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Mutations in the transcription factors FOXP1 and FOXP2 are associated with speech impairments. FOXP1 is additionally linked to
cognitive deficits, as is FOXP4. These FoxP proteins are highly conserved in vertebrates and expressed in comparable brain regions,
including the striatum. In male zebra finches, experimental manipulation of FoxP2 in Area X, a striatal song nucleus essential for vocal
production learning, affects song development, adult song production, dendritic spine density, and dopamine-regulated synaptic trans-
mission of striatal neurons. We previously showed that, in the majority of Area X neurons FoxP1, FoxP2, and FoxP4 are coexpressed, can
dimerize and multimerize with each other and differentially regulate the expression of target genes. These findings raise the possibility
that FoxP1, FoxP2, and FoxP4 (FoxP1/2/4) affect neural function differently and in turn vocal learning. To address this directly, we
downregulated FoxP1 or FoxP4 in Area X of juvenile zebra finches and compared the resulting song phenotypes with the previously
described inaccurate and incomplete song learning after FoxP2 knockdown. We found that experimental downregulation of FoxP1 and
FoxP4 led to impaired song learning with partly similar features as those reported for FoxP2 knockdowns. However, there were also
specific differences between the groups, leading us to suggest that specific features of the song are differentially impacted by develop-
mental manipulations of FoxP1/2/4 expression in Area X.
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Introduction
Heterozygous mutations of the FOXP2 transcription factor are
associated with a speech deficit called developmental verbal dys-
praxia (Lai et al., 2001) or childhood apraxia of speech (Morgan

and Webster, 2018); FOXP denotes human protein, Foxp rodent,
and FoxP all other species (Kaestner et al., 2000). Genes and
mRNA are italicized. FOXP1 mutations cause a wider spectrum
of impairments, including speech problems (Fisher and Scharff,
2009; Bacon and Rappold, 2012; Siper et al., 2017; Sollis et al.,
2017). A FOXP4 mutation is associated with delayed develop-
ment, laryngeal hypoplasia, and feeding problems (Charng et al.,
2016). FOXP1/2/4 are expressed in diverse brain regions, includ-
ing the striatum (Bowers and Konopka, 2012). The striatum in
patients carrying FOXP2 mutations differs structurally and func-
tionally from that of their unaffected siblings (Watkins et al.,
2002; Liégeois et al., 2003). FoxP1/2/4 are also expressed in the
striatum of mice and other vertebrates (Shu et al., 2001; Ferland
et al., 2003; Takahashi et al., 2003, 2008a,b; Haesler et al., 2004;
Teramitsu et al., 2004; Bonkowsky and Chien, 2005; Takahashi et
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Significance Statement

We compared the effects of experimentally reduced expression of the transcription factors FoxP1, FoxP2, and FoxP4 in a striatal
song nucleus, Area X, on vocal production learning in juvenile male zebra finches. We show, for the first time, that these temporally
and spatially precise manipulations of the three FoxPs affect spectral and temporal song features differentially. This is important
because it raises the possibility that the different FoxPs control different aspects of vocal learning through combinatorial gene
expression or by acting in different microcircuits within Area X. These results are consistent with the deleterious effects of human
FOXP1 and FOXP2 mutations on speech and language and add FOXP4 as a possible candidate gene for vocal disorders.
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al., 2009; Mashiko et al., 2012; Mendoza et al., 2015; Spaeth et al.,
2015). In mice carrying a mutant allele of Foxp2, similar to one
reported in patients, synaptic plasticity in striatal and cerebellar
circuits is impaired and ultrasonic vocal communication is al-
tered (Groszer et al., 2008; Castellucci et al., 2016; Chabout et al.,
2016). While the latter may also be due to the crucial functions of
Foxp2 in the development of craniofacial cartilage (Xu et al.,
2018), striatal-specific deletion of Foxp2 (French et al., 2019)
causes mice to execute rapid motor sequences more variably,
emphasizing the importance of the striatum for fine control of
motor behaviors. Together, these findings implicate the striatum
as an important site of integrated FoxP1/2/4 neural function.

We study FoxP function in songbirds because birdsong and
speech share many features (Doupe and Kuhl, 1999). Both are
learned during critical developmental periods through auditory-
guided vocal imitation. Speech learning in people and song learning
in birds are constrained by innate predispositions and are also
strongly affected by social factors. Birdsong and speech depend on
analogous neural pathways that are functionally lateralized (Petkov
and Jarvis, 2012; Pfenning et al., 2014). Thus, songbirds provide a
genuine model for behavioral, neural, and molecular analyses of
genes relevant for vocal communication (Bolhuis et al., 2010).

In zebra finches, FoxP2 expression levels in Area X, the striatal
song nucleus required for learning, discrimination, and mainte-
nance of song (Sohrabji et al., 1990; Scharff and Nottebohm,
1991; Scharff et al., 1998; Aronov et al., 2008), vary with age and
singing activity (Haesler et al., 2004; Miller et al., 2008; Teramitsu
et al., 2010; Thompson et al., 2013; Adam et al., 2016). Experi-
ments disrupting the dynamic regulation of FoxP2 impair song
learning, social modulation of song variability, and dopamine-
sensitive signal transmission through the cortical-basal ganglia-
thalamic forebrain song circuit (Haesler et al., 2007; Murugan et
al., 2013; Day et al., 2019). In Area X, FoxP2 is expressed in
medium spiny neurons (MSNs) and can dimerize and oligomer-
ize with FoxP1 and FoxP4 (Mendoza et al., 2015; Mendoza and
Scharff, 2017). In cell culture, FoxP proteins of mice (Li et al.,
2004) and humans (Estruch et al., 2018) also dimerize. Dimeriza-
tion may also be important for the phenotype of human FOXP
mutations (Mizutani et al., 2007; Sollis et al., 2016, 2017).

In summary, FoxP2 in humans and songbirds is clearly rele-
vant for vocal communication. Given the recent implications of
FoxP1 and FoxP4 in related phenotypes and the coexpression of
all three FoxPs and their molecular interaction, we hypothesized
that FoxP1 and FoxP4 in Area X are also relevant for song behav-
ior. To address this, we experimentally downregulated either
FoxP1 or FoxP4 in zebra finch Area X and compared the resulting
song phenotypes with the previously described inaccurate and
incomplete song learning after FoxP2 knockdown (kd).

Materials and Methods
Subjects
All experiments were performed in accordance with the guidelines of the
German governmental law (TierSchG). Sixty male zebra finches (Tae-
niopygia guttata) were used in this study under the project approved by
the Landesamt für Gesundheit und Soziales G0117/12. Animals were
housed under a 12 h:12 h light/dark cycle with food and water provided
ad libitum. Birds were noninvasively sexed by PCR of sex-specific genes
between 7 and 14 post-hatch days (PHD) (Adam et al., 2014).

Generation of lentiviruses against zebra finch FoxP1 and FoxP4
Short hairpins against FoxP1 and FoxP4 were generated as described for
FoxP2 (Haesler et al., 2007). The structure of the linear DNA encoding
shRNA hairpins was sense-loop-antisense. The sequence of the loop was
GTGAAGCCACAGATG. We tested the sequence specificity of 14 short

hairpins against FoxP1 and 11 short hairpins against FoxP4 (the target
sequences for FoxP1 short hairpins are as follows: FoxP1-sh1 GAA
CAGTATACCTCTATAC, FoxP1-sh2 GTGCATGTCAAAGAAGAAC,
FoxP1-sh3 CCATTAGACCCAGATGAAA, FoxP1-sh4 CGGGAGTGA
CAGCAGTCCA, FoxP1-sh5 CCCACACGCCTCAACTAAT, FoxP1-sh6
TCCCACTCTGGGCAATTTA, FoxP1-sh7 GGCCCACTATCCTTAG
TGA, FoxP1-sh8 ACATACAGACCAGCCACAC, FoxP1-sh9 GATC
AGTGGTAACCCTTCT, FoxP1-sh10 GACCTCCTTAATCATCAAC,
FoxP1-sh11 ATCCCACTCTGGGCAATTT, FoxP1-sh12 TGGAGC
ATACGAACAGTAA, FoxP1_sh13 AGAAGAACCATTAGACCCA and
FoxP1sh-14 TGAAGGCCCACTATCCTTA; and the target sequences for
FoxP4 short hairpins are as follows: FoxP4-sh1 CCAGAATGTGACGA
TCCCC, FoxP4-sh2 CGTGCACGTGAAGGAGGAG, FoxP4-sh3 TGT-
GACGATCCCCGACGAC, FoxP4-sh4 GAATGTGACGATCCCCGAC,
FoxP4-sh5 GCTTGCACAGAATCACGAG, FoxP4-sh6 GGAGGAGCT
CGGAGAAGTT, FoxP4-sh7 GTTCTGCACCCCCATCTCT, FoxP4-sh8
ATATGATTTCAGGACTCGG, FoxP4-sh9 GAGCACTTCGGACACGT
TT, FoxP4-sh10 GCACTTAATGCAAGTTACC and FoxP4-sh11 GC-
CCCACCATGATCAACAC). To do so, we overexpressed in HeLa cells
each short hairpin with FoxP1, FoxP2, or FoxP4. All FoxP overexpression
constructs were cloned from adult zebra finch brain cDNA and tagged
with the Flag epitope (Mendoza et al., 2015). To identify short hairpins
that strongly reduce the level of FoxP1 or FoxP4 protein, respectively, we
performed Western blot analysis using a Flag antibody (Flag-M2 Sigma-
Aldrich, catalog #F3165, RRID:AB_259529, previously Stratagene). We
then tested whether the short hairpins that reduced FoxP1 and FoxP4
protein levels cross-reacted with the other FoxP members. Only short
hairpins that strongly reduced FoxP1 or FoxP4 but did not cross-react
with the other FoxP subfamily members were used for further experi-
ments. We used �-actin as loading control for all Western blots (detected
with antibody, Sigma-Aldrich, catalog #A5441, RRID:AB_476744). The
DNA fragments encoding the hairpins that strongly reduced the levels of
FoxP1 or FoxP4 were subcloned into a modified version of the lentiviral
expression vector pFUGW containing the U6 promoter to drive their
expression. As a control, we used the previously described nontarget-
ing hairpin (Control-sh, sequence AATTCTCCGAACGTGTCACGT)
cloned into the modified pFUGW (Haesler et al., 2007). All viral con-
structs expressed GFP under the control of the human ubiquitin C pro-
moter. Recombinant lentivirus was generated as described previously
(Haesler et al., 2007). Titers of virus solution were usually in the range of
1–3 � 10 6 IU/�l.

Stereotaxic neurosurgery
Birds subsequently used for song analysis were injected with one of the
different lentiviral vectors: for example, one of the three FoxP1 kd con-
structs, one of the two FoxP4 kd constructs, or the control constructs
(Haesler et al., 2007). Injections were performed as described previously
(Haesler et al., 2007; Adam et al., 2016). Briefly, at PHD 23, birds were
injected bilaterally with �200 nl each into 8 sites per Area X (Fig. 1a,b).
Injection side, order, and the type of construct were randomized. To
determine kd efficiency via qRT-PCR (see below), we injected additional
birds into Area X in one hemisphere with the vector carrying one of the
different kd constructs, and Area X of the other hemisphere with a non-
silencing Control-sh construct (Fig. 1a,b) (Haesler et al., 2007).

Quantification of FoxP1 or FoxP4 mRNA kd efficiency
To test whether FoxP1 or FoxP4 contributes to song learning in zebra
finches, the levels of both genes were reduced separately in Area X in vivo,
using lentivirus-mediated RNA interference (RNAi; FoxP1-sh2/3 or
FoxP4-sh1/2). The rationale and overall procedure followed previously
published protocols (Haesler et al., 2007; Adam et al., 2016). Briefly, 6
birds for each FoxP for follow-up by qRT-PCR were transferred to their
home cages after surgery and grew up in the presence of their biological
parents and siblings. All birds were killed at 50 � 2 PHD and did not sing
for 2 h before it (Fig. 1a). Each hemisphere was embedded in Tissue-Tek
OCT compound in a mold and immediately shock-frozen in liquid ni-
trogen or dry ice and stored at �80°C. Brains were cut by cryostat as
described previously (Olias et al., 2014; Adam et al., 2016). Microbiopsies
(0.5–1.5 mm diameter and 200 �m thickness) of Area X from both
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hemispheres were excised and stored individu-
ally at �80°C (Fig. 1c). Remaining sections
were stored in 4% (w/v) PFA/PBS solution and
used to verify successful targeting and to assess
the location of GFP signal in the surroundings
of the punched out Area X (Fig. 1d). Punches
made inside Area X were pooled for each hemi-
sphere and bird. For the RNA extraction from
these small amounts of tissue (approximating 1
mm 3 per hemisphere), we used 200 �l of TRI-
zol (Thermo Fisher Scientific) for each punch.
To digest the remaining DNA, we used Turbo
DNase (Ambion) following the manufactur-
er’s instructions. cDNA synthesis was per-
formed using random hexamer primers and
100 ng total RNA of the combined microbiop-
sies of each bird. Reverse-transcriptase-free reac-
tions were included to control for genomic DNA
contamination. All cDNAs were diluted with
nuclease-free water (fivefold for individual
microbiopsies).

For the quantification of FoxP1 and FoxP4
mRNA expression levels in Area X of kd animals, we used the real-time
PCR system Mx3005P and the MxPRO qPCR program (Stratagene; Agi-
lent Technologies). qRT-PCRs were run in triplicates in a total reaction
volume of 25 �l as described previously (Olias et al., 2014; Adam et al.,
2016). The efficiency of all primer pairs ranged from 2 � 10%. We used
the following primer pairs: FoxP1 (5� CGTTAAAGGGGCAGTATGGA
3�/5� GCCATTGAAGCCTGTAAAGC 3�), FoxP4 (5� TGA-
CAGGGAGTCCCACCTTA 3�/5� AGCTGGTGTTGATCATGGTG 3�),
HMBS (5� GCAGCATGTTGGCATCACAG 3�/5� TGCTTTGCTCCCT-
TGCTCAG 3�) (Haesler et al., 2007), and GFP (5� AGAACGGCAT-
CAAGGTGAAC 3�/5� TGCTCAGGTAGTGGTTGTCG 3�) (Adam et al.,
2016, 2017). Reactions were run with the following times and tempera-
tures: 10 s at 95°C followed by 40 cycles of 30 s at 95°C, 30 s at 65°C, and
30 s at 72°C (60°C for HMBS and FoxP1); and a melting curve to check
for amplification specificity. The mean cycle threshold (Ct) for each sam-
ple was derived from the run data and used to calculate relative gene
expression for the gene of interest (FoxP1 or FoxP4 ). We used HMBS as
a reference gene, as it is the most stable of all tested potential reference
genes for our experiments (Haesler et al., 2007; Adam et al., 2016, 2017).
Relative expression values were averaged per animal and hemisphere.
Only cDNA from GFP-positive biopsies in both hemispheres were used
to measure the expression of FoxP1 or FoxP4 and HMBS. Data were normal-
ized by setting the Control-sh hemisphere to 100%.

Quantification of the percentage of targeted neurons
Because it is not possible to verify the efficiency of kd via qPCR from
microbiopsies of Area X and to simultaneously determine the percentage
of infected neurons histologically in the same animals, we checked the
percentage of neurons infected in 3 additional animals. To do so, we
quantified the number of MSNs in Area X that were infected by the
Control-sh virus (GFP). We assessed the number of MSN by FoxP1
immunoreactivity (Abcam, FoxP1 mouse monoclonal, ab32010; RRID:
AB_1141518) because we previously determined that FoxP1 mostly co-
localizes with FoxP4 in Area X neurons (Mendoza et al., 2015), and
because the FoxP4 antibody used in this study did not work in perfused
brains. Sections were analyzed with a 40� oil objective on an Axiovert
200M Digital Research Microscopy System (Carl Zeiss). The Slidebook
Digital Microscopy software package (Intelligent Imaging Innovations)
was used for fluorescence image acquisitions. Per Area X in each hemi-
sphere, we acquired 4 images at 40� magnification using the AxioVision
4.6 program and manually counted all neurons in which GFP and FoxP1
immunofluorescence colocalized.

Quantification of the volume of Area X infected in birds whose
song was analyzed
Birds were overdosed with isoflurane (Forane-ABBVIE, B5068) and sub-
sequently perfused with 4% PFA/PBS. Brains were dissected and post-

fixed overnight in 4% PFA/PBS. Brains were sagitally sectioned at 40 �m
thickness with a vibratome (Leica Microsystems) and sections stored in
PBS at 4°C in the dark. Every fourth slice was stained with AChE (Kar-
novsky and Roots, 1964) to visualize and measure the size of Area X.
Sections were mounted on Chromalum (Chromium(III) potassium
sulfate)/gelatin-coated slides and embedded with Mowiol (6 g glycerin,
Merck; 1.04092.1000; 2.4 g Mowiol 488; Calbiochem; 475904; and 12 ml
0.2 M Tris-HCl, pH 8.5). The remaining sections were stored in cryopro-
tectant and stored at �20°C. To calculate the targeted area, we quantified
Area X as well as the GFP-targeted area using ImageJ following the pre-
viously described procedure (Tramontin et al., 1998).

Song tutoring, recording, and analysis
Tutoring. Juveniles were raised in their respective family cohorts until
PHD 20. Between PHD 20 and PHD 30, the adult male was removed to
prevent song exposure before tutoring (Roper and Zann, 2006). After
surgery at PHD 23, birds were returned to their home cages with their
mother and sibling females and remained there until PHD 30. Subse-
quently, each experimental juvenile was tutored by 1 adult male in a
sound-isolated recording box because, under these conditions, the pupil
learns to produce a song that most resembles the song of his tutor (Tch-
ernichovski and Nottebohm, 1998). Song was recorded continuously
throughout this period using Sound Analysis Pro (SAP) (Tchernichovski
et al., 2000). A day before death (at PHD 95 or later), a minimum of 50
motifs (for definition, see next paragraph) of undirected singing from the
experimental bird was recorded in the absence of the tutor for up to 5 d
for subsequent bioacoustic analysis (Fig. 2). To be able to directly com-
pare the effects of experimental reduction of FoxP1 or FoxP4 in Area X on
song development to those of FoxP2, we analyzed the recordings ob-
tained in this study (FoxP1, FoxP4) and reanalyzed the recordings from
Haesler et al. (2007) using the same bioacoustic parameters for all
groups. This modus operandi served to minimize experimenter-induced
variability and also to assess replicability of the present data and those of
the two previous reports on developmental song deficits as a conse-
quence of FoxP2 kd in Area X (Haesler et al., 2007; Murugan et al., 2013).

Song terminology. Zebra finch song is individual-specific and consists
of a series of acoustically distinct elements (3–9 in this study) separated
by silent gaps. The song elements are arranged in a repeated order, called
“motif.” The order of song elements can slightly vary, resulting in slightly
different motifs. The most frequently sung motif is the “typical” motif.

Analysis of motif imitation. We quantified how well pupils copied the
motif of their tutor using a similarity score and an accuracy score ob-
tained in SAP from 10 asymmetric pairwise comparisons of the pupil’s
typical motif with the tutor motif, as described previously (Haesler et al.,
2007). We analyzed undirected song of birds after they had reached 90 d,
when the major aspects of song are well learned, even though some
aspects of song continue to mature further into adulthood (Williams,
2004; Glaze and Troyer, 2013). SAP analyzes the acoustic features of song

Figure 1. Timeline of FoxP1 and FoxP4 qPCR quantification using lentiviral-mediated RNAi in vivo. a, b, Twenty-three-day-old
birds were bilaterally injected into Area X. One hemisphere received a Control-sh virus, the other hemisphere a sh-kd virus against
FoxP1 (FoxP1-sh2 or FoxP1-sh3) or against FoxP4 (FoxP4-sh1 or FoxP4-sh2). After surgery, birds were kept with their parents until
PHD 50. Brains were extracted, frozen, and stored at �80°C. The 200 �m slices were cut by cryostat, and Area X microbiopsies
were punched (c) and stored at �80°C for subsequent mRNA extraction. Correct targeting was assessed by PFA, fixing the slices
from which punches were taken and assessing GFP expression in the surrounding tissue (d) and determining the location of Area
X by phase contrast (c, arrows). Scale bar 2 mm.
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along multiple dimensions and provides “similarity” values, a measure
for the amount of song material copied by the pupil and “accuracy”
values that indicate how well the copied song material is imitated. To get
a comprehensive view of how well pupil and tutor motifs matched acous-
tically, we compared 10 motifs each of Control-sh with FoxP1-sh, FoxP2-
sh, and FoxP4-sh birds to their tutors using SAP M � N batch processing
and asymmetric (used for songs of different birds) comparison, resulting
in 100 independent comparisons (FoxP2-sh audio files from Haesler et
al., 2007).

Song analysis. We investigated different aspects of pupils’ song learn-
ing success and song performance. (1) How many song elements of the
tutor did the pupil imitate? (2) How many elements of a pupil’s song were
not part of the tutor’s song? Pupils’ song can contain elements that are
sufficiently different from the tutor’s song to not be recognized as an
imitated element by SAP. (3) How accurate was the imitation of pupils’
song elements? (4) How variable was the performance of individual song
elements of pupils compared with variability of tutors? (5) How stereo-
typed was the sequential delivery of multiple song motifs of pupils’ songs
compared with the stereotypy of tutors? Did pupils repeat elements
(“stutter”)? (6) How were the durations of song elements and the inter-
element intervals (“gaps”) distributed in the tutors’ and pupils’ songs?
(7) Did the delivery of multiple song motifs of pupils differ in their
isochronous rhythmic structure from that of their tutors?

To address 1–3, we compared each song element of the tutor to all song
elements of the pupil with a symmetric M � N batch analysis in SAP. The
element of a pupil with the highest similarity and accuracy score (in SAP)
to an element of the tutor was considered imitated and thus “shared” by
tutor and pupil. When two pupil elements had similar scores to an ele-
ment of the tutor, we also took the order within the motif into consider-
ation. The scores of shared elements between tutor and pupils ranged
between 70 and 100 in similarity or accuracy comparisons. To assess
whether FoxP-sh birds imitated fewer elements of their tutors than
Control-sh birds, we quantified the number of elements shared by tutor
and pupil and expressed this as the fraction of all elements specific to the
tutor. A value of 1 indicates that all tutor elements were found in the
pupil’s song. As the value approaches 0, increasingly fewer elements of
the tutor are represented in the pupils’ songs. The fraction of elements
the pupils sang that were not found in the tutor’s song was expressed
as the number of elements unique to the pupil divided by the total num-
ber of elements of the tutor. A value of 0 reflects that there are no different
or additional elements in the pupil’s song.

(4) Element delivery. To assess the rendition-to-rendition variability in
element performance, we chose 32 motifs randomly, took 10 of each of

the elements of the typical motif from tutors
and pupils, and measured the similarity and
accuracy in a symmetric M � N batch analysis.
We thus compared how similar to itself an ele-
ment was in each rendition of a song of a pupil
to the self-similarity of an element in the tutor
song. Results of these comparisons between el-
ements are expressed in a single measure,
which is the product of similarity and accuracy
to obtain the element identity score as reported
by (Haesler et al., 2007).

(5) Stereotypy of song performance and stut-
tering. Stereotypy is a measure that addresses
whether the bird sings the same order of ele-
ments each time. We quantified stereotypy as
described previously (Scharff and Nottebohm,
1991) from the same 32 randomly chosen mo-
tifs used to quantify element performance (see
above) of each bird. Stereotypy scores range
between 0 and 1, with 1 reflecting that the birds
sang the same sequence of elements in the same
order in all 32 motifs. Lower scores indicate
more sequence variability in a motif from ren-
dition to rendition. We also quantified the pro-
pensity of birds to repeat song elements. To
facilitate comparability to a previous study on
stuttering in adult zebra finches following neu-

rotoxic Area X lesions (Kubikova et al., 2014), we used the same criteria
to quantify “stuttering.” Accordingly, we calculated the percentage of all
elements sung by each bird that were part of a stuttering bout, that is, a
string of successive elements of the same type (e.g., AA). We included in
this analysis repetitions of the last element of a motif if that element was
connected to the motif by a short silent gap of stereotyped duration.

(6) Duration of song elements and silent gaps. We measured the overall
distribution of all durations of song element and interelement intervals
(“gaps”) from 48 � 24 (mean � SD) song motifs per bird. We then
compared the distributions of element and gap durations between pupils
and tutors, using the Jensen-Shannon distance (JSD) (the square root of
the Jensen-Shannon divergence) as a dissimilarity metric between the
two probability distributions (Lin, 1991; Endres and Schindelin, 2003;
Sasahara et al., 2015). To estimate how similar/dissimilar song element
and gap durations between two groups of untreated adult zebra finches
are, we also compared the distributions of element and gap durations of
a cohort of 15 adult males that were analyzed previously by Norton and
Scharff (2016) to the tutors of the current study. To quantify the similar-
ity in shape of the distributions of the gap duration independently of
their position on the x axis (i.e., their absolute duration), we shifted the
tutor distribution in 2 ms steps and calculated the JSD between the lagged
tutor distribution and the stationary pupil distribution for each step (bin
size 2 ms). We report the JSD and the lag at which the JSD was minimal.

(7) Rhythm analysis. We determined the isochronous pulse that best fit
to the song element onsets of each of the motifs used for duration analysis
(above) using the method described previously (Norton and Scharff,
2016; Ravignani and Norton, 2017). The frequencies of the best fitting
pulses for all songs of each bird were clustered (for details, see Norton
and Scharff, 2016), and the percentage of songs in the largest cluster of
each bird was determined. The higher this percentage is, the more songs
have a similar pulse frequency. The largest frequency clusters of all tutors
lay in a range from 20 to 60 Hz. To compare the rhythmicity of the pupil
songs with that of the tutors, we restricted the pulses to this frequency
range. Pulse fit was quantified as the root-mean-square of the deviations
of each song element onset to its nearest pulse, multiplied by the pulse
frequency (frequency-normalized root-mean-square deviation [FRMSD]).
To assess whether the rhythmic regularity (i.e., pulse fit) could just be a
byproduct of zebra finch specific song element and gap durations inde-
pendent of the birds’ individual song elements and their order, we com-
pared each bird’s song rhythm with the rhythm of artificial model songs.
The latter had an identical number of song elements and identical se-
quence, but different randomized element and gap durations (“Model

Figure 2. Timeline of FoxP1 or FoxP4 kd in Area X and vocal learning success. In the first 2 weeks after hatching, the birds were
sexed. On day 23, at the beginning of the sensory learning period, Control-sh, FoxP1-sh2/3, or FoxP4-sh1/2 virus was bilaterally
injected into Area X of male zebra finches. From day 30 on, injected birds were housed in sound-recording chambers together with
an adult male zebra finch as a tutor. After reaching 90 d of age, the tutor was removed and adult song was recorded. Before song
analysis, we verified correct targeting by analysis of GFP expression in in Area X of both hemispheres.
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C” in Norton and Scharff, 2016). For each song of 1 bird, a model song
was created, the best fitting pulse for that song determined, and the pulse
deviation (FRMSD) between all songs of 1 bird and their respective
model songs tested for a significant difference in a linear model. This
process was repeated 50 times with different randomized element and
gap durations in the model songs. Of the comparisons that detected a
significant difference in FRMSD ( p � 0.05), the percentage of these
comparisons in which the bird songs had a lower FRMSD (i.e., a better
pulse fit and therefore a higher degree of isochronous organization of
their song rhythm) is reported here (see Fig. 13d).

Linear discriminant analysis. To test whether the four groups (FoxP1-sh,
FoxP2-sh, FoxP4-sh, and Control-sh) could be discriminated by differ-
ences in their song phenotype alone, we performed a linear discriminant
analysis. Discrimination success was evaluated by prediction of the treat-
ment group of each bird through leave-one-out cross-validation. To do
so, one individual after another was removed from the set, and the dis-
criminant functions were calculated each time and used to classify the
missing individual.

Statistics. All statistical tests were performed using the data analysis soft-
ware R (R Development Core Team 2013) and/or Prism 4.0 (GraphPad). All
graphs were prepared with Prism 4.0 (GraphPad Software), MATLAB 2016b
(The MathWorks), or R (R Development Core Team 2013).

Results
Selection of specific short hairpins to downregulate zebra
finch FoxP1 or FoxP4
To determine efficacy and specificity of different short hairpins
against FoxP1 and FoxP4, we overexpressed FoxP1 or FoxP2 or
FoxP4 in HeLa cells. Three (FoxP1-sh1 to FoxP1-sh3) of the 14
FoxP1 short hairpins tested strongly reduced FoxP1 protein lev-
els (Fig. 3a) but did not affect the expression of FoxP2 (Fig. 3b) or
FoxP4 (Fig. 3c). This is interesting because the FoxP1-sh2 dif-
fered only at 2 nt from the FoxP2 gene and at 5 nt from the FoxP4
gene, whereas FoxP1-sh1 and FoxP1-sh3 ranged from 57% to
63% in sequence similarities to the other FoxP members. The
FoxP1-sh1 was less efficient in reducing the expression of the
protein than FoxP1-sh2 and FoxP1-sh3 and was therefore not
used further in this study. None of the other short hairpins for
FoxP1 tested (FoxP1-sh4 to FoxP1-sh14) strongly reduced the
levels of FoxP1 and were not further used (Fig. 3i).

Three short hairpins strongly reduced FoxP4 protein levels
(FoxP4-sh1, FoxP4-sh2, and FoxP4-sh9) (Fig. 3f,j). The se-
quences of FoxP4-sh1 and FoxP4-sh2 were 23%–71% similar
compared with the other FoxP subfamily members and did not
alter the expression of FoxP1 (Fig. 3d) or FoxP2 (Fig. 3e). We
used both for further studies. In contrast, the FoxP4-sh9 did not
crossreact with FoxP1 (Fig. 3k) but crossreacted strongly with
FoxP2 (Fig. 3l) despite a low similarity of 61% (8 nt difference).

In a previous study (Haesler et al., 2007), a nontargeting short
hairpin control (Control-sh) was shown not to affect FoxP2 ex-
pression. We used the same Control-sh in this study and showed
that it did not alter the expression of either FoxP1 (Fig. 3g) or
FoxP4 (Fig. 3h).

Efficacy of cellular infection by lentivirus in Area X
To assess how many MSNs in Area X can be infected on average,
we injected GFP-expressing control virus stereotaxically into
Area X of three 23-d-old birds and at PHD 50 quantified the
number of cells in which the GFP signal was colocalized with
FoxP1 immunoreactivity (Fig. 4a– d). We chose FoxP1 because
most MSNs in Area X express FoxP1, either in combination with
FoxP2 and/or FoxP4 or alone (Mendoza et al., 2015); 89% of
GFP-positive cells were also immunoreactive against FoxP1 (Fig.
4a–e), consistent with previous studies (Wada et al., 2006; Haesler et
al., 2007). Of the total FoxP1-expressing neuron population in

Area X, on average 16% of the cells also expressed GFP, indicating
virus infection (Fig. 4a– d,f).

Efficacy of FoxP1 or FoxP4 mRNA downregulation in Area X
We evaluated the reduction of FoxP1 or FoxP4 mRNA expression at
PHD 50 by qPCR after injections of the respective kd viruses in Area
X of PHD 23 males (Fig. 1a–d). The amount of kd was quantified by
comparing FoxP expression in the knocked down hemisphere with
the control-injected one, as described previously (Haesler et al.,
2007; Olias et al., 2014; Adam et al., 2016, 2017).

FoxP1 mRNA levels in Area X were on average 20% lower in
the hemispheres injected with the kd FoxP1-sh2 or FoxP1-sh3
viruses than in the control-injected hemispheres (Fig. 5a). Com-
parable results were obtained for FoxP4-sh1 or sh2 and controls
(Fig. 5b). In contrast, GFP mRNA levels did not differ statistically
between control and kd-injected hemispheres (data not shown),
as previously reported (Haesler et al., 2007).

Quantification of virus-infected Area X volume
Before analyzing the adult songs of birds that were injected as
juveniles with kd viruses in Area X bilaterally, or with corre-
sponding controls, we assessed the percentage of Area X tissue
that was infected, as judged by GFP fluorescence in tissue sec-
tions, and compared this with the previously published results on
FoxP2 (Haesler et al., 2007) (Fig. 6a– c). The volume of the in-
fected area was similar across hemispheres in FoxP1, FoxP4, and
control birds (one-way ANOVA; p � 0.05; F 	 2.71; df 	 2; Fig.
6c). On average, the GFP fluorescence in both hemispheres cov-
ered 34.8% of Area X for FoxP1 (SEM 17.16%), 28.6% for FoxP4
(SEM 16.27%), and 19.6% for the controls (SEM 8.92%) (i.e.,
were in the same range as the 20.4% reported for FoxP2 kd birds)
(Haesler et al., 2007).

kd of FoxP1/2/4 in juveniles affects adult song in
multiple ways.
Comparing sonograms from tutors and pupils in the different treat-
ment groups, we noticed striking deficits in the adult songs of pupils
that had received FoxP1 or FoxP4 kd injections as juveniles (Fig.
7b,d) in contrast to control-injected birds (Fig. 7a). The song deficits
of birds with FoxP1 and FoxP4 kds were partly similar to the ones
reported for FoxP2 kds (Haesler et al., 2007), but there were also
differences between the FoxP1/2/4 kd animals. To exemplify the type
of deficits observed, Figure 7 provides two song motifs each of tutor-
pupil pairs per treatment group.

The tutor birds (Fig. 7a– d, top two panels) produced the ste-
reotyped song that is characteristic for zebra finches, singing their
song elements mostly in the same order in every motif rendition.
The Control-sh-injected bird (Fig. 7a, bottom two panels) copied
all elements, kept them in the same sequence as the tutor, and
sang them consistently from rendition to rendition. This high
copy fidelity is typical when one pupil grows up in the presence of
one tutor (Tchernichovski and Nottebohm, 1998; Tchernicho-
vski et al., 1999). In contrast, none of the FoxP1/2/4 kd birds
copied the songs of their tutors as faithfully. While there were
differences in degree and kind between the treatment groups,
some song deficits were observed in all kd conditions. For in-
stance, pupil songs were only partly composed of song elements
that were recognizable as tutor imitations, whereas other pupil
elements could not be matched to the tutor (Fig. 7b,c). Even when
elements were clearly imitations of the tutor’s elements, the copy
fidelity was often lower in kd pupils than in controls (Fig. 7d,
element C and I). There was also a higher incidence of pupils not
singing the copied song elements in the same order as the tutor
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(e.g., Fig. 7c,d). Moreover, kd pupils had a higher tendency to
repeat the same song element multiple times, resulting in a stutter
(e.g., Fig. 7b,d) and to change the order in which song elements
were delivered from rendition to rendition (e.g., Fig. 7c,d). The
latter was particularly evident in FoxP4 kd pupils, in which we
also noted a tendency for atypical timing of song.

Together, visual inspection of sonograms indicated that reduced
levels of FoxP1 or FoxP4 in Area X during the song learning phase
impaired song along multiple dimensions, mirroring some of the
previously described song deficits resulting from FoxP2 kd in Area X
(Haesler et al., 2007). Because other features were not seen before
and seemed to segregate with the particular treatment group, we

analyzed the songs of all FoxP-sh birds and their tutors in more
detail.

Similarity of motifs is affected in all FoxP-sh groups, accuracy
only in the FoxP2-sh group
First, we compared all pupils’ songs to the songs of their tutors to
quantify overall song learning success. Confirming our impres-
sion from the visual analysis of sonograms, the SAP similarity
scores were significantly lower in all FoxP-sh birds compared
with Control-sh animals (Fig. 8a), reflecting the fact that kd birds
copied the tutor material incompletely (Fig. 7). Examining the
copied portions of the song revealed that lower accuracy of imi-

Figure 3. Western blots showing specific downregulation of FoxP1 or FoxP4 using short hairpins (sh). Overexpression of zebra finch FoxP1 (a,d,g,i,k), FoxP2 (b,e,l ), or FoxP4 (c,f,h,j), each tagged
with a Flag-epitope, and one of different hairpin constructs against FoxP1 (FoxP1-sh1 to FoxP1-sh3, a– c; and FoxP1-sh4 to FoxP1-sh14, i), or FoxP4 (FoxP4-sh1 to FoxP4-sh2, d–f; and FoxP4-sh3
to FoxP4-sh11, j–l ), or control short hairpin (g,h) in HeLa cells. Western blot analysis using the Flag antibody (a–l, top) revealed that short hairpins FoxP1-sh1–3 against FoxP1 (a– c) efficiently
reduced FoxP1 levels (a, top) but did not downregulate FoxP2 (b) or FoxP4 (c). All remaining short hairpins of FoxP1 (FoxP1-sh4 –14) did not reduce FoxP1 levels efficiently (i, top) and were not
tested for cross reactions against FoxP2 or FoxP4. Short hairpins FoxP4-sh1–2 against FoxP4 efficiently reduced FoxP4 levels (f, top) but did not downregulate FoxP1 (d) or FoxP2 (e), from the
remaining short hairpins (j, top). Only FoxP4-sh9 did efficiently reduce the levels of FoxP4 protein (j, top); but when tested against FoxP1 (k, top) and FoxP2 (l, top), we found that it reduced
efficiently the protein levels of FoxP2 (l, top) and therefore not further used. The control short hairpin did not downregulate FoxP1 (g) or FoxP4 (h). Immunostaining with actin antibody shows
comparable loading of protein samples in all cases (a–l, bottom). a– c, g, h, Western blots were run in the same membrane; but due to different loading order, some were cut to arrange them in
the same order for all panels. i, j, Western blots were run in different gels and membranes; therefore, we show the “no short hairpin” (no sh) condition for each gel and membrane; and due to different
loading order, some were cut to arrange them in a coherent order without repetitions.
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tation was found more often in birds of
the kd groups than in control birds, but
this was statistically significant only in the
FoxP2-sh group (Fig. 8b).

Frequency modulation (FM) is altered
only in FoxP4-sh birds
More detailed analysis of spectrotemporal
features of song at the motif level revealed
no significant differences for pitch, good-
ness of pitch, amplitude modulation, and
entropy (data not shown), but FM was sig-
nificantly higher in the group of FoxP4-sh
birds (Fig. 9).

kd FoxP1/2/4 copy fewer song elements
from their tutors than control birds
To gain further insight into the exact nature of
the lower motif imitation success and the re-
duced accuracy of copying in the different kd
groups, we quantified whether pupils (1) cop-
ied all tutor elements or improvised/invented
some,(2)copiedtutorelementsaccurately,(3)
copied the sequential order of tutor elements,

Figure 4. Efficacy of infection. Quantification of Area X MSNs at PHD 50-expressing GFP as a result of virus injection (control short hairpin) at PHD 23. Photomicrograph at 40� magnification
shown in a z-stack-projected photo. a, Blue fluorescence of DAPI-stained cell nuclei. b, GFP expression indicating virus-infected cells. c, FoxP1 immunoreactivity revealed by a secondary Alexa-568
antibody (red) false-color-coded in white. d, Overlay with vertical arrows pointing to neurons coexpressing FoxP1 and GFP. Horizontal arrow indicates one GFP-positive cell that does not express
FoxP1. e, Infected neurons coexpressing GFP and FoxP1 expressed as a percentage of the total number of GFP-expressing neurons. f, Virus-infected GFP-expressing and FoxP1-immunoreactive
neurons expressed as percentage of the total number of FoxP1-expressing neurons. e, f, Error bars indicate mean of means � SEM. Scale bar: (in a), a– d, 50 �m.

Figure 5. In vivo downregulation of FoxP1 or FoxP4 in Area X. mRNA levels of FoxP1 (a) or FoxP4 (b) assessed by qRT-PCR in Area X tissue were significantly lower in the FoxP1-sh- or
FoxP4-sh-injected hemisphere than in the Control-sh-injected hemisphere of the same animal (Wilcoxon signed rank test, W 	 �21, p 	 0.03, n 	 6). *p � 0.05.

Figure 6. Quantification of Area X volume targeted by the viral infection in birds whose song learning was assessed. a, b,
Representative photomicrographs of Area X. a, Bright-field photo of a sagittal section stained for AChE delineating Area X (white
arrows). Scale bar, 200 �m. b, Same section under fluorescence illumination showing GFP signal. c, Volume of the virus-induced
GFP-expressing tissue within Area X, expressed as percentage of total Area X volume in left and right brain hemispheres. Both
hemispheres were infected to similar degrees in all groups (average for each hemisphere � SEM).
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(4)copiedthedurationoftutorelements,and(4)copiedthedurationof
the silent gaps between elements.

kd animals copied fewer song elements from their tutors than
control animals (Fig. 10a). The majority of Control-sh birds cop-

ied all elements of the tutor (4 of 6 birds), whereas none of the
FoxP downregulation birds copied all elements from their tutors.
FoxP2 kd birds copied significantly fewer song elements from
their tutors than Control-sh birds (Fig. 10a).

Figure 7. a– d, Representative sonograms with amplitude envelopes overlaid, illustrating different deficits in the experimental groups (bottom two rows) and their respective tutors (top two
rows). Song elements of the same type in each tutor-pupil pair are indicated by the same color and identified by the same letter. The identity of song elements was determined by systematic
similarity comparison between pupil and tutor elements using Sound Analysis Pro software (Tchernichovski et al., 2000). Song elements are separated by silent inhalation gaps. a, Control-sh-
injected pupil 3677 imitated all elements from his tutor 1604 and delivered them in the same order. b, FoxP1-sh-injected pupil 4103 had the same tutor as the control-injected juvenile in a. In
contrast to the Control-sh, the FoxP1-sh pupil did not copy element E, added an element that was not recognized by SAP as matching any tutor element between B and C (highlighted in gray, X), and
copied element C less accurately. c, FoxP2-sh-injected pupil 622 copied elements A, B, C, E, and F from the tutor 334, included elements not recognized in the tutor song, and the sequence of elements
varied from rendition to rendition. d, FoxP4-sh-injected pupil 3584 only copied elements A, C, D, and I from tutor 2047; the sequence as well as durations of song elements and gaps were altered.
Delivery from rendition to rendition was not stereotyped, and elements were repeated often (I, I, A, A in the second example).

Figure 8. Pupils in all three kd groups imitated tutor song incompletely. a, Kruskal–Wallis test, p 	 0.0053, Kruskal–Wallis statistic 	 12.73. Dunn’s Multiple-Comparisons Test: *p � 0.05;
**p �0.005. Only FoxP2-sh pupils are significantly more inaccurate in the imitation fidelity of the copied song material. b, Kruskal–Wallis test, not significant, p 	0.054, Kruskal–Wallis statistic	
7.640. Dunn’s Multiple-Comparisons Test: *p � 0.05. Scatter dot plots. Each dot represents the mean similarity or accuracy score for each animal. Red line indicates the mean of means.
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In all experimental and control groups, some song elements
could not be matched to any elements present in the tutors’ song
(Fig. 10b). This was most prominent in FoxP1 kd birds (4 of 6
birds) but also occurred to different degrees in the other groups.

FoxP2/4-sh birds’ elements are less self-similar
To see how consistently pupils sang the elements from rendition
to rendition, we compared the similarity and accuracy of copied
elements in 10 renditions of the same element. We multiplied the
resulting similarity and accuracy scores and called that product
the identity score (Haesler et al., 2007). We found that the iden-
tity score between the Control-sh and FoxP1-sh birds did not
differ significantly from that of their tutors (Fig. 11a,b). In con-
trast, the FoxP2-sh and FoxP4-sh birds had a significantly lower
identity score of their elements than their tutors (Fig. 11c,d).

Sequence stereotypy and stuttering in FoxP-sh birds
To follow-up our initial impression that some FoxP-sh birds var-
ied the sequence of elements in subsequent motifs more than is
typical for zebra finches (Fig. 7b– d), we randomly chose 32 mo-
tifs of each bird and calculated a stereotypy score as described
previously (Scharff and Nottebohm, 1991). Here a value of 1
means that birds sang the same element sequence in all 32 motifs
without any variations, and with increasing sequence variability
the stereotypy score approaches 0 (Fig. 12a– d). FoxP2-sh and
FoxP4-sh pupils were significantly more variable than their tu-
tors (Fig. 12c–f). In addition, the majority of birds in each of the
kd groups repeated song elements, which was rarely the case in
the tutor and control groups (Fig. 12g,h). This stuttering-like
behavior, measured as the percentage of elements that are part of
a stuttering bout (i.e., a string of two or more successive elements
of the same type) was most pronounced in FoxP2-sh birds. Four
of six birds in each kd group showed an element repetition rate of
�10% (none in Control-sh and 1 of 15 tutors) (Fig. 12g). The
maximum number of elements in a stuttering bout varied be-
tween 2 and 8 (FoxP1-sh: 3– 6 elements, n 	 4 birds; FoxP2-sh:
2– 8, n 	 5; FoxP4-sh: 3–5, n 	 4; Control-sh: 2, n 	 2; tutors:
3– 6, n 	 3). While the average number of repetitions in the motifs
that contained repetitions was comparable between kd birds and the
three tutors (FoxP1-sh: 2.66, 2.13–3.19; FoxP2-sh: 3.07, 2.0–6.59;
FoxP4-sh: 2.84, 2.06–3.6; Control-sh: 2; tutors: 3.08), such motifs
occurred more rarely in tutors and controls (FoxP1-sh: an average of

75.1% of motifs contained repetitions; FoxP2-sh: 56.3%; FoxP4-sh:
58.0%; Control-sh: 5.7%; tutors: 24.6%).

Isochronous pulse in FoxP-sh birds
We also evaluated the isochronous organization of song in all
four groups and compared it with that of the tutors. We deter-
mined the isochronous pulse that best fit the song element onsets
for each song (Fig. 13a,b). As observed previously (Norton and
Scharff, 2016), frequencies of the best fitting pulses formed well-
defined clusters. The largest frequency cluster of each tutor bird
contained, on average, 56% of songs in contrast to pupils (34%;
Fig. 13c). All but 3 of the pupils had a smaller percentage of their
songs in their largest cluster than their tutor (exceptions were 1
bird each of Control-sh, FoxP2-sh, and FoxP4-sh; Fig. 13c). The
same pulse was, therefore, less consistently detected in pupil
songs than in tutor songs. This suggests a looser isochronous
organization in the pupil songs. A direct comparison of pulse
deviation between the songs of different birds (unlike a compar-
ison of pulse frequencies) is problematic, as deviation depends on
a number of factors that differ between individuals, such as pulse
frequency and the number of song elements. We therefore cre-
ated model songs based on each of the analyzed bird songs and
compared pulse deviation between bird and model songs. The
latter featured the same number of elements in the same sequence
as the birdsong they were modeled on, but element and gap du-
rations were randomized (see Materials and Methods). In an av-
erage of 77% of the comparisons of tutor versus model songs that
reported a significant difference in FRMSD, tutors had a lower
FRMSD (i.e., a better pulse fit), a much higher percentage than all
pupil groups, including the control pupils (Fig. 13d).

Analysis of element and gap durations in FoxP-sh birds
In search for possible explanations of the impaired song rhythm
of Control-sh birds, we looked at the overall distribution of ele-
ment and gap durations in the different treatment groups and
their tutors (Fig. 14) by quantifying the dissimilarity between the
distributions. To do so, we calculated the JSD; the higher the JSD,
the more dissimilar the two distributions are. Song element dis-
tributions were approximately equally dissimilar to the tutors in
all treatments (Control-sh: JSD 	 0.43; FoxP1-sh: 0.41; FoxP2-
sh: 0.47; FoxP4-sh: 0.46; Fig. 14c), as was the distribution of a
cohort of 15 different previously analyzed adult males (JSD 	
0.43; duration data from Norton and Scharff, 2016). As expected,
the gap distribution of the cohort of adult males was very similar
to that of the tutors (JSD 	 0.25). Distributions of the gap dura-
tions of Control-sh, FoxP1-sh, and FoxP2-sh had higher but
comparable dissimilarities (Control-sh: JSD 	 0.38; FoxP1-sh:
0.41; FoxP2-sh: 0.44; Fig. 14d). In contrast, FoxP4-sh had a con-
siderably higher JSD (0.66), likely due to the increased overall
durations of gaps. FoxP kd birds had an increased variability of
gap durations compared with control birds (Control-sh: SD 	
0.017; FoxP1-sh: 0.021; FoxP2-sh: 0.025; FoxP4-sh: 0.022).
Among the pupil birds, the percentage of element repetition was
positively correlated with the coefficient of variation of interonset
intervals (Pearson, r 	 0.59, p 	 0.0024, n 	 24, df 	 22), indi-
cating that birds that stutter also have problems with the accurate
timing of song elements.

Pupil birds were 96 � 6 d of age at the time of recording
(mean � SD). While song learning is largely completed by �90 d,
some song changes occur beyond that age. Among those is a
gradual shortening of the gaps, while the duration of song ele-
ments remains unchanged on average (Glaze and Troyer, 2013).
To quantify the similarity of the shape of the gap duration distri-

Figure 9. kd of FoxP4 in Area X affected FM (FM). Scatter dot plot. Each dot represents the
mean scores of an asymmetric M � N batch comparison between tutor and their respective
pupil using SAP. Red line indicates the mean of means (Kruskal–Wallis test, p 	 0.0467,
Kruskal–Wallis statistic 	 7.967). *p � 0.05 (Dunn’s Multiple Comparison Test).
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butions independently of their position on the x axis (i.e., leaving
aside the overall higher duration of pupil gaps), we shifted the
tutor distribution in 2 ms steps and calculated the JSD between
the lagged tutor distribution and the stationary pupil distribution
for each step. Even after shifting the tutor distributions toward
the pupil distributions to the point of smallest dissimilarity, kd
birds still showed a relatively high JSD (FoxP1-sh: minimal JSD 	
0.41 at lag 2 ms; FoxP2-sh: 0.38 at 8 ms; FoxP4-sh: 0.44 at 18 ms).
The gap distribution of the control birds, on the other hand, was
as similar to tutors as the adult cohort after shifting (Control-sh:
JSD 	 0.22 at lag 8 ms; adult cohort: 0.22 at lag 2 ms). This result

suggests that with age the songs of
Control-sh birds, like those of normal un-
treated birds, would have acquired the
level of isochronous rhythmic organiza-
tion found in the tutor birds.

Segregation of the phenotypes of
FoxP-sh birds
As we found the treatment groups differ-
entially affected in various aspects of song
learning, we wanted to find out whether
the four groups could be discriminated by
their song phenotype alone. To that end,
we performed a linear discriminant anal-
ysis using five features of song structure
from different domains: two spectral
measures (the amount of FM of song ele-
ments and the tutor-to-pupil identity
score difference), one measure of song
learning success (number of copied song
elements from tutor), and two temporal
measures (CV of duration of the most
variable interonset interval and pulse de-
viation vs model; see Fig. 13d). Birds of the
same group cluster together in the signal
space, with very little overlap (Fig. 15).
Control-sh birds, FoxP2-sh and FoxP4-
sh, are well separated. FoxP1-sh is closest
in space to the control birds, consistent
with song deficits occurring in the fewest
number of measures (e.g., not signifi-

cantly affected in identity and stereotypy scores, copied notes,
and FM). To test discrimination by these features, we applied
leave-one-out cross-validation. Following this procedure, 54% of
the birds were correctly classified as belonging to their respective
treatment group. Classification rate as expected by chance was
25%, as there are four possible classes.

To summarize, FoxP1/2/4 kd in Area X affected song learning.
Reduced motif similarity (Fig. 8a), scrambled order of song ele-
ments (Fig. 7), and a smaller fraction of elements copied (Fig. 10)
were a common phenotype of all FoxP kd pupils. FoxP1 kd seems
to result in the mildest impairment of all FoxPs. Although FoxP1

Figure 10. a, Fraction of pupil elements copied from the tutor. b, Fraction of pupil elements not present in the tutor. FoxP kd birds copied fewer elements than control birds. a, All FoxP kd birds
copied fewer elements from their tutors than control birds, FoxP2-sh birds significantly so. Values 0 –1 calculated as the number of copied elements by the pupil divided by the total number of
elements in the tutors’ song (Kruskal–Wallis test, p 	 0.0075, Kruskal–Wallis statistic 	 11.98). Dunn’s Multiple-Comparisons Test: **p � 0.005. b, The song of some pupils in all groups contained
elements not matched to any element in the tutors’ songs. Values 0 –1 calculated as the number of elements in the pupil that are not found in the tutor divided by the total number of elements in
the tutor’s song (Kruskal–Wallis test, not significant, p 	 0.4494, Kruskal–Wallis statistic 	 2.640). Dunn’s Multiple-Comparisons Test: not significant.

Figure 11. Consistent reproduction of copied song elements was impaired in FoxP2-sh and FoxP4-sh birds. Scatter dot plot.
Each dot represents the mean identity score ((similarity � accuracy)/100) for each animal of a symmetric batch M � N analysis of
10 renditions of each element in SAP. Red line indicates the mean of means (Wilcoxon matched pairs signed rank test, FoxP2-sh and
FoxP4-sh: p 	 0.0313, n 	 6, W 	 21). *p � 0.05; ns (not significant) p � 0.05.
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kd birds did not copy all the elements of their tutors, the material
that they copied had high spectrotemporal fidelity. FoxP2 and
FoxP4 kd resulted in a more severe phenotype than FoxP1, affect-
ing most of the features studied. FoxP2-sh was more severely
affected in motif accuracy (Fig. 8b), fraction of copied notes (Fig.
10), and temporal regularity (Fig. 13d), while FoxP4 was most
affected in FM (Fig. 9). Although there is some overlap between
the kd groups, together each group has a specific combination of
impairments that makes most members of the group more sim-
ilar to each other than to the other groups (Fig. 15).

Discussion
Many MSNs of zebra finches coexpress FoxP1, FoxP2, and FoxP4
in Area X, a song nucleus important for vocal learning (Mendoza
et al., 2015). Furthermore, FoxP1/2/4 can dimerize and oli-
gomerize with each other in those neurons and can share the

same binding sites and target genes (Mendoza and Scharff, 2017).
In the present study, we addressed the effects of lentivirus-driven
siRNA kd of FoxP1 or FoxP4 in Area X of juvenile male zebra finch
on song development and compared those with the incomplete and
inaccurate song imitation previously observed after manipulating
the amount of FoxP2 in Area X (Haesler et al., 2007; Murugan et al.,
2013; Heston and White, 2015). Our present data show that experi-
mental reduction of FoxP1, FoxP2, and FoxP4 in Area X of juveniles
impairs song development in partly overlapping and partly distinct
ways. We discuss these findings in light of the current understanding
of Area X function in song development.

The cortico-basal ganglia circuit promotes learning of action
sequences through trial-and-error learning and basal ganglia
drive the variability necessary for this reinforcement-based learn-
ing. This learning is driven by the reward-related dopamine sig-

Figure 12. After FoxP2 and FoxP4 kd, the sequential delivery of song elements was more variable in pupils than in their tutors. In addition, some FoxP1-sh, FoxP2-sh, and FoxP4-sh have a high
rate of song element repetitions (stuttering) not found in tutors and control animals. a– d, Paired scatter dot plot. Each dot represents the stereotypy score for 1 animal. Red line indicates the mean.
Tutor-pupil pairs are connected by black lines (Wilcoxon matched pairs signed rank test, FoxP2-sh and FoxP4-sh exact rank, p 	 0.0313, n 	 6, W 	 21). e, Sequence diagrams of the songs of FoxP4
kd bird 3584 (bottom) and its tutor 2074 (top). Boxes with letters A to I represent song elements. A song element not found in the tutor song is marked by a question mark. Arrows indicate transitions
between subsequent song elements. The size of an arrow is proportional to the relative frequency of occurrence. Arrows that do not originate at a song element mark the start of a song. Arrows that
do not point to an element mark the end of a song (e.g., all songs of 2074 start with A and end mostly with I, rarely with D or F). f, Representative examples of sequence variability in 20 –50
sequentially sung motifs (y axis), indicated as thin color-coded lines, sorted, and stacked. The duration of each song elements is indicated by one color, song elements of the same type have the same
color, and silent gaps are shown in black (x axis). Motifs are sorted alphabetically by element sequence and within identical sequences by motif duration. We show 1 bird with high (top row) and one
with low sequence stereotypy (bottom row) from each experimental group (left to right: tutors, Control-sh, FoxP1-sh, FoxP2-sh, FoxP4-sh). Pupils that were tutored by one of the tutors shown in
the first column are indicated by (i) and (ii). g, Quantitative representation of stuttering. Each dot represents the percentage of all song elements of 1 animal that are part of a stuttering bout (i.e.,
a string of two or more successive elements of the same type). h, Qualitative representation of stuttering. Sonogram of an example song of FoxP2 kd bird 628, showing an element repetition rate
of 81.8% (9 of 11 elements are part of a stuttering bout). *p � 0.05; ns (not significant) p � 0.05.

9792 • J. Neurosci., December 4, 2019 • 39(49):9782–9796 Norton et al. • Differential Song Deficits after KD of FoxP1/2/4



naling (Gadagkar et al., 2016; Hisey et al., 2018) that projects to
the basal ganglia from the ventral tegmental area and substantia
nigra pars compacta (Graybiel, 2005). In the striatum of the zebra
finch, D1A, D1B, and D2 dopamine receptors co-occur (Ku-
bikova et al., 2010) and are also coexpressed with FoxP1/2/4
proteins (Kubikova et al., 2010; Mendoza et al., 2015). Down-
regulation of FoxP2 in Area X affects dopamine receptor and
DARPP-32 expression (Murugan et al., 2013), likely interfering
with the dopaminergic reinforcement signals correctly reaching
the MSNs. Thus, the regulation of the FoxP subfamily members
during times of vocal plasticity could be functionally related to
dopamine signaling. When Foxp2 was manipulated to resemble
the human FOXP2 in a mouse, a decrease in dopamine levels was
reported (Enard et al., 2009; Enard, 2011), further suggesting a
link between FoxP2 and dopamine. In addition, FoxP2 regulates
spine density in Area X MSN (Schulz et al., 2010). Furthermore,
target genes regulated by FoxP2 affect neurite outgrowth, synap-
tic plasticity, and axon guidance (Spiteri et al., 2007; Vernes et al.,
2007, 2011). Results of mouse Foxp2 manipulations support this,
showing alterations in dendrite length and synaptic plasticity
(Groszer et al., 2008; Enard et al., 2009; Reimers-Kipping et al.,
2011; French et al., 2012). Foxp1 and Foxp2 manipulations in
mice also resulted in abnormal vocalizations (Shu et al., 2005;
Fujita et al., 2008; Gaub et al., 2010, 2016; Fischer and Hammer-
schmidt, 2011). Genetic manipulations in Area X were also re-
ported for FoxP2 downregulation (Haesler et al., 2007) and

upregulation (Heston and White, 2015)
and mir-9 (Shi et al., 2018). This mi-
croRNA downregulates FoxP1 and FoxP2
in zebra finches.

All manipulations of FoxP2 in song-
birds lead to song impairments and low
motif similarity. All of them report sylla-
ble omissions and adding elements not
found in the tutor (improvizations in
Heston and White, 2015). Syntax similar-
ity, a measure similar to stereotypy, was
reported to be normal when FoxP2 is
overexpressed (Heston and White, 2015)
but affected by mir-9 downregulation (Shi
et al., 2018), which coincides with our re-
sults of FoxP2 downregulation. The FM
of the fundamental is abnormal after
FoxP2 overexpression (Heston and White,
2015); but when we downregulated
FoxP2, or FoxP1 or after mir-9 induced
FoxP2 downregulation (Shi et al., 2018),
FM was not different from the tutor,
whereas downregulation of FoxP4 af-
fected FM (this study).

To compare our stuttering results with
those of Kubikova et al. (2014) who re-
ported stuttering behavior in male zebra
finches after adult Area X lesions, we ana-
lyzed our data using their criteria. Some
zebra finches normally repeat elements
one or more times in some of their motifs,
and this baseline was similar in the pre-
Area X lesion adults and controls in Ku-
bikova et al. (2014) and the control-
injected animals as well as tutors in our
experiment (33% control-injected group,
20% tutor group, and 10%– 40% of birds

in the pre-Area X lesion groups of Kubikova et al., 2014). In
contrast, 72% of FoxP1/2/4 kd birds repeated elements. In those
birds that repeated elements, the percentage of motifs containing
repetitions was also higher in kds compared with controls and
tutors. The Kubikova et al. (2014) study did not report which
fraction of motifs contained repetitions. Concerning the number
of elements repeated per motif, the males before Area X lesion
and control lesioned animals of Kubikova et al. (2014) did not
differ from the control-injected animals and the tutors in our
study (2.43– 4.33 repetitions per motif pre-Area X lesion, 2.25–
4.5 for our tutors, and 2 for our controls). However, whereas the
FoxP1/2/4 kd animals stayed within the same range of element
repetitions as controls and intact animals (this study), those Area
X-lesioned animals that already repeated the last element of their
motif prelesion increased the average maximum number of ele-
ment repetitions from 4.3 to 10.2 (Kubikova et al., 2014). Thus,
our data indicate that experimental downregulation of FoxP1/2/4
in Area X of developing zebra finches increases the propensity to
stutter and the frequency of stuttering in their song, which we
assessed at �90 d of age, but it does not affect the severity of
stuttering (i.e., the number of repetitions per stuttering bout). In
contrast, Area X lesions in adults significantly increase the sever-
ity of stuttering in birds, but only in birds that already repeated
the last elements of their motif preoperatively.

Human phenotypes related to FOXP1 and FOXP2 mutations
support a role for these transcription factors in vocal learning

Figure 13. All pupil groups had lower song isochronicity than tutors. a, b, Two example motifs each of FoxP1-sh bird 4103 (b)
and its Tutor bird 1604 (a) with the isochronous pulse best fitting to song element onsets overlaid as vertical dashed lines. a, Tutor
bird 1604 had almost the same pulse frequency for both renditions (top: 27.49 Hz; bottom: 27.64 Hz). Pulse fit as measured by
FRMSD from element onsets (see Materials and Methods) was relatively high (top: FRMSD 	 0.019; bottom: FRMSD 	 0.024). b,
FoxP1-sh bird 4103 had pulses of different frequencies best fitting the two motifs (top: 39.91 Hz; bottom: 27.92 Hz) and a relatively
low pulse fit (top: FRMSD 	 0.086; bottom: FRMSD 	 0.086). c, Paired plot of the percentage of all songs that were in the largest
pulse frequency cluster for each bird. Lines connect each pupil (right) with his tutor (left). Black horizontal lines indicate the mean.
Except for 3 birds (1 Control-sh, 1 FoxP2-sh, 1 FoxP4-sh), all pupils had a lower percentage compared with their tutor. d, Bar graph
of the percentage of bird-to-model comparisons with significant differences ( p � 0.05) in pulse deviation (FRMSD), in which the
bird had a lower deviation (�SEM) than the model (i.e., a better rhythm).
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(Bacon and Rappold, 2012). FOXP4 mutations lead to develop-
mental delay (Charng et al., 2016), but whether vocal learning
was affected was not reported. FOXP4 is expressed more widely and
homogeneously in the brain than FOXP1 and FOXP2 are (Mendoza
et al., 2015); therefore, a mutation might affect more brain functions
than FOXP1 or FOXP2. In our experiments, we downregulated
FoxPs in one area important for vocal learning at the time of vocal
learning, without the possible effects of the downregulation in other
brain regions that may contribute to a more severe phenotype, and
without affecting embryonic development.

Possible explanations for the fact that all FoxP downregula-
tions in Area X impacted song learning might be that het-
erodimers of the FoxP subfamily are important for regulating the
function of pathways required for vocal learning. Therefore, the ab-
sence or mutation of any one of the FoxP proteins is likely to affect
the function of the others. Indeed, FoxP members can bind to, and
regulate, some of the same genes, and thereby all affect song learning.
This is supported by the fact that all FoxP subfamily proteins regulate
the SV40 and VLDLR promoter (Mendoza and Scharff, 2017). An-
other explanation might be that FoxP subfamily members regulate
different target genes and the absence of any (or a set) of these targets
could affect vocal learning in different ways. This is consistent with
the finding that FoxP1, FoxP2, and FoxP4 do not always bind to the
same site in the regulatory regions of their target genes (Sin et al.,
2015; Mendoza and Scharff, 2017).

Figure 14. The duration of song gaps was abnormally variable in FoxP kd birds. a, b, Spectrograms of two example songs each for FoxP4-sh bird 3584 (b) and its tutor 2074 (a). Black dotted lines
connect the song element on and offsets of the two songs. The duration of gaps in the songs of the FoxP4 kd bird was abnormally variable. c, d, Histograms of the durations of all song elements (c)
and song gaps (d) of tutors (blue) as well as Control-sh, FoxP1-sh, FoxP2-sh, and FoxP4-sh (red, left to right, top to bottom). Top, Triangles represent the means. JSD, Distance between tutor and pupil
distribution. Bin size 	 2 ms.

Figure 15. The different treatment groups cluster together in the signal space of a linear
discriminant function analysis, indicating that they can be discriminated by their song pheno-
type above chance. Each dot represents 1 bird in the signal space of the first two linear discrim-
inant functions (LD1 and LD2, arbitrary units). Asterisks indicate group centroids. Lines connect
each animal to the centroid of its group.
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On a technical note, it is unlikely that the observed effects are
due to the induction of off-target or toxic effects, since (1) we
used different short hairpins for each FoxP subfamily members;
(2) we demonstrated that short hairpins are specific, even if com-
pared with the same subfamily; (3) we used small short hairpins
proven not to be toxic or to induce other side effects; (4) not all
gene downregulations in Area X lead to impaired song (unpub-
lished data); and (5) the specific song impairments differ after
downregulation of FoxP1 from those due to downregulation of
FoxP2 and those due to downregulation of FoxP4.

Together, our data suggest that the neurally expressed pro-
teins of the FoxP subfamily, FoxP1/2/4, act in Area X in concert
but differentially to regulate the function of pathways important
in song learning in the zebra finch. Thus, all three FoxPs are
needed for the proper regulation of their target genes and, in turn,
song learning behavior.
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