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HIGHLIGHTS

® The budgerigar is an open-ended vocal learner.

® FoxP2 expression patterns were examined in a striatal vocal nucleus.

® Relative expression was low and not dependent on vocal state.

® These FoxP2 patterns differ from those in a closed-ended vocal learner, the zebra finch.

e Expression patterns in another learning-related gene, FoxP1 were similar in the two species.
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ABSTRACT

Vocal learning underlies acquisition of both language in humans and vocal signals in some avian taxa.
These bird groups and humans exhibit convergent developmental phases and associated brain pathways
for vocal communication. The transcription factor FoxP2 plays critical roles in vocal learning in humans
and songbirds. Another member of the forkhead box gene family, FoxP1 also shows high expression
in brain areas involved in vocal learning and production. Here, we investigate FoxP2 and FoxP1 mRNA
and protein in adult male budgerigars (Melopsittacus undulatus), a parrot species that exhibits vocal
learning as both juveniles and adults. To examine these molecules in adult vocal learners, we compared
their expression patterns in the budgerigar striatal nucleus involved in vocal learning, magnocellular
nucleus of the medial striatum (MMSt), across birds with different vocal states, such as vocalizing to a
female (directed), vocalizing alone (undirected), and non-vocalizing. We found that both FoxP2 mRNA and
protein expressions were consistently lower in MMSt than in the adjacent striatum regardless of the vocal
states, whereas previous work has shown that songbirds exhibit down-regulation in the homologous
region, Area X, only after singing alone. In contrast, FoxP1 levels were high in MMSt compared to the
adjacent striatum in all groups. Taken together these results strengthen the general hypothesis that
FoxP2 and FoxP1 have specialized expression in vocal nuclei across a range of taxa, and suggest that the
adult vocal plasticity seen in budgerigars may be a product of persistent down-regulation of FoxP2 in
MMSt.

© 2015 Published by Elsevier B.V.

1. Introduction

vocal communication with humans [2], highlighting their value
as models for investigating the neural and genetic basis of vocal

Vocal learning is a phylogenetically rare trait found in relatively
few evolutionary lineages including humans and some avian taxa
[1,2]. These birds, which include songbirds and parrots, exhibit
convergent developmental phases and brain pathways for learned

* Corresponding author./'{'el‘: +1 575 646 4863; fax: +1 575 646 4791.
E-mail addresses: harae@janelia.hhmi.org,grinao4@gmail.com (E. Hara).

http://dx.doi.org/10.1016/j.bbr.2015.01.017
0166-4328/© 2015 Published by Elsevier B.V.

learning.

The transcription factor FOXP2, a member of the forkhead box
family, plays an important role in human speech. Mutations of this
gene cause speech impairments due to poor coordination of orof-
acial movement [3], and structural and functional abnormalities
in various brain regions including the basal ganglia and Broca’s
area [4,5]. Interestingly, in songbirds, FoxP2 levels change both
developmentally and acutely within the striatal (basal ganglia)
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vocal control nucleus, Area X, which is critical for vocal learning
in songbirds [6-9]. In juvenile male zebra finches, FoxP2 mRNA
expression increases in Area X during the sensorimotor song learn-
ing period, and disruption of the gene through shRNA-mediated
knockdown disrupts song learning [7,10,11]. When adult males
produce songs alone, known as undirected singing, FoxP2 mRNA
expression decreases in Area X compared to baseline levels in
non-singing birds [8,9]. Consistent with the mRNA data, both West-
ern blot and immunohistochemistry reveals that FoxP2 protein
decreases when birds produced undirected song relative to levels
in non-singing birds [8,12,13].

Another member of the forkhead box gene family, FoxP1, is also
thought to play a role in brain regions involved in learning and
producing vocalizations. FoxP1 is highly expressed in various song
nuclei in songbirds, and the level of expression is similar across
different ages and singing contexts [6-9]. Interestingly, along with
general cognitive dysfunction, mutations in FOXP1 are also impli-
cated in abnormal human speech development [14-19].

Song learning in the predominant songbird models is restricted
to males and occurs only during a critical period early in life.
In humans, however, both sexes maintain the capacity to learn
new words or languages through adulthood. The budgerigar is a
small parrot in which both males and females exhibit large vocal
repertoires and the ability to learn new contact calls in adulthood
[20-22]. FoxP1 and FoxP2 mRNAs are expressed in the striatal vocal
learning nucleus, magnocellular nucleus of medial striatum (MMSt)
of the budgerigar [6], however, it remains unclear whether vocal
behavior acutely alters FoxP expression as it does in zebra and
Bengalese finches [9].

Here we investigate the mRNA and protein expression of FoxP2
and FoxP1 in MMSt of budgerigars in different vocal states (vocaliz-
ing either in the presence of females or alone, and non-vocalizing)
and compared these patterns to those in non-singing zebra finches.
If FoxP2 expression in MMSt is behavior-driven as in Area X of
the male zebra finch (low FoxP2 expression when they sing alone),
then low expression is expected in MMSt when budgerigar males
produce vocalizations alone. Alternatively, if the persistent vocal
plasticity in budgerigars relies on continually lowered levels of
FoxP2 in MMSt, then we expect low levels in all groups. Since there
is no evidence from previous studies that the expression pattern of
FoxP1 is behaviorally driven, we predict high FoxP1 expression in
MMSt across vocal states as in other avian models.

2. Materials and methods
2.1. Subjects

Eighteen adult male budgerigars (Melopsittacus undulatus) and
four adult male zebra finches (Taeniopygia guttata) from our breed-
ing colony or alocal supplier were used in this experiment. Six adult
female budgerigars were used to stimulate vocal behavior. They
were group-housed with other adult conspecifics on a 12L:12D
hour photoperiod with food and water ad libitum. All the experi-
mental procedures were approved by New Mexico State University,
Animal Care and Use Committee (protocols 2010-001 and 2013-
030).

2.2. Behavior

Adult male budgerigars were randomly assigned to the follow-
ing three different vocal states: (i) female directed vocalizing (n = 6),
(ii) undirected vocalizing (n=6), and (iii) non-vocalizing (n=6).
For the non-vocalizing group, we used birds that produced less
than 8 total individual vocalizations, which included contact calls
[0-2 calls) and other types of vocalizations (0-6 calls) during the

recording sessions. Previous studies in zebra finches typically quan-
tified only the amount of singing and did not include other calls (S.A.
White, per obs), therefore their non-singing group also sometimes
produced non-learned vocalizations. Therefore, our definition of
“non-vocalizing group” is consistent with previous studies. As
detailed below in the Results, some birds from each group pro-
duced “warble songs”, another type of learned vocalization noted
for its complexity and variability [23]. We classified warble songs
into bouts using previously established criteria [24]: a bout should
(1) consist of three different elements and (ii) be more than 1 second
long. If the warble is more than 10 seconds long, every 10 seconds
counts as a separate warble bout. Since the duration of warble bouts
classified in this way varies, we also counted the number of indi-
vidual elements in each warble song [23]. For zebra finches, all
of the males were non-singing (1=4); they did not produce any
songs during the recording session. For the female directed vocal-
izing group, male budgerigars were moved to individual sound
attenuation chambers with a microphone (23 x 25.5 x 48 cm) on
the morning of recording. Stimulant females were housed in other
sound attenuation chambers, which were placed in front of each
male assigned to the directed calling group. For undirected and
non-vocalizing groups, male budgerigars were housed in individ-
ual recording chambers (75 x 27.5 x 28.8 cm) two days prior to the
recording. On the third day, behavioral observation was performed
in the morning. All the observation was between 90 and 120 min
after the lights were turned on, and sounds were continuously
recorded and digitized using Sound Analysis Pro [25]. All the ani-
mals had access to food and water ad libitum during the session.

2.3. Vocal counting

All vocalizations from the recordings were manually counted
from spectrograms using Raven Pro 1.4 software (Cornell Lab of
Ornithology, Ithaca, NY). Recording sessions varied from 90 to
120 min, Consequently, we used the rate of vocal element produc-
tion (number of contact call elements or number of warble song
elements divided by total minutes) to analyze the number of vocali-
zations in the given recording time for our analysis. We also counted
the number of bouts of warble following a previous study [24], such
that 105 pr less of continuous warble was counted as a single bout,
while warbles lasting more than 10s were classified as 1 bout for
each 10 of continuous warble. For budgerigars, we tallied the num-
ber of contact call elements, and the number of warble song bouts,
and warble song elements in the recording session. No zebra finches
produced songs, therefore we did not analyze song rate.

2.4. Tissue preparation

Immediately after the recording session, birds were overdosed
with isoflurane and decapitated to dissect their brains. Brains were
flash frozen within five minutes on aluminum dishes floated on
liquid nitrogen and then stored at —~80°C until use. Brains were
cryo-sectioned (Leica CM1850. Leica Microsystems, Buffalo Grove,
IL) in the coronal plane at 20 pwm thickness and thaw-mounted
directly on positively charged slides (Fisher Scientific, Waltham,
MA) and kept in an ~80°C freezer. To enable visualization of key
brain regions, some sections were Nissl stained using a series of
thionin, alcohol, and xylene washes. Adjacent slides were assigned
for in situ hybridizations and immunohistochemistry.

2.5. In situ hybridization

In situ hybridization was performed using riboprobes as
described in Teramitsu et al. [7] except that the FoxP cDNA
fragments were amplified by PCR from the pCR 4-TOPO vector
(Invitrogen, Carlsbad, CA) using m13F and reverse primers.
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Briefly, sections were prepared for hybridization by fixation
(4% paraformaldehyde), acetylation, and incubation of pre-
hybridization buffer containing 50% formamide, |x Denhardt’s,
0.2% SDS, 10 mM EDTA (pH 8.0), 200 mM Tris (pH=7.8), 1.5 mM
NaCl, 250 pg/ml tRNA, and 25 pg/ml polyA. Then sections were
hybridized with 33P-UTP labeled RNA probes over night at 55°C in
similar buffer that contain 10% dextran sulfate and 33P-UTP labeled
RNA probes. On the next morning, we performed a series of SSC
washes and slides were exposed to Biomax MR films (Eastman
Kodak, Rochester, NY). The films were developed with Kodak devel-
oper and fixer (Eastman Kodak) for one week for FoxP1 and two
weeks for FoxP2.

Zebra finch FoxP2 and FoxP1 clones were used in this experiment.
We tested probes both from 3’ end and middle region of coding
sequence and found similar expression patterns. For consistency
we used the 3’ end probes for both FoxP2 and FoxP1 in all of our
experiments. For the region of FoxP2 and FoxP1 coding sequences
covered by these probes, zebra finch and budgerigar (Gen-
BankAY466101.1****** and NCBI RefSeq XM_005149417.1******)
have more than 97% sequence identity. In contrast, budgerigar
FoxP1 and zebra finch FoxP2 have 63% identity over these regions
while budgerigar FoxP2 and zebra finch FoxP1 also have only 63%
identity. Therefore, cross-hybridization between FoxP1 probes and
FoxP2 mRNA, and vice versa, is unlikely given our hybridization
stringency. Sense probes were used for both FoxP1 and FoxP2 as
negative controls.

The intensity of FoxP2 and FoxP1 expression was quantified from
digitized photomicrographs of the X-ray films. Images were opened
using Adobe Photoshop (Adobe Systems Inc. San Jose, CA) and were
quantified by using the histogram tool to measure the level of
signal intensity. Two sections from each hemispheres were quan-
tified, the values averaged, and the average background intensity
from outside of brain sections subtracted. To compare the expres-
sion of FoxP2 and FoxP1 among the groups, we used the ratio of
MMSt intensity divided by intensity of the adjacent area within
the striatum (adjacent striatum) to correct for differences in over-
all expression level from slide to slide or run to run. Since we
used zebra finch clones for our probe, signals were expected to be
stronger in zebra finch sections. Therefore, this internal control is
critical for cross-species comparisons. During our initial data anal-
ysis we examined the distributions for our data, and found that
most of them were not normal, nor could they be transformed
to normality with the most common transformations. Therefore
using JMP software, we performed non-parametric tests (Wilcoxon
or Kruskal-Wallis tests), which are robust to deviations from nor-
mality and appropriate for small sample sizes. To examine the
relationship between the call/warble element rate and gene expres-
sion, we ran Spearman’s Rho test using JMP software Version 11.0
(SAS Institute Inc., Cary NC).

2.6. Immunohistochemistry

Non-contact calling budgerigars (1=4) and non-singing zebra
finches (n=4) were also examined for FoxP2 and FoxP1 labeled
cells with immunohistochemistry. We used sections adjacent to
those used for in situ hybridization. Sections were fixed with 4%
paraformaldehyde for 10 min, rinsed three times with 1x PBS
for 5min each, incubated in 5% normal donkey serum (Jackson
Immuno, West Grove, PA) solution with PBST (1x PBS with 0.3%
Triton-X) for 1h at 4°C, and then incubated overnight at 44C in a
combination of FoxP1 (Rabbit, 1:500. ab16645. Abcam, Cambridge,
MA) and FoxP2 (Goat, 1:1000. sc21069. Santa Cruz, Dulles TX) pri-
mary antibodies in humidified slide chambers. Both antibodies
are successfully used in avian systems previously [26-28]. Sec-
tions were rinsed three times with 1x PBS for 5min each, and
incubated with a mixture of Alexa Fluor 488 (Donkey, 1:200. Life

Technologies, Carlsbad, CA) and Alexa Fluor 594 (Donkey, 1:200)
secondary antibodies for 2h at room temperature. Sections were
rinsed three times, and coverslipped with Vectashield DAPI (Vector,
Burlingame, CA). The same procedure without primary antibodies
was performed as a negative control.

For quantification, we used confocal microscope (Leica TCS SP5
II. Leica, Solms, Germany) digital images taken from both left and
right hemispheres from two sections. It should be noted that pic-
tures of the adjacent striatum for the IHC analysis were taken from
a more medial area than those for the in situ hybridization analysis.
To count labeled cells for DAPI, FoxP2 and FoxP1, we used Image |
(NIH, Bethesda, MD). Images were converted to 8-bit gray scale and
made into a binary file that performed partial automatic counting.
Cells that were three pixels or greater in size were automatically
counted. We then manually adjusted to include labeled cells that
were not automatically counted and noise that was incorrectly
counted as a labeled cell. Cells were divided by the total number
of cells (DAPI) and averaged for each individual animal because
of the possible difference in cell density in the areas of interest.
These averages then were used to determine the MMSt/Adjacent
striatumratio to correct for differences in florescent level from slide
to slide or run to run. Values from budgerigars and zebra finches
were compared using Wilcoxon unpaired tests.

3. Results
3.1. Vocal analysis

The number of contact calls and the number of individual ele-
ments and bouts of warble songs emitted by male budgerigars were
counted and divided by the recording time to obtain vocalization
rates. Birds that produced less than 8 total individual vocaliza-
tions during recording session were classified as non-vocalizing
and retained for analysis. In vocalizing groups, contact call rates
(contact calls/minute) varied from 0.03 to 7.89, and there was no
significant difference in calling rates between directed and undi-
rected groups when testing with a f-test. (d.f.=5.12, t ratio = —1.39,
p=0.21). Three birds from the directed vocalizing group and one
from non-vocalizing group produced a small number of warble
songs (0.01-0.22 warble song bouts/minute, and 0.04-3.88 warble
elements/min).

There was no association between contact call rates and
gene expression patterns for either directed (FoxP1; Spearman’s
rho=0.08 p=0.87, FoxP2; Spearman’s rho=0.2 p=0.70) or undi-
rected vocalizing groups (FoxP1; Spearman’s rtho=;-0.37 p=0.47,
FoxP2; Spearman’s rho=0.43 p=0.40). Moreover, neither the rate
of warble song elements nor of song bouts was correlated with gene
expression levels (Warble bout rate: FoxP1; Spearman’s rho=0.20
p=0.80, FoxP2; Spearman’s rho=;-0.60 p=0.40. Warble element
rate: FoxP1; Spearman’s rho=0.20 p=0.80, FoxP2; Spearman’s
rho=:-0.60 p=0.40.).

3.2. FoxP2 mRNA expression in budgerigar MMSt and zebra finch
Area X

We observed a lower level of FoxP2 in MMSt compared to the
adjacent striatum in all budgerigar groups (Fig. 1). The mean ratio
with standard error of mean (SEM) for budgerigar directed vocal-
izing=0.78 £ 0.03, budgerigar undirected vocalizing=0.78 4+ 0.03,
and budgerigar non-vocalizing=0.72 £+ 0.03, whereas non-singing
zebra finches exhibited equivalent levels across the striatum (zebra
finch non-singing=1.02+0.04). In budgerigars, the expression
gradually increased from MMSt to medial striatum (Fig. 1). Kruskal-
Wallis tests revealed a significant difference among groups in
the ratio of striatal vocal control nucleus to adjacent striatum
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FoxP2 FoxP1 3.3. FoxP1 mRNA expression in budgerigar MMSt and zebra finch

Area X

BG Striatal vocal control nuclei (MMSt and Area X) exhibited a high
expression level of FoxP1 compared to the adjacent striatum (Fig. 1
and Fig. 2 mean ratio with SEM for budgerigar directed vocal-
izing=1.22 4+ 0.03, budgerigar undirected vocalizing=1.144+0.03,

ZF budgerigar non-vocalizing=1.20+0.03, and zebra finch non-

Fig. 1. FoxP2 and FoxP1 mRNA expressions. Schematic drawing of brain sections
from adult male budgerigars (a) and zebra finch (d). Photomicrographs of brain sec-
tions from non-vocalizing adult male budgerigars (BG, top) and non-singing adult
male zebra finches (ZF, bottom). Location of striatal vocal nuclei and adjacent areas
in schematic sections adopted from the atlas at Reiner et al., 2004 [47]. (b and e)
In situ signals for FoxP2. (c and f) In situ signals for FoxP1. Boxes indicate the approx-
imate areas of measurement: striatal vocal control nucleus (MMSt for budgerigars
and Area X for zebra finches) and adjacent striatum. * indicates the adjacent stri-
atum area where mRNA was quantified, and # indicates that for protein expression.
FoxP2 levels appear lower in the MMSt compared to the adjacent striatum while
Area X exhibits similar or slightly higher expression level compared to adjacent
area. In contrast, FoxP1 is highly expressed in the striatal vocal control nucleus in
both species. Since zebra finch tissue produced stronger signals, the representative
pictures for the two species were taken from different films with different expo-
sure times. Abbreviations: H, Hyperpallium: M, Mesopallium; N, Nidopallium; Bas,
Basorostral pallial nucleus; MMSt, Magnocellular nucleus of the medial striatum;
St, striatum.

(,3(2 =11.58, d.f.=3, p=0.01). We used Wilcoxon tests for posthoc
pairwise comparisons. These tests revealed that FoxP2 ratios from
zebra finches were higher than those from all budgerigar groups
(Fig. 2, zebra finch non-singing vs. budgerigar directed vocalizing,
p=0.01; zebra finch non-singing vs. budgerigar undirected vocaliz-
ing, p=0.01; zebra finch non-singing vs. budgerigar non-vocalizing,
p=0.01). There was no statistical difference among budgerigar
groups (Fig. 2). Thus expression patterns in the striatal vocal con-
trol nucleus differ between species, and budgerigars maintain low
FoxP2 levels in MMSt regardless of the vocalization state.
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Fig. 2. FoxP2 and FoxP1 mRNA expression ratio (striatal vocal nucleus/adjacent stri-
atum) in different groups. The ratio 1 on the Y-axis indicates the same expression
levels in striatal vocal control nucleus and adjacent striatum. (a) There are signifi-
cant differences between all budgerigar groups and zebra finches for FoxP2. (b) The
expression ratio of FoxP1 demonstrates no significant difference among groups. Dif-
ferent letters above the box plots indicate significant differences (}g—values in the
text). BG =budgerigars, ZF = zebra finches.

singing=1.20 &+ 0.04). Although we did not quantify expression
intensity in this study, we also observed high intensity of FoxP1
in ventral and medial striatum (Fig. 1). We compared the stri-
atal vocal control nucleus/adjacent striatum ratio among groups
statistically. A Kruskal-Wallis test showed no statistical difference
among groups (Fig. 2, x> =6.74, d.f.=3, p=0.08).

3.4. FoxP2 and FoxP1 protein expression in budgerigar MMSt and
zebra finch Area X

To investigate species differences at protein level, the number
of FoxP2 and FoxP1 positive cells in non-vocalizing budgerigars
and non-singing zebra finches were compared. To eliminate the
effect of possible differences in cell density across regions, the
number of FoxP2-positive or FoxP1-positive cells was normalized
by dividing by the total number of DAPI-labeled. FoxP2 expres-
sion in the MMSt was lower compared to the adjacent striatum
whereas a similar level of expression was found between Area
X and the adjacent striatum in zebra finches (Fig. 3). The mean
ratio with SEM (striatal vocal control nucleus/adjacent striatum)
of the budgerigar non-vocalizing group was 0.7040.08, and that
for zebra finch non-singing group was 0.92 +0.07. There was a
significant difference between the two species (Fig. 4, Wilcoxon
test, 12 =408, d.f.=1, p=0.04), with a higher ratio in zebra
finches.

FoxP1 protein expression was observed in both budgerigar
MMSt and zebra finch Area X, and its expression level was simi-
lar to that in the adjacent striatum (Fig. 3). The mean ratio with
SEM for budgerigar non-vocalizing group was 1.01 £+ 0.03, and non-
singing zebra finch group was 1.00 + 0.04. No significant difference
was found in the ratio (striatal vocal control nucleus/adjacent stri-
atum) of FoxP1 expression between the groups (Fig. 4, Wilcoxon
test, x2=0.08,d.f.=1,p=0.77).

Although quantification was not performed, we observed that
FoxP2-labeled cells were usually co-localized with FoxP1-labeled
cells (Fig. 5, co-localized cells indicated with white arrows). While
the intensity of FoxP1-labeled cells was uniform throughout the
striatum, some variation in the intensity of FoxP2-labeled cells was
observed. Strongly labeled FoxP2 cells were found along the ven-
tricular zone in the striatum and the lamina between the striatum
and the nidopallium (N), which is directly above the striatum. In
contrast, the majority of FoxP2 labeled cells in the MMSt and Area
X were weakly labeled (Fig. 5).

4. Discussion
4.1. Summary of findings:

In this study, we examined expression patterns of both mRNA
and protein of FoxP2 and FoxP1 in an adult vocal learner, the
budgerigar. We focused on expression patterns in the striatal vocal
control nucleus, MMSt, which is a key part of the parrot vocal
learning pathway, and examined changes within the MMSt across
different vocal states.

We discovered that, regardless of the vocal states (female
directed vocalizing, undirected vocalizing and non-vocalizing),
FoxP2 levels are lower in the MMSt relative to levels in the adjacent
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FoxP1

Fig. 3. Immunohistochemical detection of FoxP2 and FoxP1 proteins. Top two rows are budgerigars (BG: a-f) and bottom two rows are zebra finches (ZF: g-1). DAPI staining
exposes all the cells in the area (Blue: a, d, g, j). FoxP2 (Green) reveals a lower expression in the MMSt compared to the adjacent striatum while the expression level is
consistent throughout the striatum in zebra finches (b, e, h, k). Red signal indicates FoxP1-positive cells, which demonstrate constant expression levels throughout area and
species (¢, f, i, 1). Scale bar =100 wm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

striatum in budgerigars. Previously, FoxP2 expression patterns in
the songbird striatal vocal control nucleus Area X were found to
be driven by the particular singing behavior of adult zebra finches,
which are closed-ended vocal learners. In adult zebra finches, when
males produce their songs alone, both the mRNA and protein
decrease in Area X compared to baseline levels in non-singing birds

[8,12,13]. In contrast, when male zebra finches sing to females, the
level of FoxP2 mRNA in Area X remains similar to that in the adja-
cent striatum, whereas the Area X protein level decreases. In zebra
finches, the effect of social context on FoxP2 mRNA is mediated by
social regulation of a FoxP2-targeting miRNA [29]. In this exper-
iment, we included a zebra finch non-singing group to provide
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o : - the amount of FoxP2 protein between these two areas is similar
H12 . . . .
= A B in zebra finches under the same behavioral conditions using West-
§ — ern blot [8]. We cannot compare protein levels directly between
81'0 the two studies since protein levels were measured in different
< ways; however the different approaches highlight the same pat-
508 tern of FoxP2 protein expression in non-singing zebra finches. In
g contrast, in the budgerigar we found lower levels of FoxP2 pro-
=06 tein in MMSt than in adjacent striatum across all groups and this
g ratio was significantly lower in all budgerigar groups than in the
80.4 non-singing zebra finches. Taken together, these studies suggest

. . that down-regulation of FoxP2 is associated with vocal plastic-

b12 Protein FoxP1 ratio ity in both open-ended and closed-ended vocal learning avian
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BG Non-vocalizing ZF Non-singing

Fig. 4. FoxP2 and FoxP1 protein expression ratio of striatal vocal nucleus/adjacent
striatum in non-vocalizing budgerigar and non-singing zebra finch groups. The value
1 on the Y-axis demonstrates the same level of expression between the striatal vocal
nucleus and the adjacent striatum. (a) A significant difference in the FoxP2 expres-
sion ratio was found between the two species. (b) There is no difference between
budgerigars and zebra finches in FoxP1 levels. Different letters above box plots
indicate significant differences (p-values in the text). BG=budgerigars, ZF =zebra
finches.

a direct comparison with budgerigars. We found similar mRNA
patterns to a previous study [12]: the expression level of FoxP2
was similar between Area X and adjacent striatum in non-singing
zebra finches. Using immunohistochemistry, we also observed a
similar number of FoxP2 labeled cells between these two areas

DAPI

FoxP2

BG

models.

On the other hand, we found high mRNA and protein FoxP1
expression in the striatal vocal control nucleus of both budgerigars
and zebra finches (MMSt and Area X) regardless of their vocal states.
Using the ratio of striatal vocal nucleus and adjacent striatum, there
were no significant differences among groups at either mRNA or
protein levels. High level of FoxP1 was seen in previous studies in
songbirds [6,7] and singing behavior did not affect expression level
[9]. Therefore, our result strengthens the idea that FoxP1 expres-
sion in song nucleus is not vocal driven even in open-ended vocal
learners.

We found no relationship between calling rates and levels of
expression of either FoxP2 or Fox P1. We focused primarily on con-
tact calls as these are the most commonly produced elements of the
budgerigar repertoire. Further investigation of the effect of warble
songs on expression of these genes would be worthwhile, though,
as they have been shown to affect MMSt expression of the imme-
diate early gene egr1 [24], Budgerigars produce warble songs more
consistently when they are housed together (E. Hara and T. Wright,
pers obs). However, for consistency with previous studies exam-
ining FoxP2 expression, we recorded males either in isolation, or
housed separately from females (for the directed group). Further
study of the effect of warble song on FoxP1 and FoxP2 expression
would require modification of this approach.

FoxP1 Overlayed

d <

Fig. 5. High power image of DAPI, FoxP2, and FoxP1 protein signals in striatal vocal control nucleus of budgerigars (a-d) and zebra finches (e-h). Blue indicates DAPI (a and
e), green indicates FoxP2 (b and f) and red indicates FoxP1 labeled cells (¢ and g). There are more FoxP2 expressing cells in zebra finches’ Area X than budgerigars’ MMSt.
Most of FoxP2 labeled cells are co-localized with FoxP1 as indicated by the white arrows (d and h). Scale bar=50 wm. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of the article.)
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4.2. Role of FoxP2 and FoxP1

It has been suggested that FoxP2 down-regulation may play an
important role in permitting adult song plasticity in zebra finches.
Zebra finches that sang more variable undirected songs showed
lower FoxP2 mRNA expression in Area X compared to adjacent
striatal area while levels were similar between these areas when
birds were either non-singing or sang less variable female-directed
songs [8,12]. Knock-down of FoxP2 in Area X of juvenile zebra
finches via viral-mediated shRNA manipulations prevented ani-
mals from copying tutor songs accurately [10,11], which might
be due to decreased dendritic spine density in Area X [30]. Fur-
thermore, disrupting FoxP2 in Area X in adult zebra finches altered
song variability, possibly via dopamine receptor dependent mod-
ulation in the corticostriatal pathway [11]. In contrast to patterns
in zebra finches, we found low levels of FoxP2 mRNA and protein
in the MMSt regardless of the vocal status in adult budgerigars.
Such persistent down-regulation is consistent with the fact that
budgerigars are capable of modifying their contact calls as adults
[21]. Previously it has been reported that FoxP2 mRNA expression
in adult budgerigars is similar between MMSt and the surrounding
striatum [6], aresult that differs from ours here. This difference may
be due to the use of sagittal sections in [6], as the gradual decre-
ment from medial MMSt to lateral MMSt that we observed using
coronal sections is not apparent on an individual sagittal section,
or it may be due to the shorter behavior sessions before sacrifice
used in the previous study. Our results suggest the novel hypothesis
that a consistently low level of FoxP2 expression in MMSt permits
the persistent vocal plasticity and open-ended learning observed
in adult budgerigars.

The outer region of MMSt is thought to be involved in body
movement in various avian models [31]. Humans have the abil-
ity to learn movements, such as dancing. Likewise, parrots have
the ability to learn a complex movement by mimicking and per-
forming rhythmic synchronizations like tapping to an audio-visual
metronome [32,33]. Therefore, it is possible that the adjacent stri-
atum is involved in other motor learning and FoxP2 also plays a
crucial role in the area. Interestingly, this gradual down-regulation
pattern in the striatal area of the budgerigar was also found for the
calcium binding protein, calbindin in the budgerigar [34], whereas
calbindin is highly expressed in Area X of male zebra finches [35].
Calbindin acts to buffer calcium, which may protect cells from oth-
erwise harmful intracellular levels [36]. The degree of interaction
between FoxP2 and calbindin is unclear. However, both molecules
may play critical roles in differentiating open-ended from closed-
ended vocal learners, and further investigation is warranted.

Our immunohistochemical results revealed variable intensity
levels of staining for FoxP2 protein across individual cells in
the MMSt. Since our immunohistochemistry was performed with
fluorescent labeling, staining intensity varied between sections.
Therefore, we did not quantify the intensity of labeled neurons
in this study. However, most of the labeled neurons within the
MMSt appeared to be of low intensity, with high intensity neurons
present mainly at the lamina between the striatum and the nidopal-
lium, and also at the ventricular zone. It has been reported that
newly born neurons express high intensity FoxP2 signals in Area
X of zebra finch [13]. Therefore, lamellar distribution in budgeri-
gar may represent new neurons that will eventually migrate into
MMSt. Moreover, in adult zebra finches singing behavior decreases
the number of weakly stained FoxP2 neurons whereas strongly
labeled FoxP2 neurons were not affected [13]. Budgerigars, how-
ever, mainly demonstrated weak staining in the MMSt regardless of
their vocal states, which is consistent with ongoing vocal plasticity.

Some literature suggests that FOXP1 is also involved in human
speech [14-19].Inaddition, a mutation of this gene is found in some
individuals with autism, for which one of the main characteristic

is communication and language difficulties [16,37]. FOXP1 is also
involved in organ development, including the heart, lungs, and
esophagus [38,39]. In the central nervous system of mice, FoxP1
plays an important role in the definition of columnar identity of
motor neurons in the spinal cords [40], and a recent report showed
that it is involved in the development of medium spiny neurons in
the striatum [41]. Taken together, these studies suggest that cellu-
lar differentiation is a primary function of FoxP1.In avian forebrains,
high FoxP1 expression patterns are conserved in the striatum, dor-
sal and ventral mesopallium [42].In vocal learning songbirds, FoxP1
is highly expressed in various vocal control nuclei, including the
striatal vocal nucleus, but unlike FoxP2, the expression levels do
not appear to be driven by age or singing states [9,12]. Therefore,
the high expression of FoxP1 may be crucial for maintaining the
organization of vocal nuclei in both open-ended and closed-ended
vocal learners.

It is still unclear what upstream factors control FoxP2 and FoxP1
expression. However, recent study in rodents showed that when
exogenous androgen was administered, both mRNA and protein
expression of FoxP2 and FoxP1 increased in the striatum, and voca-
lizations were also altered [43]. Interestingly, androgen receptor
expression is high in Area X of zebra finches [44], but low in MMSt in
budgerigars [45]. Therefore, it is possible androgens play important
role on vocal plasticity, which separate open-ended from closed-
ended vocal learners.

4.3. Conclusion

There are some similarities between the development of
human language and bird vocal repertoires including babbling-
like vocalization at early development, an early critical period
of rapid learning, and the importance of auditory feedback [46].
Like humans, budgerigars have the ability to learn vocalizations
throughout their lifetime. Consequently, further investigations of
molecular mechanisms for vocal learning in this species may offer
insight into the maintenance of adult vocal plasticity in humans.
In this study, we documented for the first time expression pat-
terns of FoxP2 and FoxP1 at mRNA and protein levels in different
vocal states in the striatal vocal nucleus of budgerigars. Manip-
ulative studies of gene expression will be necessary to test the
mechanism of action of these molecules in adult vocal learning.
It has been established that viral manipulations of these molecules
are effective in songbirds [10,11], therefore, both overexpression
and knock-down of these genes should be feasible using similar
approaches in budgerigars. Such experiments in open-ended vocal
learners like the budgerigars will offer new insights into the neu-
ral and molecular mechanisms of adult vocal learning ability in
humans.
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