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Striatal projecting neurons, known as medium spiny neurons (MSNs), segregate into two
compartments called matrix and striosome in the mammalian striatum.The matrix domain
is characterized by the presence of calbindin immunopositive (CB+) MSNs, not observed
in the striosome subdivision. The existence of a similar CB+ MSN population has recently
been described in two striatal structures in male zebra finch (a vocal learner bird): the
striatal capsule and the Area X, a nucleus implicated in song learning. Female zebra finches
show a similar pattern of CB+ MSNs than males in the developing striatum but loose
these cells in juveniles and adult stages. In the present work we analyzed the existence
and allocation of CB+ MSNs in the striatal domain of the vocal learner bird budgerigar
(representative of psittaciformes order) and the non-vocal learner bird quail (representative
of galliformes order).We studied the co-localization of CB protein with FoxP1, a transcription
factor expressed in vertebrate striatal MSNs. We observed CB+ MSNs in the medial striatal
domain of adult male and female budgerigars, although this cell type was missing in the
potentially homologous nucleus for Area X in budgerigar. In quail, we observed CB+ cells
in the striatal domain at developmental and adult stages but they did not co-localize with
the MSN marker FoxP1. We also described the existence of the CB+ striatal capsule in
budgerigar and quail and compared these results with the CB+ striatal capsule observed in
juvenile zebra finches.Together, these results point out important differences in CB+ MSN
distribution between two representative species of vocal learner and non-vocal learner
avian orders (respectively the budgerigar and the quail), but also between close vocal
learner bird families.
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INTRODUCTION
Medium spiny neurons integrate cortico-basal ganglia-thalamo-
cortical circuits for motor learning in vertebrates (Graybiel et al.,
1994; Packard and Knowlton, 2002; Fino and Venance, 2010;
review of MSN circuits in vertebrates in Reiner et al., 1998). Vocal
acquisition by imitation is an example of motor learning, described
in mammals like humans, cetaceans and bats, and in vocal learner
birds like songbirds (passerines), parrots, and hummingbirds
(i.e., whales: Payne and McVay, 1971; dolphins: Richards et al.,
1984; Janik, 2000; bats: Esser, 1994; songbirds: Thorpe, 1958;

Abbreviations: Ac, accumbens nucleus; ac, anterior commissure; AcC, accumbens
nucleus, core region; AcS, accumbens nucleus, shell region; budg, budgerigar; CB,
calbindin; CB-StC, Calbindin-positive striatal capsule; E14, E16, embryonic day 14,
16; HA, apical hyperpallium; InP, intrapeduncular nucleus; lfb, lateral forebrain
bundle; LSt, lateral striatum; MD, mesopallium, dorsal part; MSt, medial striatum;
MStm, magnocellular nucleus of the medial striatum; MV, mesopallium, ventral
part; N, nidopallium; PalE, ectopic pallidum; PHD, posthatch day; psp, pallial-
subpallial boundary; St, striatum; StAm, striatoamygdaloid transition area; StC,
striatal capsule; StPal, striatopallidal area; StPalA, striatopallidal amygdaloid area;
To, olfactory tubercle; vo, ventral olfactory tract; VP, ventral pallium.

parrots: Farabaugh et al., 1994; Heaton and Brauth, 1999; hum-
mingbirds: Baptista and Schuchmann, 1990). Vocal learner birds
develop a special neural circuit for song learning and production,
the song system. This so called song system depends on MSN
function in its striatal subdivision (Nottebohm and Arnold, 1976;
Nottebohm et al., 1976; Striedter, 1994; Durand et al., 1997; Gahr,
2000; Roberts et al., 2002). Other birds, like chickens or quails,
only produce innate sounds and they do not develop a net-
work of telencephalic nuclei for vocal learning (Konishi, 1963;
Gahr, 2000; Puelles et al., 2007). In addition, parrots, the pro-
posed closest living relatives of passerines (Suh et al., 2011) are
also able of movement learning by imitation (Moore, 1992),
which, like song learning, implicates striatal projecting neuron
circuits.

During the development of the mammalian striatum MSNs
segregate into two main compartments: striosome and matrix
(Gerfen et al., 1985; Gerfen, 1992; Liu and Graybiel, 1992b; Crit-
tenden and Graybiel, 2011). Striatal compartmentalization has
a functional implication. While MSNs in the matrix domain
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participate in sensorimotor and associative circuits, the striosome
MSNs are involved in the limbic system (Jimenez-Castellanos and
Graybiel, 1987; Gerfen, 1989; Eblen and Graybiel, 1995; Kincaid
and Wilson, 1996; reviewed in Crittenden and Graybiel, 2011).
The matrix domain originates late during development from the
subventricular zone (SVZ) and is characterized by the presence of
CB+ MSNs (Gerfen et al., 1985; van der Kooy and Fishell, 1987;
Liu and Graybiel, 1992b; Anderson et al., 1997; Garel et al., 1999;
Mason et al., 2005). Our recent results show the existence of a pop-
ulation of CB+ MSNs in the striatal domain of male zebra finch
(Garcia-Calero and Scharff, 2013). These cells concentrate in the
striatal capsule and Area X, a song system nucleus that participates
in learning and production of song in songbirds (Sohrabji et al.,
1990; Scharff and Nottebohm, 1991; Jarvis and Nottebohm, 1997;
Jarvis et al., 1998; Hessler and Doupe, 1999). These data suggest a
role of CB+ MSNs in Area X function. In female zebra finches a
similar CB+ MSN population appears during development, how-
ever, from PHD20 onward these neurons are no longer observed
in the Area X, although remain present in the CB+ striatal capsule
(Garcia-Calero and Scharff, 2013). Our previous work links this
event to differences in HVC inputs arrival mediated by sexual hor-
mones. HVC is another nucleus of the song system located in the
pallial subdivision that receives auditory information from Field L
and projects to different nuclei of the song system like the Area X
or the robust nucleus in the arcopallium (Nottebohm et al., 1976;
Kelley and Nottebohm, 1979).

In contrast to songbirds, the existence of a CB+ MSN popu-
lation in the striatal domain of parrots remains unclear, even in
the magnocellular nucleus of the medial striatum (MStm), which
has been described as a nucleus potentially homologous to Area X
(Striedter, 1994; Durand et al., 1997; Reiner et al., 2004). In non-
vocal learner birds a nucleus similar to Area X is not detectable in
the striatal region and the presence of a striatal CB+ MSN pop-
ulation is not yet proven (Bálint and Csillag, 2007; Husband and
Shimizu, 2011).

In this work we analyzed the presence of CB+ MSNs in the stri-
atal domain of the vocal learner bird budgerigar (psittaciformes
order) and the non-vocal learner bird quail (galliformes order), to
further characterize the differences of CB+ MSN distribution in
the striatal domain between these two avian orders and its relation
with motor learning capabilities. We studied the co-localization
of CB with FoxP1, a marker for MSNs in vertebrates (Tamura
et al., 2003; Haesler et al., 2004; Teramitsu et al., 2004) and ana-
lyzed the cellular distribution of CB+ cells in the striatal domain
of male and female budgerigars to better characterize the gen-
der differences that have been previously described in these birds
(Brauth et al., 2005). Finally, following the recent description of
a CB+ striatal capsule in zebra finch (Garcia-Calero and Scharff,
2013), we analyzed the presence of this neuroanatomical struc-
ture in budgerigar and quail striatum. We observed CB+ MSNs in
adult male/female budgerigar striatum although the distribution
appears different than in male zebra finches; in contrast, there were
no CB+ MSNs in adult male quail striatum. We also analyzed the
presence of CB+ cells in quail striatum at developmental stages
to compare the results to the previous description of this cell type
in female zebra finches during development but not at later stages
(Garcia-Calero and Scharff, 2013). In addition, we observed the

existence of a CB+ striatal capsule in budgerigar but not in quail
striatum.

MATERIALS AND METHODS
The animals were treated according to the regulations and laws
of the European Union (86/609/EEC) and the Spanish Govern-
ment (Royal Decree 223/1998) for care and handling of animals
in research.

TISSUE PREPARATION
We obtained quail embryos from fertile quail eggs collected from
domestic quails (Colinus virginianus) from local breeders. Col-
lected eggs were transferred to an egg incubator at 37.8◦C and
50–60% humidity. Adult quail, budgerigars (Melopsittacus undu-
latus), and juvenile zebra finches (Taeniopygia guttata) were also
obtained from local breeders. The embryos were anesthetized
on ice prior to sacrifice and the brains were dissected out and
fixed overnight in 4% paraformaldehyde in pH 7.4 phosphate-
buffered saline (PBS) at 4◦C. For adult quail, budgerigars, and
juvenile zebra finches, animals were overdosed with isoflurane
and subsequently perfused transcardially with the same fixative
solution as above and postfixed for 24 h at 4◦C. The tissue
was embedded in 4% agarose in PBS and 50 μm sections were
cut in horizontal planes with a Leica vibratome (VT1000 S),
to be processed for immunohistochemistry or for cresyl-violet
staining.

IMMUNOHISTOCHEMISTRY
For immunostaining, the sections were treated with 0.3% hydro-
gen peroxide in PBS+ 0.3% Triton (PBT) for 15 min to inactivate
endogenous peroxidase activity. After several washes in PBT,
sections were blocked in PBS containing 0.3% Triton X-100 and
3% BSA, and incubated in the primary antiserum for 2 days
at 4◦C. Following this incubation and standard washes in PBT,
the sections were incubated in a secondary biotinylated anti-
serum for 2 h at room temperature (RT; Vector, Burlingame,
CA, USA). After washing, the sections were incubated in avidin-
biotin complex (ABC kit; Vector; 0.003% dilution) for 1 RT.
The immunolabeling was revealed by 0.05% diaminobenzidine
(DAB; Sigma-Aldrich, Steinheim, Germany) in 0.05 M Tris
buffer (pH 7.6), containing 0.03% H2O2. The following pri-
mary antibodies were used: rabbit anti-Calbindin (Swant); mouse
anti-FoxP1 (Abcam). For immunofluorescence staining, appro-
priate secondary antibodies coupled to fluorescent dyes were used:
anti-rabbit Alexa 488, anti-mouse Alexa 594 (Molecular Probes
Europe BV, Leiden, Netherlands, 1:200). For control of immuno-
histochemistry we prepared negative control sections by leaving
out the primary antibody; these control sections showed no
staining.

ANTIBODY CHARACTERIZATION
Calbindin (rabbit anti-Calbindin, Swant; Bellinzona, Switzerland,
dilution 1:1000). The CB polyclonal antibody detects a single band
in Western blots of chick brain tissue (Suarez et al., 2006). Con-
trols made by Suarez et al. (2006) incubating brain sections with
the primary antibody pre-adsorbed with the immunizing peptide
(1 mg of the recombinant protein for 1 ml of the diluted antibody)
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did eliminate staining. This antibody was also used previously in
zebra finch (Heyers et al., 2008).

FoxP1 (mouse anti-FoxP1, ab-32010, Abcam, Cambridge, MA,
USA, dilution 1:2000). The monoclonal antibody against FoxP1
detects the full length native protein (purified) of mouse and rec-
ognizes FoxP1 protein in MSNs of mouse striatal domain (Banham
et al., 2001; Arlotta et al., 2008). The FoxP1 monoclonal antibody
detects a single band in Western blots of Hek cells overexpressing
zebra finch FoxP1 (Abcam, datasheet). This antibody does not
recognize closely related molecules FOXP2, FOXP3, or FOXP4.

IMAGE CAPTURE, MANIPULATION, AND FIGURE ASSEMBLY
Digital photomicrographs were obtained with digital camera
DC500 or DC350 (Leica, Wetzlar, Germany) and Leica TCS-NT
confocal microscope. Digital images were processed for con-
trast and brightness with Photoshop software (Adobe Systems
Mountain View, CA, USA).

QUANTIFICATION
For the quantification of co-localization patterns (CB/FoxP1),
confocal images were analyzed using ImageJ (NIH, http://rsb.info.
nih.gov/ij/) software. Double-labeled cells were counted from
four different rostrocaudal levels of the striatal domain of two
adult male budgerigars, one adult female budgerigar, one adult
male quail, and three quail embryos. Data were expressed as
average ± STD.

RESULTS
CB+ MSN IN THE STRIATAL DOMAIN OF MALE/FEMALE ADULT
BUDGERIGAR
We analyzed the presence of CB+ MSNs in the adult male
(n = 2) and female (n = 1) budgerigar striatum, from rostral
to caudal levels (Figures 1 and 2, where Figure 1A: diagram
of budgerigar telencephalon showing the main neuronatomi-
cal subdivisions). We show cresyl-violet staining in parallel to
our immunohistochemistry preparations for comparative pur-
poses (Figures 1C,E,I). In our description we used the striatal
subdivisions proposed by Puelles et al. (2007). The striatum is
subdivided in two distinct radial subdomains. The most dor-
sal sector is close to the pallial /subpallial border (psp) and it
contains the medial striatum (MSt) in the periventricular zone,
and the lateral striatum (LSt) in the intermediate stratum. This
domain finishes caudally in the striatoamygdaloid transition area
(StAm). The striatal capsule overlaying the striatum is described
in a different section of the present work. The second subdomain,
adjacent to the pallidal region, is called the striatopallidal area
(StPal) in Puelles et al. (2007). This field encloses the periven-
tricular part of the StPal, the intrapeduncular nucleus (InP),
and ends caudally in the striatopallidal amygdala (StPalA). The
periventricular part of the StPal domain was not clearly detected
in our cresyl violet and CB stainings and we decided to include
it in the MSt as it has been done in previous studies in par-
rots (i.e., Roberts et al., 2002). We also examined the olfactory
tubercle (To) extending along the striatal surface of the two
radial domains. The accumbens nucleus (Ac) appears surround-
ing the ventral horn of the lateral ventricle in the most rostral
sections.

The CB immunostaining was similar in male and female
budgerigars, with minor differences in the area occupied by the
vocal nucleus MStm (i.e., Figures 1D,H; gender differences in
MStm size were previously reported in Brauth et al., 2005). We
observed CB+ cells in the medial region of the striatum in male
and female budgerigars; the lateral part of the striatum was
almost devoid of CB immunoreactivity, although not completely
(Figures 1B,D,F,G,H and 2). The CB+ medial striatal area encom-
passed the MSt and the nucleus Ac (Figure 1). In addition, in
our most rostral sections, there was a strip of CB labeled cells
extending from the medial striatal domain to more lateral regions
(black arrow in Figures 1B and 2A). This CB positive band delin-
eated roughly the anterior and lateral edges of the MStm (compare
with cresyl-violet in Figure 1C). In parrots, neurochemical studies
(Durand et al., 1998; Roberts et al., 2002; Feenders et al., 2008) and
zenk (an activity-dependent immediate early gene) upregulation
during vocal activities (Jarvis and Mello, 2000; Brauth et al., 2002;
Feenders et al., 2008) have been previously used to describe the
MStm. This vocal nucleus, which is part of the medial striatum,
was poor in CB immunoreactive cells (Figures 1B,D,H and 2A,C).
This result contrasts with the previous data published in zebra
finch by Garcia-Calero and Scharff (2013). In addition, the Ac in
the medial area of the striatal domain showed a clear distinction
between the core and the shell subdivisions of this nucleus as it was
previously reported in the budgerigar by Roberts et al. (2002) and
in chicken (Bálint and Csillag, 2007; Garcia-Calero and Puelles,
2009). The core region was devoid of CB+ cells in contrast to the
shell region (Figure 1G).

The lateral area although almost devoid of CB+ cells in both
male and female budgerigars (Figure 1), still presented some
scattered positive cells (Figure 2A). This region includes the clas-
sical LSt, which ends caudally in the the StAm, and was also
poor in CB immunopositive cells (Figures 1B,D,F,H). The InP,
immersed in the lateral forebrain bundle (lfb) mainly lacked CB+
cells (Figure 1F). The To extends in the pial surface covering
the striatal domain and in contrast to the other lateral structures
described before, this nucleus showed a rich population of CB+
cells (Figures 1B,D,D′,H).

We studied our CB preparations according to the type of CB+
cell labeled in male and female budgerigars. To date two differ-
ent types of CB+ neurons have been described in the mouse
striatal domain. One is dispersed in the striatum, with high CB
immunoreactivity and corresponds to interneurons (Bennett and
Bolam, 1993). The second type is located in the matrix domain
and shows weak CB staining. This second group corresponds to
projecting MSNs (Bennett and Bolam, 1993). In agreement with
this study, Garcia-Calero and Scharff (2013) found these two dif-
ferent CB+ cell populations in male Area X of zebra finch. We
observed some scattered heavily labeled CB+ cells (some example
pointed with black arrows in Figures 2B,C) whereas most of cells
showed weaker CB signal in budgerigar striatum. We analyzed
the co-localization of CB protein with FoxP1, a transcription fac-
tor expressed in vertebrate striatal MSNs but not in interneurons
(Haesler et al., 2004; Tamura et al., 2004; Teramitsu et al., 2004), to
distinguish the two types of CB+ neurons described before. The
vast majority of our CB+ cells were also FoxP1+ (97.65% ± 2%
in n = 2 males and 98.5% ± 2.5% in n = 1 female; white arrows
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FIGURE 1 | Diagram of budgerigar telencephalon (A) and coronal

sections through the striatum of adult male (B–G) and female (H,I)

budgerigars showing CB immunostaining (B,D,D′,F–H) and cresyl-violet

staning (C,E,I) from rostral to caudal levels. The respective staining and
gender are indicated at the upper right-hand corner of each panel. Dorsal is

oriented toward the top of the photos, medial (bordering the ventricle) to the
left. Black arrow in (B) point to the CB+ stream delimiting the MStm. Black
rectangle in (D) delineates the region magnified in (D′). The asterisk in D, E
and I indicates an artifact (fold at brain surface). For abbreviations, see list.
Scale bar = 2.5 mm in (B–D,E,F,H,I); 0.25 mm in (D′,G).

in Figures 2D–F). These results classify these cells as MSNs. The
few heavily labeled CB+ cells dispersed in the striatal region were
likely interneurons (white arrow head in Figures 2D–F), like in
the mouse striatum. In the areas poor in CB+ cells we also found
that some of them co-localized with FoxP1 (data not shown).

In summary, we detected CB+ MSNs in male and female
budgerigar striatum, located mainly in the medial regions of the
striatal domain, with the exception of the vocal nucleus MStm that

lacks this cell type, in contrast to the striatal vocal nucleus Area X
in zebra finch.

CB+ MSNs IN QUAIL STRIATAL DOMAIN AT ADULT STAGES AND
DURING DEVELOPMENT
We analyzed the presence of CB+ cells in the striatal domain
of adult male quail (n = 1) and quail embryos (n = 3) at
different developmental stages (Figure 3). In adult male quail
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FIGURE 2 | Coronal sections through the striatum of adult

male budgerigar showing CB immunostaining (A–C) and

immunofluoresecence of CB in cyan and FoxP1 in magenta (D–F). The
respective staining is indicated at the upper right-hand corner of each
panel. Dorsal is oriented toward the top of the photos, medial (bordering
the ventricle) to the left. Black arrow in (A) point the CB+ stream

delimiting the MStm. Black arrows in (B,C) point to CB+ cells with high
immunoreactivity. White rectangle in (D) delineates the region magnified in
(E,F). White arrows in (D–F) indicate cells with co-localization of CB and
FoxP1; white arrow head in (D–F) indicates a CB+ but FoxP1 negative cell.
For abbreviations, see list. Scale bar = 2 mm in (A); 62.5 μm in (B,C);
31.25 μm in (D–F).

FIGURE 3 | Coronal sections through the striatum of adult quail

(A–C) and quail embryos at E14 and E16 (D–I) showing CB

immunostaining (A–G) and double immunofluoresecence of CB in

cyan and FoxP1 in magenta (H,I). The respective staining and
stage are indicated at the upper right-hand corner of each panel.

Dorsal is oriented toward the top of the photos, medial (bordering
the ventricle) to the left. (H,I) show no co-localization of CB+ cells
with FoxP1+ cells. For abbreviations, see list. Scale bar = 2 mm in
(A,D–F); 62.5 μm in (B,G); 0.25 mm in (C); 65 μm in (H);
31.25 μm in (I).
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a short number of heavily stained CB+ cells appeared sparsely
distributed in the striatal domain, from rostral to caudal lev-
els, including the medial and lateral striatum (MSt and LSt), the
StAm and the StPal regions with the InP included (Figures 3A–C).
This pattern of CB expression was similar to the previously pub-
lished CB immunostaining of chicken striatum (Bálint and Csillag,
2007). In the shell region of the nucleus Ac (AcS) we observed an
increase in extracellular CB immunoreactivity accompanied by an
increase in the number of CB+ somata, when compared with
other striatal regions (Figures 3A,C). In contrast, the accumbens
core region (AcC) was devoid of CB immunoreactive perikarya
(Figures 3A,C). This result was also similar to the data from Bálint
and Csillag (2007) in the nucleus accumbens of adult chicken. We
checked the type of CB+ cell observed in adult quail striatum
studying the co-localization with FoxP1 in the striatal domain, as
we previously did in budgerigar. We did not detect co-localization
of the two proteins neither in adult male (data not shown) nor
at developmental stages (Figures 3H,I). This result indicated that
CB+ cells in quail male striatum did not correspond to the MSN
type described in budgerigar (present results).

Garcia-Calero and Scharff (2013) did not detect CB+ MSNs in
the striatal domain of zebra finch females from PHD20 onward.
However, during development, female zebra finches had CB+
MSNs in the striatal domain similar to males. To figure out if
this is also the case in quail, we analyzed the presence of CB+
cells in the striatal domain of quail at different developmental
stages (E14, n = 1 and E16, n = 2: Figures 3D–I). We also stud-
ied the co-localization of these cells with the MSN marker FoxP1
(Figures 3H,I). We obtained a similar pattern of CB immunos-
taining between embryos and adult quails in most of the striatal
domains. There was no co-localization of CB and FoxP1 in the
striatal region (Figures 3H,I).

In conclusion, we detected a few CB+ cells in the striatal
domain of quail at adult and developmental stages. These cells
appeared sparsely distributed and did not co-localize with FoxP1,
suggesting that these cells were not MSNs.

THE CB+ STRIATAL CAPSULE IN BIRDS
A CB+ striatal capsule was previously described in male and
female zebra finches (Garcia-Calero and Scharff, 2013). This

structure, underlying the pallial/subpallial boundary, developed
at early postnatal stages and contained a dense population of CB+
MSNs. This solid band of CB+ cells co-localized with DARPP-
32, FoxP1, and FoxP2 and was located under a CB negative
but DARPP-32/FoxP1/FoxP2 positive striatal belt (Figure 3G in
Garcia-Calero and Scharff, 2013; white arrow in Figure 4A, present
results; and data not shown for FoxP2). These authors suggested
that the striatal capsule described in chicken by Puelles et al. (2007)
consisted of two bands perpendicular to the pial surface in the stri-
atal domain of zebra finch. In mammals, a CB+ striatal capsule
is described at least during developmental stages (Liu and Gray-
biel, 1992a). In this work we analyzed the existence of a CB+
striatal capsule in the two birds species studied: budgerigar and
quail. We also show CB and FoxP1 staining in the pallial/subpallial
border of male zebra finch at PHD12 for comparative
purposes.

In adult male/female budgerigars, we observed a CB+ stri-
atal capsule in the medial and lateral striatal regions close to
the limit with the pallium (adult male: Figures 4B,C). This
capsule is composed of CB+ MSNs (CB+/FoxP1+ cells) like
the ones described in zebra finch, but the cells were not as
densely packed as in songbirds. In addition, we did not find
a CB negative but FoxP1+ striatal capsule (white arrow in
Figure 4A) dorsally to the CB+ FoxP1+ band, as seen in zebra
finch (compare Figures 4A,B). Finally, in adult and develop-
ing quail embryos a CB+ striatal capsule was not observed and
only dispersed CB+ positive cells with high CB-immunoreactivity
were detected in the boundary with the pallial domain
(Figure 4D).

In conclusion, a CB+ striatal capsule was observed in budgeri-
gar striatum, similar to the one found in zebra finches. This
structure was not detected in quail. A CB negative but FoxP1 pos-
itive lamina overlaying the CB+ striatal capsule was not observed
in budgerigar, in contrast to zebra finch.

DISCUSSION
The main goals of the present study were: (a) A description of
the CB+ MSN population in the striatal domain of male and
female budgerigars (vocal learner birds) in contrast to quail (a
non-vocal learner bird); (b) To analyze the lack of this cell type

FIGURE 4 | Pallial/subpallial border in zebra finch at PHD12 (A),

adult male budgerigar (B,C) and adult quail (D) showing double

immunofluorescence of CB in cyan and FoxP1 in magenta (A,B)

and CB immunostaining (C,D). Dorsal is oriented toward the top of

the photos, medial (bordering the ventricle) to the left. The white arrow in
(A) points to the CB negative, Foxp1 positive domain over the CB+
striatal capsule. For abbreviations, see list. Scale bar = 62.5 μm in (A);
65 μm in (B); 0.25 mm in (B,D).
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in the striatal nucleus for song learning MStm in budgerigars in
contrast to zebra finches; (c) the description of a CB+ striatal
capsule in vocal learner but not in non-vocal learner birds.

CB+ MSNs IN VOCAL-LEARNER BIRDS VS. NON-VOCAL LEARNER
Budgerigars and zebra finches are able to learn sounds by imita-
tions, contrary to other birds like chicken or quail that are only
able to produce innate sounds. Parrots are also capable of com-
plex motor learning like movement learning by imitation (Moore,
1992). These differences in learning capabilities are also reflected,
for example, in the existence of a song system in vocal learners in
contrast to non-vocal learner birds (Nottebohm et al., 1976; Gahr,
2000). In the present work, we described a new significant differ-
ence in the striatal domain of vocal learner and non-vocal learner
birds: CB+ MSNs were widely distributed in the medial striatal
domain of male and female adult budgerigars, whereas, there was
no production of CB+ MSNs in quails at developmental stages or
in the adult.

Previous studies reported the existence of CB+ cells in the stri-
atal domain of non-vocal learner birds like chicken (i.e., Bálint
and Csillag, 2007; Husband and Shimizu, 2011), however, these
studies did not define the type of neurons (interneuron or pro-
jecting neuron). In our work, CB+ cells are dispersed in the quail
striatal domain, show high CB-immunoreactivity and do not co-
localize with the MSN marker FoxP1. We propose that this CB+
cells are likely interneurons. In addition, a CB+ MSN population
was described in songbirds striatum located mainly in the nucleus
for song learning Area X (Garcia-Calero and Scharff, 2013). These
results show important differences in the cytoarquitecture of the
striatal domain between vocal learner and non-vocal learner birds
that could relate with differences in neurofunctional capabilities
like vocal learning or movement learning by imitation. This cor-
relates directly with the role that CB protein could play in this
neuron type (see below).

As we have mentioned before, the striatal domain in mammals
is subdivided in striosome and matrix compartments. The strio-
some subdivision appears early during striatal development; the
matrix compartment (the one containing the CB+ MSN pop-
ulation) is produced later during development from the SVZ
(van der Kooy and Fishell, 1987; Anderson et al., 1997; Garel
et al., 1999; Mason et al., 2005). Mutations of genes important
for the development and functionality of the SVZ, like Dlx1/Dlx2
and Ebf1, generate abnormalities in the differentiation of matrix
neurons and impair in CB+ MSN production (Anderson et al.,
1997; Garel et al., 1999). These findings indicate that CB+ MSNs
originate from the striatal SVZ and show a late neurogenesis. A
SVZ in the striatal domain is also described in birds (Striedter
and Charvet, 2008; Charvet and Striedter, 2009). Parrots show
an important expansion of the SVZ at embryonic and post-
hatching stages and that correlates with a delay and expansion
in time of neurogenesis and telencephalic enlargement (Striedter
and Charvet, 2008). Moreover, the SVZ is thicker in embryonic
parrots than in age-matched quails (Striedter and Charvet, 2008).
In addition, hatchling zebra finches have a large SVZ similar in
thickness and extent to that of parrots (Charvet and Striedter,
2009). Taken together, these results could explain the pres-
ence of CB+ MSNs in parrots and zebra finches in contrast

to quails. Moreover, CB+ MSN production was observed in
the male zebra finch at postnatal stages, which indicates a late
neurogenesis for this cell type in songbirds (Garcia-Calero, unpub-
lished observations). In this sense, the well noticed neurogenesis
delay in the SVZ of parrots and songbirds in contrast to non-
vocal learner birds could translate directly in the production
of a new cell type (CB+ MSNs): shifts in neurogenesis tim-
ing could provide be the basis for CB+ MSN production in
birds.

It would be interesting to know the possible role that the CB+
MSNs play in the striatal domain of budgerigar and zebra finch.
CB protein in mammals is linked to rapid regulation of intracellu-
lar calcium levels critical for synaptic plasticity, a cellular process
underlying learning and memory (reviewed in Schwaller et al.,
2002). New studies focused on the function of CB protein and
CB+ MSN in the process of motor learning in budgerigar and
zebra finch could be interesting to assess the implication of this
cell type in the acquisition of new intellectual capabilities during
bird evolution.

To sum up, changes in CB+ MSN production among bird
groups could be a consequence of differences in SVZ development
and function. In this sense, quails do not produce CB+ MSNs in
the striatal domain, in contrast to parrots and male and female
zebra finches. The role of CB+ MSNs in complex motor learning
process must be revisited.

CB+ MSNs IN VOCAL LEARNER BIRDS
As we mentioned before, parrots and songbirds are able to learn
sounds by imitation and to accomplish this, they have developed a
special system for vocal acquisition (Paton et al., 1981; Brauth et al.,
1994; Striedter, 1994; Heaton and Brauth, 1999; Jarvis and Mello,
2000; Roberts et al., 2002). Recently, Suh et al. (2011) showed by
retrotransposon analysis that parrots are the closest living relatives
of passerine birds. Studies suggest that vocal learning existed in a
common ancestor of parrots and songbirds and that the neural
system for vocal acquisition could be homologous between both
orders (Suh et al., 2011). In this sense, MStm in budgerigar stria-
tum is potentially homologous to zebra finch Area X. On the other
hand, hodological studies on the bird song system (i.e., Striedter,
1994; Durand et al., 1997) have shown that the connectivity pat-
tern of parrots and songbirds song nuclei differs, and that probably
the song system is not homologous between both orders. In the
present work we described the allocation of a CB+ MSN popula-
tion in budgerigar striatal area. These cells were distributed mainly
in the periventricular region of the striatal radial domain. The
lateral stratum only showed dispersed CB+ cells, with the excep-
tion of the superficial olfactory tubercle. In addition, the MStm
was poor in CB+ MSNs. This result contrasts widely with previ-
ous data published by Garcia-Calero and Scharff (2013) in zebra
finch, which locate CB+ MSNs solely in the Area X and CB+
striatal capsule of juvenile and adult males. Therefore, budgeri-
gars and zebra finches are able to produce CB+ MSNs but the
allocation of this cell type in the striatal domain changes among
species.

The distribution of CB+ MSNs in male and female adult
budgerigars parallels the data obtained in female and male zebra
finches at early stages. CB+ MSNs distribute widely in the rostral
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part of the medial striatum at developmental stages, both in male
and female zebra finches (i.e., Figures 1A,B,F,L–N, 2A,B, and 5A–E
in Garcia-Calero and Scharff, 2013), while at the same time the
lateral striatum only show dispersed CB+ cells (Garcia-Calero,
unpublished observations). During the course of striatal develop-
ment these cells gradually disappear in the medial striatal region
except in the Area X and the CB+ striatal capsule in males and the
latter in females. Due to the evident sexual dimorphism in CB+
MSN distribution in zebra finch striatal domain from PHD12,
Garcia-Calero and Scharff (2013) proposed that these results could
relate with estrogenic effects on Area X, mediated transynaptically
via the HVC-to-Area X afferents arrival at early juvenile stages
(Gahr, 1990; Mooney and Rao, 1994; Foster and Bottjer, 1998).
This means that CB+ MSNs are located at a similar position
(medial striatum, close to the proliferative regions) in male/female
zebra finches at early stages and male/female adult budgerigars,
however in zebra finches the HVC-inputs arrival triggers a re-
allocation of this cell population. The song system in budgerigar
has been well described and its connectivity pattern analyzed pre-
viously (Striedter, 1994; Durand et al., 1997). Budgerigars show
important similarities in song nuclei distribution to zebra finch.
However, the comparable nucleus to HVC in parrots, the central
nucleus of the lateral nidopallium (NLC), does not project directly
to the MStm, but through an intermediate relay in a mesopallial
nucleus (Striedter, 1994; Durand et al., 1997). If HVC-to-Area X
connectivity is the cause of CB+ MSNs re-allocation and main-
tenance in male zebra finch, a different connectivity pattern of
MStm nucleus in budgerigar could explain our present findings.

CB+ STRIATAL CAPSULE IN VERTEBRATE DEVELOPMENT AND
EVOLUTION
A CB+ striatal capsule was described in detail by Garcia-Calero
and Scharff (2013) in male and female zebra finches from
PHD5 onward. This neuroanatomical structure laid in the pal-
lial/subpallial boundary, forming a dense cellular band of CB+
cells that extended from the ventricular zone to the striatal sur-
face. The CB+ cells co-localized with DARPP-32, FoxP1, and
Fox2, three markers for MSNs. A DARPP-32/FoxP1/FoxP2 pos-
itive, CB negative domain overlies this CB+ strip (Figure 3G in
Garcia-Calero and Scharff, 2013). Puelles et al. (2000, 2007) has
previously described a striatal capsule in chicken at developmental
and adult stages. In adult chicken this structure appeared differ-
entially labeled in the AChE and TH stainings, and showed patchy
reaction particularly subpially. Haesler et al. (2004) also detected
a FoxP2+ band forming thicker clumps of FoxP2 positive cells in
the interface of the pallium and subpallium of adult male zebra
finches. At chicken developmental stages a thin band of Pax6+
cells, lying bellow the pallial/subpallial border, was described by
Puelles et al. (2000) and Abellan and Medina (2009). Abellan and
Medina (2009) suggested that the striatal capsule is a derivative
of this Pax6+ dorsal-most striatal domain in chicken and the
same region in mouse produced the intercalated nucleus of the
amygdala. However Garcia-Calero and Scharff (2013) observed
the CB+ striatal capsule located in the ventral Islet1+-Pax6 neg-
ative striatal domain in zebra finches. In rats, Liu and Graybiel
(1992a) described a transient population of CB+ cells located in
the boundary of the striatal domain with the pallium at early

postnatal stages. It is evident that there is not a unified criterion
about what we call striatal capsule in vertebrates, and this situa-
tion complicates the study of homologies among species and the
understanding of its functional meaning. In our study, we detected
a CB+ striatal capsule in adult budgerigar, even in the CB-poor
lateral domain. The CB+ cells co-localized with FoxP1, but the
distribution was sparser than in zebra finch. In addition, a CB-
negative, DARPP-32/FoxP1/FoxP2 positive band overlaying the
CB+ striatal capsule was solely described in zebra finch, whereas
a similar structure was not evident in budgerigar. CB+ MSNs
were not described in the striatum of quail at adult and develop-
mental stages. Moreover, a CB+ striatal capsule was not found at
any of the stages analyzed in these birds. For all these reasons, to
understand the function and evolution of this region, it would be
necessary to define what we call striatal capsule in vertebrates. In
the present report and previous ones (Puelles et al., 2007; Garcia-
Calero and Scharff, 2013) the striatal capsule is defined differently
according to the species analyzed: a radial structure subdivided in
a CB negative and a CB positive bands in zebra finch; a simple
CB+ band at the boundary of the pallial domain in budgerigar
and mouse; and an AChE/TH+, CB negative domain in adult
chicken. In addition, the present results show important molec-
ular differences in the pallial/subpallial boundary among bird
species, pointing to patterning diversity during evolution of this
region.

In conclusion, in the present work we described important dif-
ferences in the distribution and type of CB+ cells in the striatum of
representative species of vocal learner and non-vocal learner avian
orders (respectively the budgerigar and the quail). In addition, we
observed differences in the CB+ MSNs allocation between close
vocal learner bird families.

ACKNOWLEDGMENTS
This work was supported by Spanish Ministry of Science and
Innovation Grant BFU-2011-27326, Institute of Health Carlos
III, Spanish Cell Therapy Network and Research Center of Men-
tal Health (RD06/0010/0023; RD12/0019/0024), General Council
of Valencia (Prometeo 2009/028 and 11/2011/042). Elena Garcia-
Calero was supported by the Postdoctoral Program of the“Consejo
Superior de Investigaciones Científicas-Junta de Ampliación de
Estudios.” We thank Dr. Ariadna Perez-Balaguer for proofreading
the English.

AUTHOR CONTRIBUTIONS
All authors had full access to all the data in the study and take
responsibility for the integrity of the data and the accuracy of
the data analysis. Conceived and designed the experiments: Elena
Garcia-Calero and Salvador Martinez Performed the experiments:
Elena Garcia-Calero and Olga Bahamonde Analyzed the data:
Elena Garcia-Calero and Salvador Martinez Wrote the article:
Elena Garcia-Calero and Salvador Martinez Obtained funding:
Elena Garcia-Calero and Salvador Martinez.

REFERENCES
Abellan, A., and Medina, L. (2009). Subdivisions and derivatives of the chicken

subpallium based on expression of LIM and other regulatory genes and markers
of neuron subpopulations during development. J. Comp. Neurol. 515, 465–501.
doi: 10.1002/cne.22083

Frontiers in Neuroanatomy www.frontiersin.org December 2013 | Volume 7 | Article 46 | 8

http://www.frontiersin.org/Neuroanatomy/
http://www.frontiersin.org/
http://www.frontiersin.org/Neuroanatomy/archive


“fnana-07-00046” — 2013/12/18 — 16:07 — page 9 — #9

Garcia-Calero et al. CB+ MSNs in budgerigar and quail

Anderson, S. A., Qiu, M., Bulfone, A., Eisenstat, D. D., Meneses, J., Pedersen, R., et al.
(1997). Mutations of the homeobox genes Dlx-1 and Dlx-2 disrupt the striatal
subventricular zone and differentiation of late born striatal neurons. Neuron 19,
27–37. doi: 10.1016/S0896-6273(00)80345-1

Arlotta, P., Molyneaux, B. J., Jabaudon, D., Yoshida, Y., and MacKlis, J. D. (2008).
Ctip2 controls the differentiation of medium spiny neurons and the establish-
ment of the cellular architecture of the striatum. J. Neurosci. 28, 622–632. doi:
10.1523/JNEUROSCI.2986-07.2008

Bálint, E., and Csillag, A. (2007). Nucleus accumbens subregions: hodological and
immunohistochemical study in the domestic chick (Gallus domesticus). Cell Tissue
Res. 327, 221–230. doi: 10.1007/s00441-006-0295-0

Banham, A. H., Beasley, N., Campo, E., Fernandez, P. L., Fidler, C., Gatter, K., et al.
(2001). The FOXP1 winged helix transcription factor is a novel candidate tumor
suppressor gene on chromosome 3p. Cancer Res. 61, 8820–8829.

Baptista, L. F., and Schuchmann, K. L. (1990). Song learning in the Anna Hum-
mingbird (Calypte anna). Ethology 84, 15–26. doi: 10.1111/j.1439-0310.1990.
tb00781.x

Bennett, B. D., and Bolam, J. P. (1993). Two populations of calbindin D28k-
immunoreactive neurones in the striatum of the rat. Brain Res. 610, 305–310.
doi: 10.1016/0006-8993(93)91414-N

Brauth, S. E., Heaton, J. T., Durand, S. E., Liang, W., and Hall, W. S. (1994). Func-
tional anatomy of forebrain auditory pathways in the budgerigar (Melopsittacus
undulatus). Brain Behav. Evol. 44, 210–233. doi: 10.1159/000113578

Brauth, S. E., Liang, W., Amateau, S. K., and Roberts, T. F. (2005). Sexual
dimorphism of vocal control nuclei in budgerigars (Melopsittacus undulatus)
revealed with Nissl and NADPH-d staining. J. Comp. Neurol. 484, 15–27. doi:
10.1002/cne.20458

Brauth, S., Liang, W., Roberts, T. F., Scott, L. L., and Quinlan, E. M. (2002).
Contact call-driven Zenk protein induction and habituation in telencephalic
auditory pathways in the Budgerigar (Melopsittacus undulatus): implications
for understanding vocal learning processes. Learn. Mem. 9, 76–88. doi:
10.1101/lm.40802

Charvet, C. J., and Striedter, G. F. (2009). Developmental origins of mosaic brain
evolution: morphometric analysis of the developing zebra finch brain. J. Comp.
Neurol. 514, 203–213. doi: 10.1002/cne.22005

Crittenden, J. R., and Graybiel, A. M. (2011). Basal ganglia disorders associated with
imbalances in the striatal striosome and matrix compartments. Front. Neuroanat.
5:59. doi: 10.3389/fnana.2011.00059

Durand, S. E., Heaton, J. T., Amateau, S. K., and Brauth, S. E. (1997).
Vocal control pathways through the anterior forebrain of a parrot (Melopsit-
tacus undulatus). J. Comp. Neurol. 377, 179–206. doi: 10.1002/(SICI)1096-
9861(19970113)377:2<179::AID-CNE3>3.0.CO;2-0

Durand, S. E., Liang, W., and Brauth, S. E. (1998). Methionine enkephalin
immunoreactivity in the brain of the budgerigar (Melopsittacus undulatus): sim-
ilarities and differences with respect to oscine songbirds. J. Comp. Neurol. 393,
145–168. doi: 10.1002/(SICI)1096-9861(19980406)393:23.0.CO;2-2

Eblen, F., and Graybiel, A. M. (1995). Highly restricted origin of prefrontal cortical
inputs to striosomes in the macaque monkey. J. Neurosci. 15, 5999–6013.

Esser, K. H. (1994). Audio-vocal learning in a nonhuman mammal: the
lesser spear-nosed bat Phyllostomus discolor. Neuroreport 5, 1718–1720. doi:
10.1097/00001756-199409080-00007

Farabaugh, S. M., Linzenbold, A., and Dooling, R. J. (1994). Vocal plasticity in
budgerigars (Melopsittacus undulatus): evidence for social factors in the learn-
ing of contact (calls). J. Comp. Psychol. 108, 81–92. doi: 10.1037/0735-7036.
108.1.81

Feenders, G., Liedvogel, M., Rivas, M., Zapka, M., Horita, H., Hara, E.,
et al. (2008). Molecular mapping of movement-associated areas in the avian
brain: a motor theory for vocal learning origin. PLoS ONE 3:e1768. doi:
10.1371/journal.pone.0001768

Fino, E., and Venance, L. (2010). Spike-timing dependent plasticity in the striatum.
Front. Synaptic. Neurosci. 10:6. doi: 10.3389/fnsyn.2010.00006

Foster, E. F., and Bottjer, S. W. (1998). Axonal connections of the high vocal center
and surrounding cortical regions in juvenile and adult male zebra finches. J. Comp.
Neurol. 397, 118–138. doi: 10.1002/(SICI)1096-9861(19980720)397:1<118::AID-
CNE9>3.0.CO;2-3

Garcia-Calero, E., and Puelles, L. (2009). Enc1 expression in the chick telencephalon
at intermediate and late stages of development. J. Comp. Neurol. 517, 564–580.
doi: 10.1002/cne.22164

Garcia-Calero, E., and Scharff, C. (2013). Calbindin expression in developing
striatum of zebra finches and its relation to the formation of area X. J. Comp.
Neurol. 521, 326–341. doi: 10.1002/cne.23174

Garel, S., Marín, F., Grosschedl, R., and Charnay, P. (1999). Ebf1 controls early cell
differentiation in the embryonic striatum. Development 126, 5285–5294.

Gahr, M. (1990). Localization of androgen receptors and estrogen receptors in the
same cells of the songbird brain. Proc. Natl. Acad. Sci. U.S.A. 87, 9445–9948. doi:
10.1073/pnas.87.23.9445

Gahr, M. (2000). Neural song control system of hummingbirds: comparison
to swifts, vocal learning (Songbirds) and nonlearning (Suboscines) passerines,
and vocal learning (Budgerigars) and nonlearning (Dove, owl, gull, quail,
chicken) nonpasserines. J. Comp. Neurol. 426, 182–196. doi: 10.1002/1096-
9861(20001016)426:2<182::AID-CNE2>3.0.CO;2-M

Gerfen, C. R. (1989). The neostriatal mosaic: striatal patch-matrix organization is
related to cortical lamination. Science 246, 385–388. doi: 10.1126/science.2799392

Gerfen, C. R. (1992). The neostriatal mosaic: multiple levels of compartmental
organization. Trends Neurosci. 15, 133–139. doi: 10.1016/0166-2236(92)90355-C

Gerfen, C. R., Baimbridge, K. G., and Miller, J. J. (1985). The neostriatal mosaic:
compartmental distribution of calcium-binding protein and parvalbumin in the
basal ganglia of the rat and monkey. Proc. Natl. Acad. Sci. U.S.A. 82, 8780–8784.
doi: 10.1073/pnas.82.24.8780

Graybiel, A. M., Aosaki, T., Flaherty, A. W., and Kimura, M. (1994). The basal
ganglia and adaptive motor control. Science 265, 1826–1831. doi: 10.1126/sci-
ence.8091209

Haesler, S., Wada, K., Nshdejan, A., Morrisey, E. E., Lints, T., Jarvis, E. D., et al.
(2004). FoxP2 expression in avian vocal learners and non-learners. J. Neurosci.
24, 3164–3175. doi: 10.1523/JNEUROSCI.4369-03.2004

Heaton, J. T., and Brauth, S. E. (1999). Effects of deafening on the development
of nestling and juvenile vocalizations in budgerigars (Melopsittacus undulatus). J.
Comp. Psychol. 113, 314–320. doi: 10.1037/0735-7036.113.3.314

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

Heyers, D., Manns, M., Luksch, H., Güntürkün, O., and Mouritsen, H. (2008).
Calcium-binding proteins label functional streams of the visual system in
a songbird. Brain Res. Bull. 75, 348–355. doi: 10.1016/j.brainresbull.2007.
10.029

Husband, S. A., and Shimizu, T. (2011). Calcium-binding protein distributions and
fiber connections of the nucleus accumbens in the pigeon (Columba livia). J.
Comp. Neurol. 519, 1371–1394 doi: 10.1002/cne.22575

Janik, V. M. (2000). Whistle matching in wild bottlenose dolphins (Tursiops
truncatus) Science 289, 1355–1357. doi: 10.1126/science.289.5483.1355

Jarvis, E. D., and Mello, C. V. (2000). Molecular mapping of brain areas
involved in parrot vocal communication. J. Comp. Neurol. 419, 1–31. doi:
10.1002/(SICI)1096-9861(20000327)419:1<1::AID-CNE1>3.0.CO;2-M

Jarvis, E. D., and Nottebohm, F. (1997). Motor-driven gene expression. Proc. Natl.
Acad. Sci. U.S.A. 94, 4097–4102. doi: 10.1073/pnas.94.8.4097

Jarvis, E. D., Scharff, C., Grossman, M. R., Ramos, J. A., and Nottebohm, F. (1998).
For whom the bird sings: context-dependent gene expression. Neuron 21, 775–
788. doi: 10.1016/S0896-6273(00)80594-2

Jimenez-Castellanos, J., and Graybiel, A. M. (1987). Subdivisions of the dopamine-
containing A8-A9-A10 complex identified by their differential mesostriatal
innervation of striosomes and extrastriosomal matrix. Neuroscience 23, 223–242.
doi: 10.1016/0306-4522(87)90285-5

Kelley, D. B., and Nottebohm, F. (1979). Projections of a telencephalic auditory
nucleus-field L-in the canary. J. Comp. Neurol. 183, 455–469. doi: 10.1002/cne.
901830302

Kincaid, A. E., and Wilson, C. J. (1996). Corticostriatal innervations of the
patch and matrix in the rat neostriatum. J. Comp. Neurol. 374, 578–592. doi:
10.1002/(SICI)1096-9861(19961028)374:4<578::AID-CNE7>3.0.CO;2-Z

Konishi, M. (1963). The role of auditory feedback in the vocal behavior of the domes-
tic fowl. Z. Tierpsychol. 20, 349–367. doi: 10.1111/j.1439-0310.1963.tb01156.x

Liu, F. C., and Graybiel, A. M. (1992a). Transient calbindin-D28k-positive systems in
the telencephalon: ganglionic eminence, developing striatum and cerebral cortex.
J. Neurosci. 12, 674–690.

Liu, F. C., and Graybiel, A. M. (1992b). Heterogeneous development of calbindin-
D28K expression in the striatal matrix. J. Comp. Neurol. 320, 304–322. doi:
10.1002/cne.903200304

Frontiers in Neuroanatomy www.frontiersin.org December 2013 | Volume 7 | Article 46 | 9

http://www.frontiersin.org/Neuroanatomy/
http://www.frontiersin.org/
http://www.frontiersin.org/Neuroanatomy/archive


“fnana-07-00046” — 2013/12/18 — 16:07 — page 10 — #10

Garcia-Calero et al. CB+ MSNs in budgerigar and quail

Mason, H. A., Rakowiecki, S. M., Raftopoulou, M., Nery, S., Huang, Y., Gridley, T.,
et al. (2005). Notch signaling coordinates the patterning of striatal compartments.
Development 132, 4247–4258. doi: 10.1242/dev.02008

Mooney, R., and Rao, M. (1994). Waiting periods versus early innervation: the
development of axonal connections in the zebra finch song system. J. Neurosci.
14, 6532–6543.

Moore, B. R. (1992). Avian movement imitation and a new form of mimicry: trac-
ing the evolution of a complex form of learning. Behaviour 122, 231–263. doi:
10.1163/156853992X00525

Nottebohm, F., and Arnold, A. P. (1976). Sexual dimorphism in vocal control areas
of the songbird brain. Science 194, 211–213. doi: 10.1126/science.959852

Nottebohm, F., Stokes, T. M., and Leonard, C. M. (1976). Central control of
song in the canary, Serinus canarius. J. Comp. Neurol. 165, 457–486. doi:
10.1002/cne.901650405

Packard, M. G., and Knowlton, B. J. (2002). Learning and memory func-
tions of the Basal ganglia. Annu. Rev. Neurosci. 25, 563–593. doi:
10.1146/annurev.neuro.25.112701.142937

Paton, J. A., Manogue, K. R., and Nottebohm, F. (1981). Bilateral organization of
the vocal control pathway in the budgerigar, Melopsittacus undulatus. J. Neurosci.
1, 1279–1288.

Payne, R. S., and McVay, S. (1971). Songs of humpback whales. Science 173, 587–597.
doi: 10.1126/science.173.3997.585

Puelles, L., Kuwana, E., Puelles, E., Bulfone, A., Shimamura, K., Keleher, J.,
et al. (2000). Pallial and subpallial derivatives in the embryonic chick and
mouse telencephalon, traced by the expression of the genes Dlx-2, Emx-1,
Nkx-2.1, Pax-6, and Tbr-1. J. Comp. Neurol. 424, 409–438. doi: 10.1002/1096-
9861(20000828)424:3<409::AID-CNE3>3.0.CO;2-7

Puelles, L., Martinez-de-la-Torre, M., Paxinos, G., and Martinez, S. (eds). (2007).
The Chick Brain in Stereotaxic Coodinates. An Atlas Featuring Neurometric
Subdivisions and Mammalian Homologies. San Diego: Academic Press.

Reiner, A., Medina, L., and Veenman, C. L. (1998). Structural and functional evo-
lution of the basal ganglia in vertebrates. Brain. Res. Brain Res. Rev. 28, 235–285.
doi: 10.1016/S0165-0173(98)00016-2

Reiner, A., Perkel, D. J., Bruce, L. L., Butler, A. B., Csillag, A., Kuenzel, W., et al.
(2004). The avian brain nomenclature forum: terminology for a new century in
comparative neuroanatomy. J. Comp. Neurol. 473, E1–E6.

Richards, D. G., Wolz, J. P., and Herman, L. M. (1984). Vocal mimicry of computer-
generated sounds and vocal labeling of objects by a bottlenosed dolphin, Tursiops
truncatus. J. Comp. Psychol. 98, 10–28. doi: 10.1037/0735-7036.98.1.10

Roberts, T. F., Hall, W. S., and Brauth, S. E. (2002). Organization of the avian basal
forebrain: chemical anatomy in the parrot (Melopsittacus undulatus). J. Comp.
Neurol. 454, 383–408. doi: 10.1002/cne.10456

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

Schwaller, B., Meyer, M., and Schiffmann, S. (2002). ‘New’ functions for ‘old’ pro-
teins: the role of the calcium-binding proteins calbindin D-28k, calretinin and
parvalbumin, in cerebellar physiology. Studies with knockout mice. Cerebellum
1, 241–258. doi: 10.1080/147342202320883551

Sohrabji, F., Nordeen, E. J., and Nordeen, K. W. (1990). Selective impairment
of song learning following lesions of a forebrain nucleus in the juvenile

zebra finch. Behav. Neural. Biol. 53, 51–63. doi: 10.1016/0163-1047(90)
90797-A

Striedter, G. F. (1994). The vocal control pathways in budgerigars differ from those
in songbirds. J. Comp. Neurol. 343, 35–56. doi: 10.1002/cne.903430104

Striedter, G. F., and Charvet, C. J. (2008). Developmental origins of species dif-
ferences in telencephalon and tectum size: morphometric comparisons between
a parakeet (Melopsittacus undulatus) and a quail (Colinus virgianus). J. Comp.
Neurol. 507, 1663–1675. doi: 10.1002/cne.21640

Suarez, J., Dávila, J. C., Real, M. A., Guirado, S., and Medina, L. (2006).
Calcium-binding proteins, neuronal nitric oxide synthase, and GABA help to
distinguish different pallial areas in the developing and adult chicken. I. Hip-
pocampal formation and hyperpallium. J. Comp. Neurol. 497, 751–771. doi:
10.1002/cne.21004

Suh, A., Paus, M., Kiefmann, M., Churakov, G., Franke, F. A., Brosius, J., et al. (2011).
Mesozoic retroposons reveal parrots as the closest living relatives of passerine
birds. Nat. Commun. 2, 443. doi: 10.1038/ncomms1448

Tamura, S., Morikawa, Y., Iwanishi, H., Hisaoka, T., and Senba, E. (2003). Expression
pattern of the winged-helix/forkhead transcription factor Foxp1 in the developing
central nervous system. Gene Expr. Patterns 3, 193–197. doi: 10.1016/S1567-
133X(03)00003-6

Tamura, S., Morikawa, Y., Iwanishi, H., Hisaoka, T., and Senba, E. (2004). Foxp1
gene expression in projection neurons of the mouse striatum. Neuroscience 124,
261–267. doi: 10.1016/j.neuroscience.2003.11.036

Teramitsu, I., Kudo, L. C., London, S. E., Geschwind, D. H., and White, S. A. (2004).
Parallel FoxP1 and FoxP2 expression in songbird and human brain predicts func-
tional interaction. J. Neurosci. 24, 3152–3163. doi: 10.1523/JNEUROSCI.5589-
03.2004

Thorpe, W. H. (1958). The learning of song patterns by birds, with special ref-
erence to the song of the Chaffinch, Fringilla coelebs. Ibis 100, 535–570. doi:
10.1111/j.1474-919X.1958.tb07960.x

van der Kooy, D., and Fishell, G. (1987). Neuronal birthdate underlies the devel-
opment of striatal compartments. Brain Res. 401, 155–161. doi: 10.1016/0006-
8993(87)91176-0

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 10 October 2013; accepted: 03 December 2013; published online: 19 December
2013.
Citation: Garcia-Calero E, Bahamonde O and Martinez S (2013) Differences in number
and distribution of striatal calbindin medium spiny neurons between a vocal-learner
(Melopsittacus undulatus) and a non-vocal learner bird (Colinus virginianus). Front.
Neuroanat. 7:46. doi: 10.3389/fnana.2013.00046
This article was submitted to the journal Frontiers in Neuroanatomy.
Copyright © 2013 Garcia-Calero, Bahamonde and Martinez. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, pro-
vided the original author(s) or licensor are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroanatomy www.frontiersin.org December 2013 | Volume 7 | Article 46 | 10

http://dx.doi.org/10.3389/fnana.2013.00046
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Neuroanatomy/
http://www.frontiersin.org/
http://www.frontiersin.org/Neuroanatomy/archive

	Differences in number and distribution of striatal calbindin medium spiny neurons between a vocal-learner (melopsittacus undulatus) and a non-vocal learner bird (colinus virginianus)
	Introduction
	Materials and methods
	Tissue preparation
	Immunohistochemistry
	Antibody characterization
	Image capture, manipulation, and figure assembly
	Quantification

	Results
	Cb+ msn in the striatal domain of male/female adult budgerigar
	Cb+ msns in quail striatal domain at adult stages and during development
	The cb+ striatal capsule in birds

	Discussion
	Cb+ msns in vocal-learner birds vs. non-vocal learner
	Cb+ msns in vocal learner birds
	Cb+ striatal capsule in vertebrate development and evolution

	Acknowledgments
	Author contributions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


