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Humans with mutations in the transcription factor FOXP2

display a severe speech disorder. Songbirds are a powerful

model system to study FoxP2. Like humans, songbirds

communicate via vocalizations that are imitatively learned

during critical periods and this learning is influenced by social

factors and relies on functionally lateralized neural circuits.

During the past five years significant progress has been made

moving from a descriptive to a more mechanistic

understanding of how FoxP2 functions in songbirds. Current

evidence from molecular and electrophysiological studies

indicates that FoxP2 is important for shaping synaptic plasticity

of specific neuron populations. One future goal will be to

identify the transcriptional regulation orchestrated by FoxP2

and its associated molecular network that brings about these

physiological effects. This will be key to further unravel how

FoxP2 influences synaptic function and thereby contributes to

auditory guided vocal motor behavior in the songbird model.
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Introduction
Forkhead box proteins (Fox) belong to a large family of

winged helix transcription factors that bind to regulatory

regions of target genes and have essential functions in

development and disease [1]. Two members of the FOXP
family, FOXP1 and FOXP2,1 have received particular

attention for their role in speech and language. Patients
1 Following nomenclature proposed by Kaestner and colleagues

(Kaestner KH, Knochel W, Martinez DE. Unified nomenclature for

the winged helix/forkhead transcription factors. Genes Dev

14;2000:142–6). Upper case (FOXP2) and lower case (FoxP2) refer to

human and non-human transcription factors, respectively. Italicized

letters (FOXP2 and FoxP2) refer to the genes.
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carrying FOXP2 mutations  causing haploinsufficiency

have difficulty mastering complex sequences of mouth

movements underlying speech (developmental verbal

dyspraxia, DVD), and have impaired expressive and

receptive language, whereas other aspects of cognition

and development are relatively spared [2,3,74].

FOXP1 mutations are also associated with language

skills [1,4].

Because song learning in birds and speech learning in

humans bear many parallels, songbirds emerged as a

powerful model system to study the function of FoxP2,

its associated molecular network and its relation to vocal

learning. Like language, song of many birds is learned by

imitation of adult conspecifics. Learned song is subserved

by a discrete and anatomically well-characterized neural

circuit. This circuit consists of two pathways: the des-

cending motor pathway and the anterior-forebrain path-

way, which contains the pallial song nucleus LMAN and

the striatal song nucleus Area X and resembles the

mammalian cortico-basal ganglia-thalamo-cortical loop

[5]. These forebrain structures are exclusive to avian

vocal learners and absent in birds that do not learn their

vocalizations by imitation (‘non-learners’).

Modifying the expression of targeted genes in specific

brain regions and measuring the effects on singing beha-

vior and neural activity in vivo has recently become

possible [6,7��]. These methodological advances increase

the power and sophistication with which we can address

how genes affect the function and refinement of complex

neural circuits underlying vocal learning. Here we review

recent literature from the songbird field that starts to

elucidate the role of FoxP2 and its associated signaling

network for the development and function of neural

circuits mediating vocal production learning.

FoxP2 expression pattern in songbirds:
similarities and differences with other
vertebrates
The expression pattern of FoxP2 in birds is overall very

similar to that of rodents and other vertebrates, including

humans. FoxP2 expression is prominent in the striatum,

dorsal thalamus and the olivar-cerebellar system

[8,9,10�,11–13]. FoxP1 partially overlaps FoxP2 expres-

sion, for example in the striatum, but co-expression is not

obligatory, for example cerebellar Purkinje cells express

FoxP2 but not FoxP1 [9,11].

In the pallium of different rodent species expression of

Foxp2 is always present in cortical layer VI [14–16] but

varies in layer V. Whether these differences correlate with
www.sciencedirect.com
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different vocal behaviors in the studied species is not

known yet [12]. In different bird species there is no

evidence so far that song complexity is related to qual-

itative or quantitative variations in FoxP2 expression in

the song system [17]. For instance, Bengalese finches

have a larger repertoire of song elements and sing much

more variable sequences than zebra finches, but neural

expression patterns of FoxP2 (and FoxP1) in the two

species are very similar on the gross morphological level

[10�].

The pallium of different bird species with the exception

of the budgerigar, expresses little FoxP2 [9,10�]. How-

ever, the mesopallium of budgerigars expresses more

FoxP2 than the mesopallium of finches. Interestingly,

the song nucleus MO that is embedded in the mesopal-

lium expresses conspicuously less FoxP2 than the sur-

rounding tissue [9]. How cortical layers in mammals relate

to the different pallial regions in birds continues to be an

area of controversy (for a recent summary see editorial

[18]).

In gymnotiform fish FoxP2 is expressed in the dorsocen-

tral pallium (DC) supporting the proposed homology

between DC and layers V and VI of the mammalian

isocortex [19]. The authors propose a comparative

approach across gymnotiform fish to relate apteronotid
FoxP2 expression patterns to communication behavior.

Because of the known relevance of corticostriatal circuitry

for auditory guided vocal communication in songbirds and

in humans [20], most attempts to elucidate the cellular

functions of FoxP2 have centered on the FoxP2 expres-

sing striatal spiny neurons (SN) [7��,9,21–23] and the

circuitry they are embedded in.

Cues to FoxP2 function from expression
differences
Foxp2 plays a role during early patterning of the mouse

nervous system. It regulates embryonic cortical neurogen-

esis [24] and promotes the differentiation of medium

spiny neurons derived from the lateral ganglionic emi-

nence without affecting cell proliferation or survival [25].

In birds, the presence of FoxP2 expression in the embryo-

nic ventricular zone giving rise to SN is consistent with a

similar role [9,21].

FoxP2 expression increases during the period of devel-

opment when song learning occurs and is lower in adult

birds in Area X, which is important for song learning

[9,26]. Because the neuron density in Area X does not

vary significantly during this time, parsimony suggests

that FoxP2 expression in individual neurons changes over

the course of development [21]. Using a statistically

unbiased analysis Thompson et al. [27�] found that

FoxP2-expressing neurons fall into two different classes

of FoxP2-immunoreactivity (IR): weakly stained and
www.sciencedirect.com 
intensely stained. Interestingly, only the intensely

stained ones decline with age whereas the density of

the weakly stained neurons remains stable. Furthermore,

adult generated neurons are more likely to strongly

express FoxP2, suggesting that intensely IR neurons

may represent a ‘younger’ fraction of FoxP2 IR cells.

Like the decline in intensely stained cells, neural recruit-

ment to Area X also decreases during development [21].

The relation between FoxP2 and the integration and

differentiation of newly generated neurons into Area X

needs further investigation. Studies in mouse and chicken

support the role of FoxP2 in neurogenesis [24,28]. It is

possible that adult neurogenesis also occurs in the human

striatum [29] as suggested by accumulation of the thy-

midine analogue IdU and 14C. A possible caveat is that

IdU and 14C are not only incorporated into DNA during

cell division but also during DNA repair or DNA meth-

ylation, respectively. Interestingly, in contrast to BDNF-

treated mice [30] and intact birds [21], the putative

human adult-born striatal neurons are not of the FoxP2

expressing medium spiny neuron type, but interneurons

[29].

In the light of gender differences in language acquisition,

it is interesting that the amount of FOXP2 expression in

the brains of young boys and girls and in juvenile rats is

sexually dimorphic [16]. However, in songbird species

where both females and males sing, FoxP2 is expressed in

Area X to similar degrees [9].

In summary, the time, place and amount of expression

during embryogenesis and postnatal neural differen-

tiation of songbirds is consistent with experimental evi-

dence in mice that Foxp2 partakes in shaping neural

differentiation. In addition, there is increasing evidence

that at later life stages FoxP2 functions also at a shorter

timescale affecting neural transmission and behavior.

Behavioral modulation of the FoxP2
expression
Zebra finches sing in different social contexts. During

courtship, males direct their song towards females

(‘directed song’) but they also sing song that is not

directed at conspecifics or while they are alone (‘undir-

ected song’). Female-directed song differs acoustically

from undirected song [31] as does the accompanying

neural activity [32] and immediate early gene expression,

such as EGR1 [33,34]. Many studies implicate dopamine

acting on Area X neurons in the regulation of these neural

and behavioral differences associated with singing in the

two different social contexts [35–43].

FoxP2 mRNA expression also varies with social context.

It decreases during undirected but not during directed

singing [26,44]. The expression of FoxP2 mRNA corre-

lates negatively with the amount of undirected singing,

both in zebra finches [26,45��] and in Bengalese finches
Current Opinion in Neurobiology 2014, 28:86–93
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Figure 1
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(A) Upstream of FoxP2: multiple factors influence the expression level of FoxP2 in Area X (symbolized by the grey circle). These changes can either

manifest on a long term scale or be shorter termed. FoxP2 is expressed in the spiny neurons (SN) of Area X and can occur in two rather distinct ‘states’:

SNs expressing high levels of FoxP2 (high FoxP2-SN, bright green) or low levels of FoxP2 (low FoxP2-SN, light green). The high FoxP2-SNs have a

higher proportion of adult generated neurons than the low FoxP2-SNs and often show an elongated nucleus indicating that they are indeed adult born

new neurons (1; Thompson et al., 2013). The density of high FoxP2-SNs declines with age as does the neuronal recruitment to Area X (1; Thompson

et al., 2013; Rochefort et al., 2007). Cannabinoid exposure in late postnatal development leads to a sustained elevation of FoxP2 levels (2; Soderstrom

et al., 2010). Cannabinoid exposure also increases adult neurogenesis in the mouse hippocampus (3; Jiang et al., 2005). On an hour time scale, FoxP2

mRNA and protein levels are regulated by singing. Singing undirected song (symbolized by a pictogram of a male singing alone) for 2 hours leads to a

downregulation of FoxP2-mRNA (4; Teramitsu et al., 2006) whereas both, undirected and directed song downregulates FoxP2 protein in the low

FoxP2-SNs (5; Miller et al., 2008; Thompson et al., 2013). Undirected singing also triggers immediate early gene expression, peaking 1 hour after the

Current Opinion in Neurobiology 2014, 28:86–93 www.sciencedirect.com
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[10�]. However, this correlation does not hold in deaf

zebra finches [26], indicating that FoxP2 expression in

Area X is modulated by motor activity and sensory

activity. Interestingly, in contrast to the mRNA, FoxP2

protein expression is downregulated after singing in both

social contexts [27�,46] raising the possibility of differen-

tial posttranscriptional regulation. This dissociation be-

tween mRNA and protein levels may be related to

sensory input [47].

Upstream of FoxP2
Which factors regulate FoxP2 expression in Area X?

(Figure 1A). The major FoxP2 transcript in the zebra

finch brain is 6.5 kb long, with only a small part coding for

the 710 aa long protein [9], providing a substrate for

complex posttranscriptional regulation. A recent paper

implicates miRNAs in this process. Given the relation-

ship between singing and FoxP2 expression, and between

singing and miRNAs expression [48,49], Shi et al. [50��]
hypothesized that miRNAs regulate Foxp2 expression in

songbirds and identified miR-9 and miR-140-5p as poten-

tial regulators. The authors characterized the FoxP2 30-
UTR and identified miRNA binding sites using bioinfor-

matic sequence analysis combined with PCR-based

cDNA amplification. The specificity of those sequences

for miRNA binding was confirmed with luciferase repor-

ter assays. Furthermore, over-expressed miR-9 and miR-
140-5p reduced levels of Foxp2 mRNA and protein in SH-

SY5Y cells. The authors also quantified the expression

levels of both miRNAs and of FoxP2 mRNAs in Area X

tissue punches by QPCR and found that FoxP2 mRNA

levels were elevated at 45 days of age when the miRNA

expression was reduced, complementing the in vitro data.

After undirected singing the expression of the two

miRNAs was inversely related to FoxP2 expression. Con-

sistent with an evolutionary conserved regulatory role of

miRNAs on FoxP2 expression, miR-9 and miR-132 can

repress ectopically expressed FoxP2 in embryonic mouse

cortex [51].

Because undirected singing is associated with upregulation

of the immediate early gene EGR1 and downregulation of

FoxP2, direct interactions are a possibility. In fact, the 50

flanking region of human and songbird FoxP2 contains
(Figure 1 Legend continued) start of singing (6; Jarvis et al., 1998). The hu

promoter region of FoxP2 opening the opportunity for a singing driven downre

and miR-140-5p are able to bind and downregulate FoxP2 expression. Both

(lower in juveniles compared to adults) and are upregulated after undirected

expression might explain the downregulation of the FoxP2 mRNA only in und

directed song are still elusive. (B) Downstream of FoxP2: In developing mic

from the lateral ganglionic eminence via PDGFRalpha (1; Chiu et al., 2014), 

Proliferation and migration do not seem to be affected. In mature SNs FoxP2 

spine formation is promoted by Cntnap2 (4; Anderson et al., 2012), a FOXP2

the integration of dopaminergic and glutamatergic signaling at the corticostria

via Darpp32 (7; Surmeier et al., 2007). In Area X FoxP2 knockdown leads to a 

D1R expression (6; Murugan et al., 2013). Direct experimental evidence in s

derived from other species or brain regions are symbolized by dashed arrow
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predicted binding sites for EGR1 [48,52]. However, a

significant downregulation of FoxP2 is only observed after

very vigorous and sustained singing [45��] (and personal

observations). In canaries the amount of EGR1 expression

in Area X does not predict the amount of FoxP2 expression

[9]. Together these facts suggest that EGR1 represses

FoxP2 slowly or inefficiently. However, one has to keep

in mind that the effect of singing on FoxP2 so far has always

been measured in Area X as a unit. If neural activity

regulates the level of FoxP2 expression through IEGs in

some spiny neurons but not others, the true extent of

regulation might only become apparent by analyzing the

relationship in single cells.

In addition to miRNAs, cannabinoids impact FoxP2

expression in zebra finches. Systemic administration of

the cannabinoid agonist WIN55212-2 in juvenile birds

increases the numbers of IR FoxP2 neurons in Area X

[53]. Cannabinoid exposure during song learning leads to

a reduction of song element imitation and increases song

sequence variability [54,55]. The activation of type 1

cannabinoid receptors in Area X reduces synaptic

strength onto FoxP2—expressing spiny neurons through

reduced presynaptic release probability [56].

Hormones may also be involved in regulation of FoxP2
expression. In canaries, hormones mediate seasonally

changing singing behavior and song plasticity [57] coinci-

dent with changing FoxP2 expression levels. FoxP2 levels

are highest in Area X during the months of the year when

testosterone levels are low and canaries sing variable, non-

stereotyped song [9]. It would thus be interesting to

further pursue the potential molecular relationship be-

tween hormones and FoxP2.

Together, the above observations provide hints about

some factors, predicted or verified, that contribute to

FoxP2 regulation in Area X, and in turn, song learning.

Additionally, studies in cell lines, as well as in developing

fish, mice and humans, suggest that regulators of FoxP2

can in turn be targets of FoxP2. For instance, in zebra fish

lef1, a member of the Lef/Tcf family of transcription

factors activated by Wnt signaling binds to enhancers

in the foxP2 genomic locus, regulating region-specific
man and songbird genome both contain EGR1-binding sites in the

gulation of FoxP2 mediated by IEGs (7; Bruce and Margolis, 2002). MiR 9

 miRNAs are expressed in Area X in an inverse pattern to that of FoxP2

 singing in adult males (8; Shi et al., 2013). This together with the EGR1

irected song. The upstream factors influencing the protein expression in

e, Foxp2 promotes the differentiation of medium spiny neurons derived

a direct target of FOXP2 in a human cell line (2; Konopka et al., 2009).

knockdown leads to a reduction of spines (3; Schulz et al., 2013). In mice,

 target gene (5; Vernes et al., 2008). In zebra finches FoxP2 is involved in

tal synapse in Area X. In mammalian medium spiny neurons D1R signals

severe decrease in DARPP32 expression as well as a slighter decrease in

ongbirds is symbolized by black bold arrows, whereas potential links

s.
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expression [58]. Components of the Wnt signaling path-

way also emerge as FOXP2 targets, identified by ChIP

experiments [59,60]. Likewise, miRNAs cannot only

regulate FoxP2 but also be downstream targets regulated

by Foxp2 [22]. Thus, FoxP2 abundance in neurons,

particularly during development, may be subject to tight

control via feedback mechanisms.

Downstream of FoxP2
Studies using chromatin immunoprecipitation (ChIP)

followed by microarray analysis revealed about 2000

potential targets of FOXP2 [22,59,60,74]. While both

mice and songbirds depend on intact FoxP2 function

in their striatal circuits for learned fine motor skills

[6,7��,61] it is not clear whether the evolution of audi-

tory-guided vocal motor learning in songbirds went hand

in hand with a diversification of FoxP2 target genes. If so,

this could result in the elaboration of slightly different

circuitry or different neural function during song learning

and singing behavior, or both.

So far, there are no microarray or deep sequencing data

published that directly address the global transcriptional

regulation by FoxP2 in songbirds (Figure 1B). However a

recent publication provides indirect evidence. A differ-

ential expression study in zebra finches used weighted

gene coexpression network analysis on microarray data to

identify groups of genes co-regulated during singing

[45��]. Among the more than 2000 genes regulated by

singing in Area X many were known to be targets of

human FOXP2, identified using various methods and

tissues [22,59,60,62,63]. For example of 175 targets found

in human fetal basal ganglia [59] 56 were also in the

singing-regulated network, many of them downregulated

by singing. Functional annotation of the singing regulated

genes led the authors to postulate a role for FoxP2 in

singing-related NMDAR-mediated synaptic plasticity

and cytoskeletal rearrangement, as well as MAPKK and

tyrosine phosphatase signaling.

Another target identified by ChIP on human neuronal

like cells is contactin-associated protein-like 2

(CNTNAP2), a member of the neurexin superfamily that

has been linked to speech pathologies and autism [64].

The expression pattern of the CNTNAP2 mRNA [65]

inversely mirrors the developmental modulation of the

FoxP2 expression in Area X of zebra finches [9]. In

contrast to the mRNA levels, more CNTNAP2 protein

is detected in Area X than in the surrounding striatopal-

lidum [66�]. Cntnap2 has been linked to synaptic remo-

deling in rodents [67] but the functional relevance in

songbirds awaits experimental manipulation.

Recently, two components of the dopamine signaling

pathway, the D1R and DARPP32 have also been shown

to be affected by experimental manipulation of FoxP2
expression in Area X of adult male zebra finches [7��].
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Darpp32 had already been found in the target screen by

Vernes et al. [22]. These findings, and functional studies

(see below) suggest a link between FoxP2 and dopami-

nergic signaling which is additionally supported by sev-

eral studies in mice [74].

Effect of FoxP2 on vocal learning and neural
processing
Ultimately, gene function studies require targeted

genetic manipulations, but in contrast to mice, germline

transgenesis in songbirds is still inefficient [68,69]. How-

ever, lentivirally mediated RNAi-based knockdown of

FoxP2 has been successfully used in Area X in juvenile

and adult zebra finches [6,7��]. FoxP2 knockdown in Area

X of juvenile zebra finches results in incomplete and

inaccurate song imitation and leads to greater variability

in song delivery in adults [6,7��]. Knockdown of FoxP2 in

adult Area X prevents the social context dependent

‘switch’ of the singing mode. Variability of the funda-

mental frequency of song elements is usually lower in

directed song than in undirected song. After knockdown

this is no longer the case. The behavioral read-out is

mirrored by neural activity in the pallial song nucleus

LMAN, two synapses downstream of Area X. In control

birds, the mean firing rate in LMAN is usually higher in

undirected song than in directed song, as is the number of

bursts (e.g. interspike intervals of less than 5 ms). After

FoxP2 knockdown in Area X, burstiness and mean firing

rate during directed song remain as high as during undir-

ected song. Interestingly a recent study reveals that the

difference in AFP firing between directed and undirected

song initially emerges in Area X [70��]. In addition, after

knockdown the signal propagation from the pallial

nucleus HVC through Area X to LMAN is accelerated

by 3 ms. Importantly, dopamine 1 receptor agonists and

antagonists modulate this signal propagation speed in

control birds, but not in knockdown birds. Whether these

manipulations affect pre-motor spike timing in RA was

not tested in vivo. However, in a slice preparation of

unmanipulated birds; differences in the arrival times on

the same order as those observed after FoxP2 knockdown

in Area X can significantly affect RA spike timing varia-

bility. This could be the mechanism by which millisecond

changes in the anterior forebrain signal contribute to song

variability. Further investigation is necessary to test

whether FoxP2 dysfunction leads to a cell-type-specific

reshaping of cortico-striatal connectivity and function.

Similarly to the observed excessive bursting after FoxP2
knockdown in the pallial nucleus LMAN, dopamine

alterations in the striatum of mammals can rapidly affect

correlated activity in cortical areas ([71]; see also [72]).

Based on the latter findings Woolley et al. [70��] proposed

a model how the influence of dopamine on the correlated

activity of SNs in Area X could lead to social context

dependent modulation of firing in pallidal output

neurons. Taken together this leads to the question if

FoxP2 likewise affects the correlated activity between
www.sciencedirect.com
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SNs. Another potential link to FoxP2 pathomechanisms

in relation to synaptic function is its involvement in spine

formation. Knockdown of FoxP2 in spiny neurons of zebra

finches reduces spine density in vivo. This effect is even

more pronounced when neurons receive the knockdown

before differentiation, that is as neuroblasts in the ven-

tricular zone, where adult neurogenesis takes place [73].

The exact chain of events leading from reduced FoxP2
levels in spiny neurons to altered neural and behavioral

function remains to be uncovered (Figure 1B).

Conclusion
In this review we focused on songbirds as a model to

address how the expression of FoxP2 affects neural cir-

cuits underlying vocal plasticity.

Data point towards a dichotomous role of FoxP2: On the

one hand it is clearly involved in the formation of the

circuitry employed for sensory guided motor learning

by influencing neuronal differentiation, in particular

dendritic outgrowth and spine formation. On the other

hand FoxP2 is needed for the proper function of these

circuits: Vocal learning in juveniles and social context

dependent ‘switching’ of singing style in adults.

Whether FoxP2 subserves these two aspects via the

same or different mechanism needs to be followed up

further.

Future research should aim at solving the following open

questions:

� Target genes and signaling cascades: Microarray, ChIP

or Next Generation Sequencing studies to identify

which genes are regulated by FoxP2 during song

learning and maintenance are needed. Among those

genes, which are the most relevant ones in juvenile and

adult animals? Such studies promise to shed light on the

specific contribution of particular molecular modules,

e.g. the Wnt signaling pathway to vocal communication.

� Structure-function relationships: FoxP2 is involved in

spine-formation, dendritic branching and outgrowth in

SNs. Whether and how this impacts intrinsic and

synaptic properties of these neurons remains largely

elusive and thus important to investigate.

� Signal propagation and processing: FoxP2 knockdown

in Area X of adults changes signal propagation speed on

the one hand and neural output patterns on the other

hand. Future research should address whether this is

also the case in juveniles and whether the changes in

signaling speed and output patterns are the con-

sequence of similar or distinct pathomechanisms.

� Area X microcircuits: The question how FoxP2 affects

the micro circuitry of Area X merits more attention.

Sophisticated molecular tools in combination with

classical tracing techniques promise insights whether
www.sciencedirect.com 
and how FoxP2 alters the formation and function of the

circuits within Area X.

Conflict of interest
Nothing declared.

Acknowledgements
This work was supported by the DFG (EXC 257 NeuroCure and SFB665).
Thanks to Jennifer Kosubeck for critical reading.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest

�� of outstanding interest

1. Bowers JM, Konopka G: The role of the FOXP family of
transcription factors in ASD. Dis Markers 2012, 33:251-260.

2. Lai CS, Fisher SE, Hurst JA, Vargha-Khadem F, Monaco AP: A
forkhead-domain gene is mutated in a severe speech and
language disorder. Nature 2001, 413:519-523.

3. Fisher SE, Scharff C: FOXP2 as a molecular window into speech
and language. Trends Genet 2009, 25:166-177.

4. Fee MS, Scharff C: The songbird as a model for the generation
and learning of complex sequential behaviors. ILAR J 2010,
51:362-377.

5. Fee MS, Goldberg JH: A hypothesis for basal ganglia-
dependent reinforcement learning in the songbird.
Neuroscience 2011, 198:152-170.

6. Haesler S, Rochefort C, Georgi B, Licznerski P, Osten P, Scharff C:
Incomplete and inaccurate vocal imitation after knockdown of
FoxP2 in songbird basal ganglia nucleus Area X. PLoS Biol
2007, 5:e321.

7.
��

Murugan M, Harward S, Scharff C, Mooney R: Diminished FoxP2
levels affect dopaminergic modulation of corticostriatal
signaling important to song variability. Neuron 2013, 80:1464-
1476.

First study which combines manipulation of the FoxP2 levels, singing and
awake-behaving electrophysiology and relates the effects to dopaminer-
gic function. The authors demonstrate that a reduction of FoxP2 levels
increase singing variability and neural activity in adult birds. Furthermore,
the signal propagation is abnormally fast in the FoxP2 knock down birds
and becomes insensitive to dopaminergic modulation.

8. Teramitsu I, Kudo LC, London SE, Geschwind DH, White SA:
Parallel FoxP1 and FoxP2 expression in songbird and human
brain predicts functional interaction. J Neurosci 2004, 24:3152-
3163.

9. Haesler S, Wada K, Nshdejan A, Morrisey EE, Lints T, Jarvis ED,
Scharff C: FoxP2 expression in avian vocal learners and non-
learners. J Neurosci 2004, 24:3164-3175.

10.
�

Chen Q, Heston JB, Burkett ZD, White SA: Expression analysis of
the speech-related genes FoxP1 and FoxP2 and their relation
to singing behavior in two songbird species. J Exp Biol 2013,
216:3682-3692.

This paper shows that in Bengalese finches FoxP1 and FoxP2 are
expressed in a similar way as in zebra finches, demonstrating that differ-
ences in song syntax complexity between those two species are not
reflected in any obvious way by expression differences.

11. Takahashi K, Liu FC, Hirokawa K, Takahashi H: Expression of
Foxp2, a gene involved in speech and language, in the
developing and adult striatum. J Neurosci Res 2003, 73:61-72.

12. Campbell P, Reep RL, Stoll ML, Ophir AG, Phelps SM: Conservation
and diversity of Foxp2 expression in muroid rodents: functional
implications. J Comp Neurol 2009, 512:84-100.

13. Kato M, Okanoya K, Koike T, Sasaki E, Okano H, Watanabe S,
Iriki A: Human speech- and reading-related genes display
partially overlapping expression patterns in the marmoset
brain. Brain Lang 2014, 133C:26-38.
Current Opinion in Neurobiology 2014, 28:86–93

http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0005
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0005
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0010
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0010
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0010
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0015
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0015
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0020
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0020
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0020
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0025
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0025
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0025
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0030
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0030
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0030
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0030
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0035
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0035
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0035
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0035
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0040
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0040
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0040
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0040
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0045
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0045
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0045
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0050
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0050
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0050
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0050
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0055
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0055
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0055
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0060
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0060
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0060
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0065
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0065
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0065
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0065


92 Communication and language
14. Ferland RJ, Cherry TJ, Preware PO, Morrisey EE, Walsh CA:
Characterization of Foxp2 and Foxp1 mRNA and protein in the
developing and mature brain. J Comp Neurol 2003, 460:266-279.

15. Hisaoka T, Nakamura Y, Senba E, Morikawa Y: The forkhead
transcription factors, Foxp1 and Foxp2, identify different
subpopulations of projection neurons in the mouse cerebral
cortex. Neuroscience 2010, 166:551-563.

16. Bowers JM, Perez-Pouchoulen M, Edwards NS, McCarthy MM:
Foxp2 mediates sex differences in ultrasonic vocalization by
rat pups and directs order of maternal retrieval. J Neurosci
2013, 33:3276-3283.

17. Okanoya K: The Bengalese finch: a window on the behavioral
neurobiology of birdsong syntax. Ann N Y Acad Sci 2004,
1016:724-735.

18. Finger TE, Yamamoto N, Karten HJ, Hof PR: Evolution of the
forebrain — revisiting the pallium. J Comp Neurol 2013,
521:3601-3603.

19. Harvey-Girard E, Giassi AC, Ellis W, Maler L: Organization of the
gymnotiform fish pallium in relation to learning and memory.
IV: Expression of conserved transcription factors and
implications for the evolution of dorsal telencephalon. J Comp
Neurol 2012, 520:3395-3413.

20. Doupe AJ, Kuhl PK: Birdsong and human speech: common
themes and mechanisms. Annu Rev Neurosci 1999, 22:567-631.

21. Rochefort C, He X, Scotto-Lomassese S, Scharff C: Recruitment
of FoxP2-expressing neurons to area X varies during song
development. Dev Neurobiol 2007, 67:809-817.

22. Vernes SC, Oliver PL, Spiteri E, Lockstone HE, Puliyadi R,
Taylor JM, Ho J, Mombereau C, Brewer A, Lowy E et al.: Foxp2
regulates gene networks implicated in neurite outgrowth in
the developing brain. PLoS Genet 2011, 7:e1002145.

23. French CA, Jin X, Campbell TG, Gerfen E, Groszer M, Fisher SE,
Costa RM: An aetiological Foxp2 mutation causes aberrant
striatal activity and alters plasticity during skill learning. Mol
Psychiatry 2012, 17:1077-1085.

24. Tsui D, Vessey JP, Tomita H, Kaplan DR, Miller FD: FoxP2
regulates neurogenesis during embryonic cortical
development. J Neurosci: Off J Soc Neurosci 2013, 33:244-258.

25. Chiu YC, Li MY, Liu YH, Ding JY, Yu JY, Wang TW: Foxp2
regulates neuronal differentiation and neuronal subtype
specification. Dev Neurobiol 2014.

26. Teramitsu I, Poopatanapong A, Torrisi S, White SA: Striatal FoxP2
is actively regulated during songbird sensorimotor learning.
PLoS ONE 2010, 5:e8548.

27.
�

Thompson CK, Schwabe F, Schoof A, Mendoza E, Gampe J,
Rochefort C, Scharff C: Young and intense: FoxP2
immunoreactivity in Area X varies with age, song stereotypy,
and singing in male zebra finches. Front Neural Circuits 2013,
7:24.

This paper highlights the existence of two different populations of FoxP2
expressing cells in Area X. The data indicate that young Area X SN
express FoxP2 at high levels and decrease expression as they become
integrated into the Area X circuitry. Once integrated, levels of FoxP2
expression correlate with singing behavior.

28. Rousso DL, Pearson CA, Gaber ZB, Miquelajauregui A, Li S,
Portera-Cailliau C, Morrisey EE, Novitch BG: Foxp-mediated
suppression of N-cadherin regulates neuroepithelial
character and progenitor maintenance in the CNS. Neuron
2012, 74:314-330.

29. Ernst A, Alkass K, Bernard S, Salehpour M, Perl S, Tisdale J,
Possnert G, Druid H, Frisen J: Neurogenesis in the striatum of
the adult human brain. Cell 2014, 156:1072-1083.

30. Benraiss A, Bruel-Jungerman E, Lu G, Economides AN,
Davidson B, Goldman SA: Sustained induction of neuronal
addition to the adult rat neostriatum by AAV4-delivered noggin
and BDNF. Gene Ther 2012, 19:483-493.

31. Sossinka R, Bohner J: Song types in the zebra finch poephila-
guttata-castanotis. Z Tierpsychol: J Comp Ethol 1980, 53:123-132.
Current Opinion in Neurobiology 2014, 28:86–93 
32. Hessler NA, Doupe AJ: Singing-related neural activity in a
dorsal forebrain-basal ganglia circuit of adult zebra finches. J
Neurosci 1999, 19:10461-10481.

33. Jarvis ED, Scharff C, Grossman MR, Ramos JA, Nottebohm F: For
whom the bird sings: context-dependent gene expression.
Neuron 1998, 21:775-788.

34. Kao MH, Brainard MS: Lesions of an avian basal ganglia circuit
prevent context-dependent changes to song variability. J
Neurophysiol 2006, 96:1441-1455.

35. Hara E, Kubikova L, Hessler NA, Jarvis ED: Role of the midbrain
dopaminergic system in modulation of vocal brain activation
by social context. Eur J Neurosci 2007, 25:3406-3416.

36. Sasaki A, Sotnikova TD, Gainetdinov RR, Jarvis ED: Social
context-dependent singing-regulated dopamine. J Neurosci
2006, 26:9010-9014.

37. Ding L, Perkel DJ: Dopamine modulates excitability of spiny
neurons in the avianbasal ganglia. J Neurosci 2002, 22:5210-5218.

38. Leblois A, Wendel BJ, Perkel DJ: Striatal dopamine modulates
basal ganglia output and regulates social context-dependent
behavioral variability through D1 receptors. J Neurosci 2010,
30:5730-5743.

39. Leblois A, Perkel DJ: Striatal dopamine modulates song
spectral but not temporal features through D1 receptors. Eur J
Neurosci 2012, 35:1771-1781.

40. Huang YC, Hessler NA: Social modulation during songbird
courtship potentiates midbrain dopaminergic neurons. PLoS
ONE 2008, 3:e3281.

41. Rauceo S, Harding CF, Maldonado A, Gaysinkaya L, Tulloch I,
Rodriguez E: Dopaminergic modulation of reproductive
behavior and activity in male zebra finches. Behav Brain Res
2008, 187:133-139.

42. Heimovics SA, Cornil CA, Ball GF, Riters LV: D1-like dopamine
receptor density in nuclei involved in social behavior
correlates with song in a context-dependent fashion in male
European starlings. Neuroscience 2009, 159:962-973.

43. Yanagihara S, Hessler NA: Modulation of singing-related
activity in the songbird ventral tegmental area by social
context. Eur J Neurosci 2006, 24:3619-3627.

44. Teramitsu I, White SA: FoxP2 regulation during undirected
singing in adult songbirds. J Neurosci 2006, 26:7390-7394.

45.
��

Hilliard AT, Miller JE, Fraley ER, Horvath S, White SA: Molecular
microcircuitry underlies functional specification in a basal
ganglia circuit dedicated to vocal learning. Neuron 2012,
73:537-552.

This study compares the transcriptome of Area X and the ventral striato-
pallidum, in singing and non-singing adult zebra finch males. Even though
it does not directly check for FoxP2 target genes it provides a very
thorough dataset of possible candidates.

46. Miller JE, Spiteri E, Condro MC, Dosumu-Johnson RT,
Geschwind DH, White SA: Birdsong decreases protein levels of
FoxP2, a molecule required for human speech. J Neurophysiol
2008, 100:2015-2025.

47. Whitney O, Johnson F: Motor-induced transcription but
sensory-regulated translation of ZENK in socially interactive
songbirds. J Neurobiol 2005, 65:251-259.

48. Warren WC, Clayton DF, Ellegren H, Arnold AP, Hillier LW,
Kunstner A, Searle S, White S, Vilella AJ, Fairley S et al.: The
genome of a songbird. Nature 2010, 464:757-762.

49. Gunaratne PH, Lin YC, Benham AL, Drnevich J, Coarfa C,
Tennakoon JB, Creighton CJ, Kim JH, Milosavljevic A, Watson M
et al.: Song exposure regulates known and novel microRNAs in
the zebra finch auditory forebrain. BMC Genomics 2011, 12:277.

50.
��

Shi Z, Luo G, Fu L, Fang Z, Wang X, Li X: miR-9 and miR-140-5p
target FoxP2 and are regulated as a function of the social
context of singing behavior in zebra finches. J Neurosci 2013,
33:16510-16521.

First paper which describes post-transcriptional regulation of FoxP2 by
two miRNA in songbirds. The authors provide quite conclusive evidence
that the miRNAs can bind specific sequences in the FoxP2 30-UTR and
www.sciencedirect.com

http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0070
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0070
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0070
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0075
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0075
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0075
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0075
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0080
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0080
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0080
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0080
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0085
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0085
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0085
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0090
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0090
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0090
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0095
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0095
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0095
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0095
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0095
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0100
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0100
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0105
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0105
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0105
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0110
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0110
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0110
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0110
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0115
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0115
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0115
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0115
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0120
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0120
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0120
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0125
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0125
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0125
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0130
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0130
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0130
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0135
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0135
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0135
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0135
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0135
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0140
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0140
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0140
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0140
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0140
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0145
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0145
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0145
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0150
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0150
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0150
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0150
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0155
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0155
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0160
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0160
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0160
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0165
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0165
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0165
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0170
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0170
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0170
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0175
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0175
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0175
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0180
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0180
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0180
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0185
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0185
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0190
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0190
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0190
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0190
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0195
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0195
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0195
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0200
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0200
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0200
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0205
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0205
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0205
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0205
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0210
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0210
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0210
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0210
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0215
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0215
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0215
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0220
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0220
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0225
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0225
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0225
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0225
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0230
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0230
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0230
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0230
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0235
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0235
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0235
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0240
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0240
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0240
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0245
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0245
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0245
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0245
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0250
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0250
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0250
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0250


FoxP2 in songbirds Wohlgemuth, Adam and Scharff 93
downregulate FoxP2 protein. They further show modulation of the
expression during development and social vocal behavior supporting
their regulatory role.

51. Clovis YM, Enard W, Marinaro F, Huttner WB, De Pietri Tonelli D:
Convergent repression of Foxp2 3’UTR by miR-9 and miR-132
in embryonic mouse neocortex: implications for radial
migration of neurons. Development 2012, 139:3332-3342.

52. Bruce HA, Margolis RL: FOXP2: novel exons, splice variants,
and CAG repeat length stability. Hum Genet 2002, 111:136-144.

53. Soderstrom K, Luo B: Late-postnatal cannabinoid exposure
persistently increases FoxP2 expression within zebra finch
striatum. Dev Neurobiol 2010, 70:195-203.

54. Soderstrom K, Johnson F: Cannabinoid exposure alters
learning of zebra finch vocal patterns. Brain Res Dev Brain Res
2003, 142:215-217.

55. Soderstrom K, Tian Q, Valenti M, Di Marzo V: Endocannabinoids
link feeding state and auditory perception-related gene
expression. J Neurosci 2004, 24:10013-10021.

56. Thompson JA, Perkel DJ: Endocannabinoids mediate synaptic
plasticity at glutamatergic synapses on spiny neurons within a
basal ganglia nucleus necessary for song learning. J
Neurophysiol 2011, 105:1159-1169.

57. Kirn J, O’Loughlin B, Kasparian S, Nottebohm F: Cell death and
neuronal recruitment in the high vocal center of adult male
canaries are temporally related to changes in song. Proc Natl
Acad Sci U S A 1994, 91:7844-7848.

58. Bonkowsky JL, Wang X, Fujimoto E, Lee JE, Chien CB, Dorsky RI:
Domain-specific regulation of foxP2 CNS expression by lef1.
BMC Dev Biol 2008, 8:103.

59. Spiteri E, Konopka G, Coppola G, Bomar J, Oldham M, Ou J,
Vernes SC, Fisher SE, Ren B, Geschwind DH: Identification of the
transcriptional targets of FOXP2, a gene linked to speech and
language, in developing human brain. Am J Hum Genet 2007,
81:1144-1157.

60. Vernes SC, Spiteri E, Nicod J, Groszer M, Taylor JM, Davies KE,
Geschwind DH, Fisher SE: High-throughput analysis of
promoter occupancy reveals direct neural targets of FOXP2, a
gene mutated in speech and language disorders. Am J Hum
Genet 2007, 81:1232-1250.

61. Groszer M, Keays DA, Deacon RM, de Bono JP, Prasad-
Mulcare S, Gaub S, Baum MG, French CA, Nicod J, Coventry JA
et al.: Impaired synaptic plasticity and motor learning in mice
with a point mutation implicated in human speech deficits.
Curr Biol 2008, 18:354-362.

62. Konopka G, Bomar JM, Winden K, Coppola G, Jonsson ZO, Gao F,
Peng S, Preuss TM, Wohlschlegel JA, Geschwind DH: Human-
specific transcriptional regulation of CNS development genes
by FOXP2. Nature 2009, 462:213-217.
www.sciencedirect.com 
63. Enard W, Gehre S, Hammerschmidt K, Holter SM, Blass T,
Somel M, Bruckner MK, Schreiweis C, Winter C, Sohr R et al.: A
humanized version of Foxp2 affects cortico-basal ganglia
circuits in mice. Cell 2009, 137:961-971.

64. Vernes SC, Newbury DF, Abrahams BS, Winchester L, Nicod J,
Groszer M, Alarcon M, Oliver PL, Davies KE, Geschwind DH et al.:
A functional genetic link between distinct developmental
language disorders. N Engl J Med 2008, 359:2337-2345.

65. Panaitof SC, Abrahams BS, Dong H, Geschwind DH, White SA:
Language-related Cntnap2 gene is differentially expressed in
sexually dimorphic song nuclei essential for vocal learning in
songbirds. J Comp Neurol 2010, 518:1995-2018.

66.
�

Condro MC, White SA: Distribution of language-related
Cntnap2 protein in neural circuits critical for vocal learning. J
Comp Neurol 2014, 522:169-185.

CNTNAP2 is a target gene of FOXP2 in humans. This thorough study finds
that CNTNAP2 expression is enriched in several song control regions of
male zebra finches but not in the corresponding regions of females, which
is consistent with a role for CNTNAP2 in vocal learning.

67. Anderson GR, Galfin T, Xu W, Aoto J, Malenka RC, Sudhof TC:
Candidate autism gene screen identifies critical role for cell-
adhesion molecule CASPR2 in dendritic arborization and spine
development. Proc Natl Acad Sci U S A 2012, 109:18120-18125.

68. Agate RJ, Scott BB, Haripal B, Lois C, Nottebohm F: Transgenic
songbirds offer an opportunity to develop a genetic model for
vocal learning. Proc Natl Acad Sci U S A 2009, 106:17963-17967.

69. Scharff C, Adam I: Neurogenetics of birdsong. Curr Opin
Neurobiol 2013, 23:29-36.

70.
��

Woolley SC, Rajan R, Joshua M, Doupe AJ: Emergence of
context-dependent variability across a basal ganglia network.
Neuron 2014, 82:208-223.

In this elegant study Woolley et al. recorded from single neurons at
various nuclei of the songbird cortico-basal ganglia loop to investigate
where and how the social context dependent modulation of singing
emerges. They show that this difference does not originate from the
cortical structures projecting to Area X. The differences first emerges in
striatal nucleus Area X. These data significantly advance our hypotheses
about the role of FoxP2 for neural processing in Area X.

71. Costa RM, Lin SC, Sotnikova TD, Cyr M, Gainetdinov RR,
Caron MG, Nicolelis MA: Rapid alterations in corticostriatal
ensemble coordination during acute dopamine-dependent
motor dysfunction. Neuron 2006, 52:359-369.

72. Gadagkar V, Goldberg JH: A variability-generating circuit goes
awry in a songbird model of the FOXP2 speech disorder.
Neuron 2013, 80:1341-1344.

73. Schulz SB, Haesler S, Scharff C, Rochefort C: Knockdown of
FoxP2 alters spine density in Area X of the zebra finch. Genes
Brain Behav 2010, 9:732-740.

74. French CA, Fisher SE: What can mice tell us about Foxp2
function? Curr Opin Neurobiol 2014, 28:72-79.
Current Opinion in Neurobiology 2014, 28:86–93

http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0255
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0255
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0255
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0255
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0260
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0260
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0265
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0265
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0265
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0270
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0270
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0270
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0275
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0275
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0275
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0280
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0280
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0280
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0280
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0285
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0285
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0285
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0285
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0290
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0290
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0290
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0295
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0295
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0295
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0295
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0295
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0300
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0300
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0300
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0300
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0300
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0305
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0305
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0305
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0305
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0305
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0310
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0310
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0310
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0310
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0315
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0315
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0315
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0315
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0320
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0320
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0320
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0320
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0325
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0325
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0325
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0325
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0330
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0330
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0330
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0335
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0335
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0335
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0335
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0340
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0340
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0340
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0345
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0345
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0350
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0350
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0350
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0355
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0355
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0355
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0355
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0360
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0360
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0360
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0365
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0365
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref0365
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref9365
http://refhub.elsevier.com/S0959-4388(14)00121-4/sbref9365

	FoxP2 in songbirds
	Introduction
	FoxP2 expression pattern in songbirds: similarities and differences with other vertebrates
	Cues to FoxP2 function from expression differences
	Behavioral modulation of the FoxP2 expression
	Upstream of FoxP2
	Downstream of FoxP2
	Effect of FoxP2 on vocal learning and neural processing
	Conclusion
	Conflict of interest
	Acknowledgements
	References and recommended reading


