey caudate nucleus. Neuron 33, 463–473

68 Takikawa, Y. et al. (2002) Reward-dependent spatial selectivity of
anticipatory activity in monkey caudate neurons. J. Neurophysiol. 87,
508–515

69 Kawagoe, R. et al. (1998) Expectation of reward modulates cognitive
signals in the basal ganglia. Nat. Neurosci. 1, 411–416

70 Hessler, N.A. and Doupe, A.J. (1999) Social context modulates
singing-related neural activity in the songbird forebrain. Nat.
Neurosci. 2, 209–211

71 Bottjer, S.W. (1993) The distribution of tyrosine hydroxylase immu-
noreactivity in the brains of male and female zebra finches.
J. Neurobiol. 24, 51–69

72 Pfaus, J.G. et al. (1990) Sexual behavior enhances central dopamine
transmission in the male rat. Brain Res. 530, 345–348

73 Becker, J.B. et al. (2001) The role of dopamine in the nucleus
accumbens and striatum during sexual behavior in the female rat.
J. Neurosci. 21, 3236–3241

74 Nicola, S.M. et al. (2000) Dopaminergic modulation of neuronal
excitability in the striatum and nucleus accumbens. Annu. Rev.
Neurosci. 23, 185–215

75 Stern, E.A. et al. (1998) Membrane potential synchrony of simul-
taneously recorded striatal spiny neurons in vivo. Nature 394,
475–478

76 Raz, A. et al. (2000) Firing patterns and correlations of spon-
taneous discharge of pallidal neurons in the normal and the tremulous
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine vervet model of parkin-
sonism. J. Neurosci. 20, 8559–8571

77 Bar-Gad, I. et al. (2003) Functional correlations between neighboring
neurons in the primate globus pallidus are weak or nonexistent.
J. Neurosci. 23, 4012–4016

78 Zheng, T. and Wilson, C.J. (2002) Corticostriatal combinatorics: the
implications of corticostriatal axonal arborizations. J. Neurophysiol.
87, 1007–1017

79 Kimpo, R.R. et al. (2003) Propagation of correlated activity through
multiple stages of a neural circuit. J. Neurosci. 23, 5750–5761

80 Boettiger, C.A. and Doupe, A.J. (2001) Developmentally restricted
synaptic plasticity in a songbird nucleus required for song learning.
Neuron 31, 809–818
Articles of interest in o

How individual sensitivity to opiates c
Kazutaka Ikeda, Soichiro Ide, Wenhua Han, Masak

Trends in Pharmacological Science

Control of the reinforcing effects of nicotine by associa
Bernard Le Foll and S

Trends in Pharmacological Science

Conscious intention an
Patrick Ha

Trends in Cognitive Sciences DO

Capacity limits of informatio
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