FOXP2

A transcription factor of the
large forkhead box (Fox) family,
originally discovered in
Drosophila. FOX genes have
important roles in the
development of many tissues
and diseases.
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Twitter evolution:

converging mechanisms
In birdsong and human speech

forkhead box P2 (FOXP2) gene.

Charles Darwin famously suggested that there is “no
fundamental difference between man and the higher
mammals in their mental faculties™. Although Darwin’s
claims have not remained unchallenged?, his evolution-
ary principle of descent with modification has inspired
much of the research into animal parallels to human
speech and language. Vocal imitation, an important
prerequisite for the evolution of spoken language
(speech)*, is shared with certain marine mammals,
parrots, hummingbirds and songbirds®”, but seems to
be absent in non-human primates®’. Darwin himself had
already noticed the parallels between language acqui-
sition in human infants and song learning in birds'.
From the 1960s onwards, birdsong researchers®, more
recently joined by biolinguists®’, have fleshed out his
initial observations and discovered astonishing cogni-
tive, neural and molecular parallels”'*-"°. After address-
ing the behavioural similarities in vocal learning between
humans and songbirds, we will focus on three important
parallels. First, the architecture and connectivity of avian
and mammalian brains are much more similar than had
been recognized previously™ (FIC. 1). For instance, avian
pallial ‘song’ regions bear functional similarities with
human auditory and motor cortices' and the impor-
tance of the basal ganglia for both speech and birdsong
is starting to be understood mechanistically'®"”. Second,
recent insights from biolinguistic analyses comparing the
structure of language and birdsong have also contributed
new perspectives on the structure and perception of
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Abstract | Vocal imitation in human infants and in some orders of birds relies on
auditory-guided motor learning during a sensitive period of development. It proceeds from
‘babbling’ (in humans) and ‘subsong’ (in birds) through distinct phases towards the full-fledged
communication system. Language development and birdsong learning have parallels at the
behavioural, neural and genetic levels. Different orders of birds have evolved networks of
brain regions for song learning and production that have a surprisingly similar gross anatomy,
with analogies to human cortical regions and basal ganglia. Comparisons between different
songbird species and humans point towards both general and species-specific principles of
vocal learning and have identified common neural and molecular substrates, including the

vocalizations®'?*, yielding hypotheses amenable to
neurobiological analysis. Finally, the discovery that
forkhead box protein P2 (FOXP2) is relevant for speech'®
led to experiments in songbirds that support the link of
this gene to vocal learning'"'**. We will review these
developments, put them into an evolutionary context
and discuss future prospects for the comparative analysis
of birdsong, speech and language. Emerging common
principles suggest that distant evolutionary lineages
can evolve surprisingly similar behavioural, neural and
molecular solutions for particular functions?, as has been
demonstrated previously for the evolution of vision?!
and locomotion®.

Vocal learning in birds and humans

There are striking parallels between the way infants learn
to speak and birds learn to sing>'*** (BOX 1), providing
an experimental platform for investigating the brain
mechanisms of auditory-vocal learning. First, in both
cases, learning is the product of the interaction of pre-
dispositions and specific experience. If young songbirds
are exposed to songs from their own and from another
species, they will mainly imitate the conspecific song,
although they are physically able to sing the heterospecific
song*. The amazing ability of young children to acquire
any one of more than 6,000 languages fluently without
conscious effort or formal instruction suggests a predis-
position for this complicated task>?. However, the fact
that children learn the language or languages to which
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they are exposed highlights the importance of experi- learned is constrained in both species by morphology and
ence in this process. Thus, both human infants and the  physiology. What sounds can be heard, remembered
young of many bird species acquire their speech and  and imitated does not only depend on the brain regions
song repertoire, respectively, through a combination  that analyse, process and store auditory information
of predispositions and learning. However, what can be  and translate it into motor commands. The physical
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Figure 1| The songbird brain and the human brain. a | Schematic diagram of a composite view of parasagittal sections
of a songbird brain, giving approximate positions of nuclei and brain regions. Auditory pathways, with the known
connections between the Field L complex, a primary auditory processing region and some other forebrain regions are
shown (left panel). Brain regions that show increased neuronal activation when the bird hears song are represented in
yellow. The caudomedial nidopallium (NCM) and caudomedial mesopallium (CMM) regions are thought to contain the
neural substrate for tutor song memory’*>%2 Vocal motor pathways are also shown (right panel). Lesion studies in adult
and young songbirds led to the distinction between a posterior pathway, known as the song motor pathway (SMP)*¢
(shown by grey arrows), considered to be involved in the production of song, and a rostral pathway (shown by white
arrows), known as the anterior forebrain pathway (AFP), that is thought to play a role in song acquisition and
auditory-vocal feedback processing®’*®. The two networks together are called the song system. The orange nuclei in the
song system show substantially enhanced neuronal activation when the bird is singing. b | Schematic view of the left side
of the human brain, showing regions that are involved in speech and language. Broca’s area is particularly involved in
(but not limited to) speech production, whereas Wernicke’s area is involved in speech perception and recognition, as well
as other language-related tasks. The two regions are connected by the arcuate fasciculus. Area X, Area X of the striatum;
Av, avalanche; CLM, caudal lateral mesopallium; CN, cochlear nucleus; CSt, caudal striatum; DLM, dorsal lateral nucleus
of the medial thalamus; DM, dorsal medial nucleus of the thalamus; E, entopallium; L1, L2, L3, subdivisions of Field L;

LLD, lateral lemniscus, dorsal nucleus; LLI, lateral lemniscus, intermediate nucleus; LLV, lateral lemniscus, ventral nucleus;
LMAN, lateral magnocellular nucleus of the anterior nidopallium; LMO, lateral oval nucleus of the mesopallium; MLd,
dorsal lateral nucleus of the mesencephalon; NIf, interfacial nucleus of the nidopallium; nXllts, tracheosyringeal portion
of the nucleus hypoglossus (nucleus XIl); Ov, ovoidalis; PAm, para-ambiguus; RA, robust nucleus of the arcopallium;

RAm, retroambiguus; SO, superior olive; Uva, nucleus uvaeformis; VTA, ventral tegmental area. Part a is modified, with
permission, from REF. 15 © (2005) Macmillan Publishers Ltd. All rights reserved.
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Seasonal breeder

An animal (for example, a
songbird species) that breeds
only during a specific period of
the year.

Opportunistic breeder

An animal (for example, a

songbird species) that can
breed year-round.

Action-based learning

Also known as selective
learning. A song learning style
that selects the final sound
repertoire after an initial
overproduction of song
elements, based on auditory or
visual feedback from
conspecifics.

Instruction-based learning
Also known as sensorimotor
learning. A song learning style
principally exemplified by the
zebra finch, in which vocal
‘babbling’ is gradually modified
through auditory guided
sensorimotor learning. Both
‘instruction-based’ and
‘action-based’ learning can
occur in the same species to
various degrees.

properties and function of the ear, the sound source (the
larynx in humans, the syrinx in birds) and the vocal tract
also play an important part®.

The interaction between ‘innate’ predispositions and
specific experience is evident when songbirds are reared
in isolation. Without exposure to tutor song, isolates
sing highly abnormal, so-called ‘isolate song’ However,
a predisposition is also evident, because isolate song
retains certain species-specific features®”*. Strikingly,
when young zebra finches (Taeniopygia guttata) were
tutored with a song from an isolate conspecific, they pro-
duced a fairly accurate imitation but also spontaneously
improved the abnormal song towards more species-
typical features®. Using this slightly improved song to
tutor a new generation of young finches the authors
found that with each generation, song more closely
resembled — and was eventually indistinguishable from
— typical zebra finch song. These findings demonstrate
that the neural substrates for learned vocalizations can
apparently carry quite exact pre-specifications for partic-
ular acoustic features and an overall acoustic ‘gestalt, yet
allow a high degree of plasticity for what can be learned
within those constraints. Indeed, these data echo (con-
troversial) claims about the spontaneous emergence of
grammatically correct language in children that have
been exposed to agrammatical ‘creole’ language®.

Second, in both humans®>* and songbirds>*?, there is
a phase early in development when auditory-vocal learn-
ing is accomplished best, called the ‘sensitive period’ In
humans, learning new languages without formal instruc-
tion becomes increasingly less effective after puberty, and
adults have difficulty speaking foreign languages without
an accent™®. To what extent songs continue to change in
adulthood varies greatly among different bird species®.

Box 1| How songbirds learn to sing and human infants learn to speak

Song learning in birds and speech learning in humans entails the imitation of
species-specific communication sounds®”’?8 (Supplementary information S1 (box)).
Young songbirds (usually males) learn their song from an adult male tutor. In many
songbird species, such as the zebra finch, song learning has two phases: a
memorization phase, during which the tutor song is stored in long-term memory, and
a sensorimotor phase during which the bird’s own vocal output is ‘matched’ with the
memorized information. The mechanism underlying song memorization has been
called a ‘template’ (REF. 27), which is essentially the central representation of song.

Whether a universal template for human language exists and if so, what its nature is,
is the subject of intense linguistic debate. At one end of the spectrum, it is argued that
all languages share core grammatical rules that reflect language-specific innate
dispositions and neural computations that are unique to language®*. At the other end
of the spectrum, it is argued that grammatical diversity among languages far outstrips
the similarities, and that the general-purpose learning capacity of the human brain is
sufficient to explain language learning®*.

Human speech sounds are constrained by our vocal apparatus and certain sound
combinations are more biologically feasible than others. These ‘phonetic universals’,
for example, certain sound combinations that tend to be found in all languages, are

akin to what songbird researchers might call a ‘template for species-specific syllables’.
When a young songbird starts to sing during the sensorimotor phase, its song output is
not yet stereotyped and does not resemble the tutor song very well. This kind of
vocalization is known as ‘subsong’ (REF. 28). The production of subsong is reminiscent
of ‘babbling’ in human infants**!. During the sensorimotor phase the bird is thought to
match its own output with the refined template, and, after the so-called ‘plastic song’
phase, it eventually produces what is known as crystallized song.

REVIEWS

This species variability is useful in dissecting the neural
mechanisms underlying adult song plasticity*.

Third, in young humans and in juvenile birds of many
species a listening phase precedes a production phase.
When speech- (or song-) production starts, both humans
and songbirds produce vocalizations that are quite dif-
ferent from those of adult conspecifics. During well-
defined stages, starting with ‘babbling’ in human infants
and ‘subsong’ in songbirds, their vocalizations gradually
come to resemble the adult form®. Different bird spe-
cies vary considerably with respect to learning strategies
during song development*®. The period during which
song auditory memory is formed, the ‘auditory mem-
orization phase’ (BOX 1; Supplementary information S1
(box)) can precede the period of learning to sing songs
(sensorimotor learning) by months™. This is the case
for many seasonal breeders, such as the white-crowned
sparrow (Zonotrichia leucophrys). Similarly, in humans,
auditory learning and understanding language precede
language production. By contrast, in opportunistic breeders,
such as the zebra finch, auditory and motor learning
overlap®. How much and when the developing song is
shaped by auditory experience also varies considerably
among bird species. Unlike children, some songbird
species can develop their entire species-typical adult
repertoire of song elements without exposure to con-
specifics, but which elements constitute the final song
is strongly influenced by what neighbours are singing
(‘action-based learning’)***. In others, ‘innately’ produced
sounds are continually adjusted towards a memorized
tutor song throughout development (‘instruction-based
learning’)**¥. Cumulative evidence suggests that the
relative contribution of experience-independent versus
experience-dependent developmental song production
can be linked to different brain pathways* (see below;
FIG. 1; Supplementary information S2 (box)). In humans,
patients that have sustained damage to certain parts of
the cortex can lose speech while they retain emotional
vocalizations such as sobbing, crying and laughing®.
Although speech requires specialized cortical regions,
these emotional vocalizations seem to be controlled by
subcortical structures®.

Fourth, in both humans and songbirds vocal learn-
ing is enhanced by social interaction with the ‘tutor’
(REFS 41,42) and in birds it can even be influenced by
feedback from non-singing females*.

These remarkable similarities between speech
acquisition and birdsong learning have, over the last
10 years, been extended to the neural and genetic lev-
els. Birdsong provides a formidable model paradigm to
investigate neural and molecular mechanisms of audi-
tory-vocal learning experimentally, at the cellular and
subcellular levels, mechanisms that are not amenable to
study in human infants. Furthermore, recent research
has suggested the possibility of parallels at the level of
syntax (BOX 2; Supplementary information S3 (box);
Supplementary information S4 (box)). Below, we discuss
the most important evidence for parallel mechanisms at
all of these levels, as well as the important implications
of this evidence for our understanding of the evolution
of brain and cognition.
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Syntax

In a narrow sense, syntax refers
to a set of rules that governs
the arrangements of words to
produce a sentence. In a
broader sense, syntax refers to
a set of rules to hierarchically
and sequentially arrange
elements to produce a string.

Song system

A network of forebrain nuclei
that is involved in the
perception, acquisition and
production of song.

Components of birdsong and human language
Similarities between human speech and birdsong not-
withstanding, many authors have emphasized the impor-
tant differences between them. Perhaps most strikingly, in
natural languages, distinct word orders and combinations
are associated with distinct sentence meanings, for which
no adequate analogues have so far been demonstrated
in songbirds, or indeed in any non-human animals
(Supplementary information S3 (box)). Some therefore
doubt that any animal model can shed light on the nature
and genesis of human language. Although language may
indeed have a unique cognitive architecture*, language
has evolved in a biological substrate that is largely shared
with other animals®, making it plausible that certain
aspects of human language can be studied through ani-
mal models®. In that case, to properly compare human
language to the structured vocalizations of other animals
we need to define meaningful levels of comparison.
Language pairs sounds with meanings. This requires
a sensorimotor system that deals with the perception and
production of speech sounds or gestures, and a mean-
ing system that deals with reasoning and inference. The
linguistic domain of grammar mediates between these
two systems® (Supplementary information S3 (box)). It is
generally thought that the uniqueness of human language
consists of a computational system of grammar that trans-
lates meaning into a sequence of symbols, but consider-
able debate remains over the details of this system>*>4°.
By contrast, comparisons between language and birdsong
along the sensorimotor dimension have revealed parallels

Box 2 | Neural mechanisms of birdsong ‘syntax’

Human speech and birdsong both consist of sequentially arranged utterances, and the
motor and perceptual mechanisms that enable such sequencing might be similar
between birds and humans. The neural mechanisms of human syntax are briefly

discussed in Supplementary information S4 (box). As we do not know whether birdsong
has syntax in the same sense in which the concept is applied to human language, we limit
our discussion to the mechanisms by which song sequences are produced and perceived.

Depending on the social context, song sequences can vary. For instance, notes are
sung in a much more linear way during courtship song in zebra finches than when the
male sings by himself. Thus, a source of variability is required that controls which of
various possible syllable combinations are chosen each time the bird sings. In zebra
finches lateral magnocellular nucleus of the anterior nidopallium (LMAN) lesions
eliminate song sequence variability***, and differences in sequence variability
associated with different social contexts correlate with the variability of spike timing
in the LMAN neurons'*, suggesting that the source of variability may originate in the
LMAN or upstream of the LMAN in the anterior forebrain pathway (AFP). In male zebra
finches, HVC neurons that project to the robust nucleus of the arcopallium (RA) spike in
short bursts precisely only at one particular time during a song sequence®*”*%. Some
HVC neurons respond selectively to particular combinations of song elements'*® but
there is also evidence that song auditory sequences are loosely coded by populations
of HVC neurons'*. These findings suggest that the HVC also has a role in song
sequence generation.

Sequential processing of heard vocalizations in birdsong and syntax in human
language (Supplementary information S4 (box)) involve forebrain regions, including
motor regions (which are also important in the production of sequential signals). In
both human speech and birdsong, when the auditory input becomes complex, the
motor system is likely to become involved in the analysis of the vocalizations®'.
Research into sensorimotor integration and mirror systems (Supplementary
information S6 (box)) will enable more specific comparisons of the neural mechanisms
underlying birdsong and human speech.

at both the neural, developmental-behavioural and
genetic levels. We propose that the study of structure in
animal vocalizations could also provide insights into the
structural properties of human language, even though
the intimate relationship between structure and meaning
that exists in human language is thought not to exist in
other animals* (Supplementary information S3 (box);
S4 (box); S5 (box)).

The fact that such similar details of vocal learning
arose in distinct evolutionary branches that parted ways
some 300 million years ago*® underscores that evolu-
tionary selection pressure can result not only in similar
morphological adaptations but also in similar behav-
ioural adaptations. Whether or not these similarities are
the consequences of convergent neural architecture and
information processing is one of the major challenges
facing neurobiologists who study birdsong and human
speech from an evolutionary perspective (BOX 3).

Brains for birds and brats

Songbirds have specialized, discrete brain regions for song
recognition, production and learning. Roughly, bird-
song involves three interconnected neural networks®”'¢
(FIC. 1a): first, secondary auditory regions — including
the caudomedial nidopallium (NCM) and caudomedial
mesopallium (CMM) — are involved in song percep-
tion and are important for the recognition of tutor song’;
second, the song motor pathway (SMP)'® — a posterior
motor pathway connecting the HVC, the robust nucleus
of the arcopallium (RA) and the tracheosyringeal por-
tion of the nucleus hypoglossus (nXIIts) — is involved in
song production and certain aspects of song learning®*’;
and third, the anterior forebrain pathway (AFP)*7 —
an anterior cortical-basal ganglia—thalamic loop that
originates in the HVC and passes through Area X
(part of the avian basal ganglia®), the thalamic nucleus
dorsolateralis anterior pars medialis (DLM) and the lat-
eral magnocellular nucleus of the anterior nidopallium
(LMAN), and eventually connects with the motor path-
way at the nucleus RA — is essential for sensorimotor
learning and adult song plasticity (FIC. 1a). The second
and third pathways (the SMP and AFP) together are
usually called the ‘song system” (REF. 7).

In the zebra finch, the NCM and the CMM are involved
in auditory memory’. It has been suggested that the NCM
contains the neural substrate of the memory of songs and
calls*. Indeed, neuronal activation in the NCM of adult
zebra finch males in response to tutor song correlates with
the strength of song learning (measured as the number of
song elements copied from the tutor song).”-**

The behavioural similarities between birdsong learn-
ing and speech acquisition raise the issue of whether the
brain organization of auditory-vocal representation is
similar in songbirds and humans. At face value, this
would seem unlikely, as human and songbird brains
are of different size and gross morphology (FIC. 1). In
human adults, the neural substrate of motor represen-
tations of speech is traditionally thought to involve
regions in the inferior frontal cortex (including Broca’s
area)®’, whereas perception and memory of speech is
considered to involve regions in the superior temporal
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Working memory

A form of memory in which
information is stored for a
limited period during which it
can be used; in humans the
classic example is
remembering a telephone
number that is then dialled and
immediately forgotten.

Homologous

Homologous traits (or brain
regions) are thought to have
evolved from a common
ancestor.

Analogous

Analogous traits (or brain
regions) have a similar function,
but are thought to have
evolved independently in
distantly related species.

Template

A term used to denote the
central representation of
birdsong. It is thought that
songbirds are born with a
crude template that has
species-specific characteristics.
Auditory experience, first with
the song of an adult conspecific
male and later with the
individual’s own vocal output,
then moulds the template into
a more precise representation
of the tutor song.
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Box 3 | A proposal for the evolution of auditory-vocal learning

There is increasing evidence for brain homologies between birds and mammals'**">%. However, the capability for
auditory-vocal learning in humans, certain bird species and marine mammals does not seem to be the sole result of
common ancestry. Rather, the evidence suggests that there has been evolutionary convergence of the capability

for auditory-vocal learning??, whereby similar selection pressures were involved in distantly related taxa to solve similar
problems?. To achieve auditory-vocal learning, humans and songbirds use analogous — and possibly homologous***7*8 —
brain regions. Thus, an evolutionary scenario emerges in which there is both homology and convergence.

An influential proposal® regarding the evolutionary origin of language assumes that humans might have uniquely
evolved a cognitive module for recursion (Supplementary information S5 (box)). We propose an alternative
interpretation based on our comparative review of human speech and birdsong: the human ability to use recursion may
be the result of interactions between simpler mechanisms that can also be identified in songbirds®®. Specifically, vocal
learning may have promoted an increase in the number of song elements, and the ability to alter the sequence of these
song elements would further increase song variation. Both of these mechanisms may have evolved through sexual
selection for song complexity!?. A cognitive module for recursion might have evolved out of an interaction between
this faculty of sequential manipulation and a general faculty of working memory. Working memory enables a bird
to remember a song segment while it is singing subsequent segments of the song, and the bird could ‘attach’ the
remembered part of the segment after it finishes singing the current part. Elaboration of this mechanism will allow
embedding of a song segment into other parts of song segments, and eventually lead to a recursive song structure’®

(Supplementary information S5 (box)).

cortex (Wernicke’s area and surrounding regions; FIG. 1b)°.
However, despite the substantial differences between
avian and mammalian brains, there are many analogies
and homologies that have recently prompted a complete
revision of the nomenclature of the avian brain'*'*. A
number of neuroanatomists'>*”** have suggested that
the pallium (including the hyperpallium, mesopallium,
nidopallium and arcopallium; FIG. 1a) is homologous with
the mammalian neocortex. This view is not universally
accepted', but a case has been made for similarities in
connectivity and function that would suggest at least
analogies between the human cortex and the avian
pallium’. Within the avian pallium, Field L2 receives
auditory connections from the thalamus and in turn
projects onto Fields L1 and L3 (FIC. 1a). These two
regions project to the caudal mesopallium and caudal
nidopallium, respectively. Thus, if the avian pallium is
homologous with the mammalian neocortex'>*"%, it
is plausible that the Field L complex is homologous with
the primary auditory cortex in the mammalian supe-
rior temporal gyrus’. Interestingly, the primary auditory
cortex in mammals also consists of three different ‘core’
regions that receive inputs from the thalamus. Extending
the parallel’, the projection regions of the Field L complex
— the NCM and the CMM — are analogous with the
mammalian auditory association cortex, in particular
with belt and parabelt regions. Finally, the AFP loop in
the song system (FIC. 1a) bears strong similarities in con-
nectivity, neurochemistry and neuron types to the mam-
malian basal ganglia'’, and both the LMAN® and the
HVC*> have been tentatively suggested to correspond
functionally to Broca’s area.

It is important to note that the functional distinction
between the temporal and frontal cortices in human
speech is not as strict as was previously assumed”¢"52. In
addition, there is continual interaction between these two
cortical regions already in young children”*"*%. As we shall
see, there is a similar kind of interaction between regions
in the song system and the caudomedial pallium that are
involved in auditory-vocal learning in songbirds™®.

Neural dissociation between song recognition and pro-
duction. It has been proposed’ that regions in the caudo-
medial pallium (including the NCM) contain the neural
representation of tutor song memory that juveniles
acquire, whereas nuclei in the song system are required
for sensorimotor learning and song production®.
In the white-crowned sparrow, a species in which the
memorization and sensorimotor phases (BOX 1) of vocal
learning do not overlap temporally, HVC neurons of
juvenile males did not preferentially respond to songs
with which they were tutored during the memorization
phase (compared to other songs)®. Instead, the neurons
preferentially responded to the bird’s own song (BOS) —
even when compared to tutor song® — when the males
started to sing. In male zebra finches, in which memori-
zation and sensorimotor phases overlap, HVC neurons
initially responded preferentially to the tutor song, but
during the second half of the sensorimotor phase and in
adult zebra finches these neurons showed a preference
for the BOS®. These findings suggest that the HVC is
important for song production in the plastic song phase
and that during this phase neurons in the HVC acquire
their preferential responsiveness to the BOS.

In adult zebra finch males, lesions to the NCM impair
recognition of the tutor song but do not affect song
production® (FIC. 2). This suggests that in adult song-
birds, access to a representation of tutor song memory
(the ‘template’) is not necessary for the production of a
song that was learned from the tutor. By contrast, lesions
to the HVC in starlings disrupted song production but
not recognition®, and in adult male canaries lesions to
the HVC and RA disrupted song production, whereas
large lesions to the nidopallium and mesopallium did
not®. Taken together, these studies reveal a ‘double dis-
sociation’ (REF. 62) of the effects of lesions to the song sys-
tem and to the NCM on song. In addition, juvenile zebra
finch males that are still in the process of learning their
songs show increased neuronal activation (measured as
expression of the immediate early gene product ZENK)
in response to conspecific song (compared to silence) in
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the NCM and CMM but not in the song system nuclei
HVC or RAY. Moreover, in the NCM, neuronal activa-
tion was greater in response to tutor song than to novel
song®. Together, these findings suggest that there is a
neural dissociation between song recognition and song
production that is already apparent in juveniles®’.

The results of a number of studies suggest that the
NCM is unlikely to contain the neural substrate for a
representation of the BOS”***, but growing evidence
indicates that such a representation may be subserved by
the song system. A representation of the BOS might be
what Nottebohm® called a ‘motor program’ that enables
songbirds to produce their own song without access to
the template. Electrophysiological analysis in adult zebra
finch males showed that, overall, neurons in the song
system nuclei HVC, RA, LMAN and Area X responded
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Figure 2 | Neural dissociation between birdsong
recognition and production. a | Lesions to the
caudomedial nidopallium (NCM) impair song recognition in
zebra finch males. Song preferences were measured by
calculating the amount of time spent near a speaker that
broadcast the song of the bird’s tutor compared to a
speaker that broadcast a novel zebra finch song. Before
surgery (‘Pre’), birds in both groups showed a strong,
significant preference for the song of the tutor over a novel
song. After surgery (‘Post’), birds in the sham-operated
group had maintained their preference, whereas this was
significantly impaired in the group that received lesions to
the NCM. b | Representative spectrograms of a bird’s song
before surgery (top panel) and after surgery with lesions to
the NCM (bottom panel), illustrating that song production
was not altered by lesions to the NCM. Figure is reproduced,
with permission, from REF. 62 © 2007 Cell Press.

more strongly to the BOS than to the tutor song®”° or to
the song of another conspecific’’. Some neurons in the
LMAN and Area X respond to the BOS and tutor song,
whereas a small proportion of neurons in these nuclei
respond more strongly to the tutor song®. Lesions to the
Area X in adult male zebra finches did not affect
the discrimination between conspecific or heterospecific
songs in an operant conditioning paradigm, but such
lesions did impair the ability to discriminate between
the BOS and the songs of other zebra finches™. In addi-
tion, the expression of the immediate early gene ZENK
in the HVC in adult zebra finch males exposed to the
BOS (but not in adult males exposed to the tutor song or
to a novel song) correlated with the strength of song
learning during development”. Together with the
electrophysiological evidence showing preferential
responding to the BOS in the HVC®*#%, these findings
suggest that in adult zebra finches the AFP contains a
distributed neural representation of the BOS.

Neural dissociation of speech perception and production
in humans. A similar dissociation between brain regions
involved in auditory perception and memory on the one
hand, and vocal production on the other, exists in the
case of human speech. Human newborns show increased
activity (measured with magnetoencephalography) in
the superior temporal lobe, but not in the inferior frontal
cortex’, in response to human speech. A functional MRI
study in 3-month-old infants (which are in the ‘cooing’
stage of babbling in which syllables are not yet pro-
duced) showed activation in the superior temporal cor-
tex as well as in Broca’s area in the inferior frontal cortex
in response to hearing speech®. The activation in Brocas
area was specific for speech repetition, suggesting a possi-
ble role for Broca’s area in auditory memory in pre-verbal
infants. Six- and twelve-month-old infants exhibited
increased activation (compared to baseline) in the superior
temporal cortex and in the inferior frontal cortex when
exposed to speech sounds™. Together, these studies sug-
gest that the superior temporal cortex is — or is part of
— the neural substrate for speech perception in neonates
and that Broca’s area becomes active at a later stage, when
infants start babbling.

Auditory-motor interactions and error correction in
birdsong and speech. In order to successfully imitate
song or speech, the brains of songbird and human young
have to solve the same problems. The motor system for
speech and birdsong production must be appropriately
controlled, vocal production must be compared to an
auditory memory or template, and, if sound produc-
tion does not match the auditory template, the error
must be detected and the vocal signals must be changed
accordingly. Thus, during both birdsong**”> and speech”
learning, and to a lesser degree also in adulthood*’, vocal
motor output must be monitored continually through
auditory feedback and if errors are detected the output
should be adjusted. How, where and when this happens
have been central themes in songbird research and recent
progress can provide testable hypotheses for speech
research as well.
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In songbirds, song-specific auditory information is
thought to enter the song system at the level of the HVC
from a small nucleus known as the interfacial nucleus
of the nidopallium (NIf) and from higher auditory
regions, notably the caudolateral mesopallium (CLM;
see FIC. 1a)”-%, Preferential responsiveness to playback of
species-specific songs is found throughout the song sys-
tem®~7!, even in the hypoglossal motor nucleus innervat-
ing the syrinx®. Similarly, the human vocal motor system
is sensitive to speech sounds. In human adults speech
perception modulates the excitability of tongue mus-
cles in a phoneme-specific way*}, and in human infants
Broca’s area is activated by speech from the babbling
stage onwards®”*. The auditory sensitivity of the vocal
motor system might be useful for the real-time modu-
lation of own vocalizations and in the off-line evalua-
tion of others’ vocalizations. In the former, the auditory
response in the motor system may be compared with
the efference copy of the motor activity to evaluate vocal
output. In the latter, auditory input may be evaluated
in reference to the animal’s own vocalizations.

Because lesions to nuclei in the AFP were found to
have stronger effects on song during development than in
adulthood®-*, the AFP comparison hypothesis™ postu-
lated the AFP to be involved in comparing auditory feed-
back with the tutor song memory. The outcome of this
comparison was expected to influence the motor system
at the level of RA, where the AFP and motor pathway
converge® (FIC. 1a). Studies showing auditory responsive-
ness throughout the AFP in anaesthetized, sleeping and
awake birds supported this idea’”¥-*'. Curiously, when
the bird sings, auditory input does not seem to influence
AFP activity®, contradicting the idea that auditory feed-
back is evaluated on-line in the AFP. Rather, it suggests
that the evaluation of auditory feedback might take place
outside this pathway??. Potential locations could be the
HVC-Area X projection neurons, the dopaminergic ven-
tral tegmental area (VTA)-substantia nigra complex”,
which project to Area X, or the CLM**. What, then, is the
role of the AFP? From the early lesion studies®*** it was
clear that the AFP at minimum has to be functional for
song plasticity, be it naturally occurring plasticity dur-
ing song development or song plasticity experimentally
induced in adult birds by altering auditory feedback
through a variety of means (transsection of the syrin-
geal nerves, deafening, manipulating individual notes by
masking them with noise or altering their pitch)**7>%>%,
In addition to a ‘permissive’ role, an ‘instructive’ role for
the AFP had long been postulated®**. This led to the for-
mulation of an ‘error-correction hypothesis’ for the AFP*
that was based on the postulated role of vertebrate basal
ganglia circuits in reinforcement learning”. Essentially,
the error correction model assumes that the basal gan-
glia are involved in calculating the difference between
the desired outcome and the actual performance, and
outputs the difference as an ‘error’ signal. Recent studies
have provided direct evidence for such an instructive role
of the AFP. Particularly, when the auditory feedback of
an individual note is experimentally manipulated while
the bird sings the bird’s brain seems to interpret the
manipulated feedback as ‘vocal errors’ and it ‘corrects’
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the ‘errors’ within hours by singing the note in question
in a different manner®*>®. Transiently inactivating the
LMAN pharmacologically resulted in a rapid return to
the note sung before auditory feedback manipulation®,
indicating that the LMAN has a role in this type of
adjustment learning.

Manipulation of auditory feedback has also been
used in the study of human speech, and brain imaging
studies have started to reveal the neural mechanisms for
real-time speech production'®. When overt speech was
masked by noise, activity in the insula and the anterior
cingulate cortex increased, suggesting that these regions
might be involved in speech adjustment. The anterior
cingulate cortex has been implicated in error monitoring
and evaluation'®" and receives direct and indirect pro-
jections from the basal ganglia'®, suggesting that func-
tionally and anatomically the human anterior cingulate
may be comparable with the songbird LMAN®. Taken
together, accumulating evidence suggests that human
speech and birdsong may be maintained and perhaps
also learned in a functionally and neurally similar way:
vocal motor regions are involved both in the production
of vocalizations and in auditory perception, and audi-
tory feedback is crucial for the maintenance of learned
vocalizations, providing the basis for an error correction
mechanism that influences the motor system.

In summary, evidence reviewed in the previous two
sections suggests that in both human infants and song-
birds there is a functional dissociation between brain
regions mainly involved in auditory perception and
memory, and brain regions involved in vocal produc-
tion. The present section suggests that in both cases
the functional dissociation is not absolute; for exam-
ple, the ‘vocal production regions’ of the brain also
have perceptual characteristics (BOX 2) that develop
early in life. A picture emerges of a dynamic system
of continually interacting brain regions involved in
auditory-vocal learning as well as in vocal performance
in adulthood.

FOXP2: a genetic toehold for song and speech

Human speech and birdsong are the result of a com-
plex interaction between genetic and environmental
influences®”'2. However, little is known about which
genes might be particularly relevant for these behav-
iours. Genetic manipulation studies and genome infor-
mation regarding songbirds have only recently become
available (see the NCBI Zebra Finch Genome Resources
website), so that knowledge about genetic contributions
to birdsong has lagged behind knowledge about the ana-
tomical and physiological underpinnings of song pro-
duction. In addition, finding genes that are involved in
learned vocalizations is difficult, for the same reasons
that hamper efforts to link genes to any behavioural
trait (BOX 4). Nevertheless, mutations in the gene encod-
ing the transcription factor FOXP2 have been found to
be associated quite specifically with a speech disorder
called developmental verbal dyspraxia (DVD) in a large
three-generation family (the ‘KE-family’) and in some
unrelated individuals'®". All human FOXP2 mutations
identified so far are heterozygous and reduce the amount
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Semantics
In a narrow sense, semantics
refers to the study of meaning

in language. In a broader sense,

semantics refers to information
content of a signal.

of functional FOXP2 by about half. Patients with DVD
have difficulty in planning and producing the precise
and specific series of movements of the tongue, lips,
jaw and palate that are necessary for correct speech,
but receptive linguistic processing can also be affected.
Interestingly, sequence variants in the gene encoding
contactin-associated protein-like 2 (CNTNAP2), which
is regulated by FOXP2, also segregate with language
abnormalities'®**. The connection between FOXP2
mutations and a speech deficit has provided a molecu-
lar toehold into pathways and mechanisms that under-
lie speech and language, and research on FOXP2 has
since followed three main avenues. First, refining the
speech phenotype and identifying neural structural and
functional correlates in people with FOXP2 mutations;
second, analysing evolutionary changes in the FOXP2
sequence across the animal kingdom and particularly
in the hominin lineage; and third, using cell culture and
animal models to gain insight into the mechanism of its
molecular, cellular and behavioural actions. Below, we
highlight recent findings concerning FOXP2 in song-
birds that relate to the language phenotype in humans.
For a more comprehensive review of FOXP2 research
in other animals and in vitro model systems, sequence
evolution and analysis of the human phenotypes, see
REFS 19,103,105,106.

The FOXP2 gene belongs to the large forkheadbox
transcription factor family of genes that are highly
evolutionarily conserved and implicated in many
diseases and in developmental processes of many tis-
sues'””. Consistent with a developmental role of other
Fox proteins, FOXP2 is expressed in regions of the
vertebrate embryo in which inductive signals organize
adjacent proliferation of neural progenitors and subse-
quent migration''. FOXP2 expression persists in adult
avian — but not mammalian — brain regions where
new neurons are born in adult brains'®. Structural
and functional brain imaging of humans with FOXP2
mutations shows subtle volume differences and striking
activation differences during language tasks, particu-
larly in corticocerebellar and corticostriatal circuits'®.
Although these circuits were traditionally consid-
ered less important to speech than cortical language
regions, there is now considerable evidence that they
play important parts in motor functions and auditory
processing related to speech'®. In songbirds, the impor-
tance of the corticostriatal AFP circuit in song learning
is underscored by a large body of data (see above), but
information about the connectivity of the cerebellum
with the song system and its role in singing behaviour
is still sparse!™®.

In summary, FOXP2 expression studies in avian
and mammalian embyros are consistent with a role for
FOXP?2 in early brain development of these pathways.
This does not rule out the possibility that FOXP2 con-
tinues to have a role later in life. Indeed, FOXP2 expres-
sion persists in the striatum, dorsal thalamus, cerebellum
and other brain regions of adult birds and rodents", and
there is clear evidence in adult songbirds that FOXP2
is downregulated as a result of singing activity on a
timescale of minutes to hours!'"''?, as discussed below.

Box 4 | Genes and language

Language is a polygenic trait — it requires many genes
acting together at different levels. Because of the large
dimensionality of biological systems involved in
language, it is unlikely that particular genes will be
exclusively associated with particular linguistic
categories, for example, syntax or semantics. Genes
important for language are also likely to be pleiotropic; a
gene can be specifically linked to language (for example,
be required for sensorimotor integration in a circuit
dedicated to speech) but need not be uniquely
associated with this trait — the same gene could have a
different function in, for example, the immune system or
the cardiovascular system.

Because language is likely to be subserved by large
gene networks the effect of mutations in individual
genes might not become apparent; large gene networks
are robust against disturbance by malfunction of just
one gene. In addition to searching for more
multi-generation families like the ‘KE family’ in which the
FOXP2 mutation was originally found to be inherited in a
Mendelian form?®, genetic linkage and association
analyses in human cohorts or quantitative trait mapping
in birds can reveal genes related to language or
birdsong, respectively. However, in order for statistical
tests to have sufficient power, large experimental
cohorts with well-defined behavioural phenotypes are
required and these are difficult to obtain, both in humans
and in birds.

FoxP2 and vocal plasticity. Research in songbirds has
addressed the question of whether FOXP2 plays a role
in neural circuits relevant for auditory-guided vocal
motor learning. Considering the findings that impli-
cate the AFP circuit in song development, it is inter-
esting that in juvenile zebra finches, FOXP2 mRNA
expression levels in Area X are 10-20% higher than in
the surrounding striatum during vocal sensorimotor
learning!'>'*. This may be related to the fine-tuning of
synaptic connectivity, because at this time neurons in
the AFP have established synapses and are function-
ing, but the topography for this pathway still undergoes
remodelling', and new neurons continue to be added
to Area X throughout life'.

A second correlation between FOXP2 levels and song
plasticity exists in a strain of adult canaries that incorpo-
rate new song elements into their repertoire at the end
of the breeding season. FOXP2 expression in Area X is
higher during this period than during the months when
song is highly stereotyped'". A third link between vocal
plasticity and FOXP2 expression is provided by the fact
that FOXP2 expression levels are downregulated in Area
X as a result of singing activity on a timescale of minutes
to hours, in both juvenile and adult zebra finches'"''2.
Finally, in mice, levels of FOXP2 in the medial, but not
the lateral, geniculate nucleus change after auditory
stimulation with white noise, emphasizing that neural
activity can regulate the expression of Foxp2 in specific
subsets of neurons in different species'. Together, these
data support the notion that FOXP2 supports vocal
behaviour by acting during the development of the
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underlying neural circuitry and in the same circuitry
during adulthood.

To investigate possible causal relationships between
FOXP2 expression and vocal learning, FOXP2 levels
were experimentally reduced using lentivirus-mediated
RNA-interference in Area X of juvenile zebra finches
throughout the sensorimotor song learning phase®.
The FOXP2 knockdown birds copied tutor songs only
partially, imitating some song elements but omitting
others. Moreover, the song elements that were imitated
from tutor songs were less accurately copied than those
copied by control birds, and song element production
was more variable from rendition to rendition®. This
variability of song production in zebra finches as a
result of FOXP2 knockdown during development strik-
ingly resembles the incomplete and inaccurate rendi-
tions of words and highly variable pronunciation''® that
is typical of DVD patients. Of note, it seems unlikely
that knock down in Area X impairs the production of
particular sounds, because song elements with similar
acoustic features could be both badly and well imitated
by the same finch?. FOXP2 levels were not manipulated
during embryonic development in these experiments,
but only when song control brain circuits were already
largely assembled, suggesting that a reduction of FOXP2
affects postnatal function independently from effects on
embryonic nervous system development.

Interestingly, mice with absent or reduced functional
FOXP2 can also still produce the entire repertoire of
ultrasonic distress and isolation calls, but at reduced
intensities or rates'”. The fact that the acoustic patterns
of innate distress calls in mouse pups are not affected by
FOXP2 levels underlines that FOXP2 does not primarily
have a ‘motor’ function but instead, seems to be neces-
sary for auditory-vocal motor integration, an essential
prerequisite for vocal learning.

Role of FOXP2 in cortico-basal ganglia circuits. In
Area X of the songbird brain, FOXP2 is expressed in
spiny neurons that exhibit many features of mamma-
lian striatal medium spiny neurons. Spiny neurons in
Area X are innervated by glutamatergic HVC neurons'*,
which fire sparsely during singing, similar to the ‘mir-
ror neurons’ identified in swamp sparrows"’ (Melospiza
georgiana) (Supplementary information S6 (box)).
The HVC-Area X projections onto spiny neurons are
modulated presynaptically by midbrain dopaminergic
input'!’. Because nigral dopamine acts on many behav-
ioural systems, including reward learning, the integra-
tion of pallial glutamatergic and dopaminergic signals
in FOXP2-expressing spiny neurons may be essential for
fine-tuning song motor output to match the tutor song
model. Modulation of FOXP2 expression might result
in upregulation or downregulation of neural plasticity-
relevant genes that could in turn affect motor learning
and motor performance through structural and func-
tional changes of the spiny neurons. This hypothesis is
supported by recent data showing that spiny neurons
in adult Area X exhibit significantly fewer spines after
receiving lentivirally-mediated FOXP2 knock down than
after control knock downs'®. To investigate whether
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FOXP2 might also have a role in neural fate specifica-
tion during neurogenesis, the lentivirus was injected into
the ventricular zone, where striatal spiny neurons are
born before migrating to Area X and the surrounding
striatum. In spite of FOXP2 knock down, neurons devel-
oped into spiny neurons that migrated and integrated
into Area X, albeit carrying fewer spines than control
neurons. These findings show that a reduction of FOXP2
levels in newborn neurons does not prevent them from
differentiating, but influences synaptic spine density and,
therefore, synaptic plasticity. Consistent with this inter-
pretation, mice with experimentally reduced amounts of
FOXP2 have altered synaptic plasticity in the striatum
and show impaired motor learning'".

These studies illustrate how animal models can be
used to tease apart the organizational level of language at
which a particular gene is required. In the case of FOXP2
the aetiological mutations cause a disorder involving
imperfect execution of orofacial gestures that produce
speech sounds'®. This could in principle be due to
improper cranial motor neuron function. However, the
functional studies in zebra finches instead point towards
a role in postnatal cortico-basal ganglia circuits, which
provide an entry point into unravelling the cellular and
molecular mechanisms that are involved in the execu-
tion of orofacial gestures that produce speech sounds.

No single gene can be responsible for our ability to use
a human-specific linguistic toolkit to communicate with
each other (BOX 4). Investigating the role of genes operat-
ing at the different levels of organ systems and neural cir-
cuits required for language will bring us closer towards
understanding how vocal communication works.

FOXP2 constitutes an example of a gene that is found
to be relevant for human language and that can be stud-
ied in the songbird model system. Other human muta-
tions associated with cognitive deficits are starting to be
studied in songbirds'**. Conversely, genes that have been
identified in songbirds and that are relevant for singing'*
may be relevant for human cognitive function, includ-
ing language, as is the case for the gene encoding a Rho
guanine nucleotide exchange factor — expression of
which in zebra finch Area X is regulated by singing'*,
and mutations in which have been associated with mental
retardation in humans'®. The recent completion of the
sequencing of the zebra finch genome'**!?” and associ-
ated studies will greatly enhance the power of such com-
parative approaches, as will the discovery of other genes
related to language deficits, for example, stuttering'.
The implications of the research into FOXP2 for the
molecular evolution of birdsong and language are
discussed in BOX 5.

Conclusions and future directions

Taken together, the research conducted in the dec-
ade since the review by Doupe and Kuhl® suggests that
analogous mechanisms underlie auditory-vocal learning
in humans and birds at the behavioural, neural, genetic
and cognitive levels. These analogies are important for a
number of reasons. First, they can provide insight into the
evolution of brain and cognition (BOX 3). Further compar-
ative neuroanatomical research is needed to establish the
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Box 5 | Molecular evolution of language and birdsong
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Comparative genetic studies can address how the ‘extra ingredients’ necessary for human language have been
implemented biologically. The last common ancestor of humans and birds lived about 300 million years ago (see the
figure). The similarity of basal ganglia circuits and their functions in amniotes is consistent with the idea that vocal
learning in the divergent lineages of synapsids (leading to mammals) and diapsids (leading to birds) may have exapted
existing pallial-basal ganglia features, including FOXP2’s role in the striatum. Comparing genes relevant for speech and
learned birdsong may uncover shared key molecular networks that are relevant for vocal learning in distantly related
species. Alternatively, one can compare genes and their functions between non-human and human primates, in order to
find human-specific genes, including those relevant to speech and language. Of the approximately 23,000 human genes,
the 50-100 that are unique to man*** are unlikely to be solely responsible for the difference between human and
non-human primates. This is why attention has turned towards orthologous genes that show signs of positive selection in
the human lineage, including FOXP2 (REF. 142).

Geschwind and colleagues'*® showed that in human cell lines, target genes are differentially regulated by the human
FOXP2 version than by the chimpanzee FOXP2, and that chimpanzee brains express some of those target genes at
different levels than human brains'*:. These constitute but a small subset of several hundred potential FOXP2 target genes
that were discovered through target screening approaches employing neuronal-like cell lines and human embryonic
tissues***!*. Thus, quantitative as well as qualitative changes in the molecular cascade controlled by transcription factors
such as FOXP2 could be a source (but also a consequence) of evolutionary changes leading from the common ancestor to
chimpanzee in one lineage and to humans in another. However, comparison of FOXP2 sequences in vocal learning and
non-vocal learning bird species did not reveal FOXP2 sequence variants that segregated with the ability to imitate
communication sounds*'. This emphasizes the fact that although FOXP2 plays a role in song production, particular FOXP2
versions do not correlate with vocal learning in birds. Figure reproduced, with permission, from REF. 15 © 2005 Macmillan

Amniotes

The collective name for
mammals, reptiles and birds
that are characterized by four
limbs, a spinal column and
embryos that develop within a
fluid-filled cavity that is
enclosed by membranes
(‘famnion’).

Transgenesis

The introduction of an
exogenous gene — a
transgene — into an organism
which results in expression of
the new gene and its
transmission into the next
generation.

Non-vocal learner
A bird species that does not
learn its vocalizations.

Recursion

A term used by linguists to
refer to the embedding of a
structure into the same type
of structure — for example,
embedding a sentence into
another sentence.

Publishers Ltd. All rights reserved. Myr, million years ago.

homologies between the avian and mammalian brains. In
addition, comparative analyses of auditory-vocal learn-
ing and ‘syntax’ (BOX 2; Supplementary information S3
(box), S4 (box) and S5 (box)) are needed to reveal the
evolutionary convergent mechanisms that are subserved
by these homologous neural structures. Second, birdsong
as an animal model for human speech opens up new
ways to study the underlying neural and genetic mecha-
nisms, because the songbird brain is accessible to invasive
research techniques that, for obvious ethical reasons, are
not available in human research. Third, the strong simi-
larities between birdsong and speech are of great mutual
heuristic value. For instance, human syntax begs the ques-
tion as to whether there is a comparable structure (‘pho-
netical syntax’; Supplementary information S3 (box)) in
birdsong. Another example is the discovery of a neural
circuit specifically involved in subsong?® (Supplementary
information S2 (box)). Is there a similar neural
specialization for babbling in human infants?
Neurobiological analyses of birdsong need to focus
on the roles of the caudal pallium and the song system in
auditory-vocal learning and production. Gene expression
studies have advanced our knowledge of the avian brain,
because they measure neuronal activation in awake animals
and can provide an overall picture of brain activity.
However, within-subject comparisons are limited with

this method. At the moment, fMRI analyses of the avian
brain, although allowing within-subject comparisons,
lack resolution. We suggest that, in addition to single-
unit recordings, multi-channel electrophysiological
methods'® are required to provide online analyses of
neuronal activity in large numbers of neurons in large
sections of the brain. Future research needs to focus on
the role of sleep (Supplementary information S7 (box))
in both song learning in birds and in the acquisition of
human speech and language. Electrophysiological analysis
of both the song system and the caudal pallium during
wakefulness and different stages of sleep in juvenile song-
birds will be important. Also, the effects of sleep depriva-
tion in song learning and language acquisition needs to
be investigated. In addition, the possible role of mirror
neuron systems (Supplementary information S6 (box)) in
auditory-vocal learning in both humans and songbirds
needs to be studied.

During the last few years, songbird research has fully
entered the age of molecular genetics. The first songbird
genome, that of the zebra finch, has been sequenced'”,
and transgenesis is feasible, if inefficient'*°. The next
decade will harness techniques such as RNA interfer-
ence, microarrays and chromatin immunoprecipitation
to gain insight into the molecular underpinnings of song
learning and song production, identifying gene networks
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Phonological

In a narrow sense, referring to
the set of physical and
psychological features of a unit
of speech. In a broader sense,
referring to the acoustic
characteristics of a unit of
sound.
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