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The songbird brain has a system of interconnected nuclei that are specialized 
for singing and song learning. Electrophysiological findings indicate a role for 
the glutamatergic neurons in the song system. Vesicular glutamate 
transporter 2 (vGluT2) is considered to be a specific biomarker of 
glutamatergic neurons in birds. Neurons receiving glutamatergic afferents 
express mRNA of ionotropic glutamate receptor subunits. This study 
examined expression of vGluT2 and glutamate receptor subunit mRNAs in 
nuclei of the song pathways of male zebra finch brain by in situ hybridization. 
VGluT2 mRNA was revealed high density of expression in the song nuclei, 
namely HVC, lateral magnocellular nucleus of the anterior nidopallium, and 
robust nucleus of the arcopallium. Area X did not show expression of vGluT2 
mRNA. Nuclei in the descending motor pathway (dorsomedial nucleus of the 
intercollicular complex and retroambigual nucleus) were expressed vGluT2 
mRNA. Target nuclei of vGluT2 mRNA-expressing nuclei showed 
hybridization signals for mRNAs of ionotropic glutamate receptor subunits. At 
least one of five subunit mRNAs (GluA1, GluA4, GluK1, GluN1, GluN2A) was 
expressed in song nuclei. The present findings support the existence of 
glutamatergic circuits in the song system in songbirds. 

 

To cite this article: MR Karim, M Pervin and Y Atoji. 2014. Glutamatergic circuits in the song system of 
zebra finch brain determined by gene expression of vGluT2 and Glutamate receptors. Res. Agric., Livest. 
Fish. 1(1): 61-70. 
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INTRODUCTION 
  

 Birdsong learning is a widely used model for studying the neural mechanisms of learning and 
memory. In songbirds, song production and maintenance involve networks of interconnected brain 
nuclei, known as the song system, which consist of two pathways (Fig. 1; Nottebohm et al., 1976; 
Wild, 1997; Brainard and Doupe, 2002; Zeigler and Marler, 2004; Mooney, 2009). The posterior 
forebrain pathway, or motor pathway, connects the HVC (letter-based proper name), the robust 
nucleus of the arcopallium (RA), and the tracheosyringeal motor nucleus of the hypoglossal nerve 
(nXIIts). The anterior forebrain pathway is a loop that projects from area X through a thalamic relay 
(medial nucleus of the dorsolateral thalamus, DLM) to the lateral magnocellular nucleus of the 
anterior nidopallium (LMAN) and then back to area X (Bottjer et al., 1989; Vates et al., 1997; Luo et 
al., 2001). The posterior and anterior forebrain pathways interact via connection through the HVC 
to area X and the LMAN to the RA(Bottjer et al., 1989; Vates et al., 1997; Zeigler and Marler, 
2004). The descending motor pathway consisted of a set of nuclei including, dorsomedial nucleus 
of the intercollicular complex, retroambigual nucleus and tracheosyringeal motor nucleus of the 
hypoglossal nerve (Nottebohm et al., 1976; Wild, 1993). Pharmacological and electrophysiological 
studies investigating glutamatergic neurotransmission in the song system indicate that glutamate 
plays an important role for neuronal mechanisms of learning, memory, imprinting, or plasticity 
(Mooney and Konishi, 1991; Basham et al., 1999; Pinaud et al., 2008). However, glutamatergic 
circuits have not yet been characterized in thesong control nuclei of the songbird brain.  
 Glutamate is the major excitatory neurotransmitter in the mammalian brain. Vesicular glutamate 
transporters (vGluT1, vGluT2, vGluT3) mediate glutamate transport from the cell body to synaptic 
vesicles at the presynaptic terminals. Subsequently, glutamate released from the presynaptic 
vesicles binds to glutamate receptors on postsynaptic membranes. The mRNA for vGluT1 and 
vGluT2 are expressed in the majority of glutamatergic neurons in the mammalian brain, whereas 
vGluT3 is sparsely expressed and is found in a discrete subpopulation of non-glutamatergic 
neurons (Ni et al., 1994; Bellocchio et al., 1998; Fremeau et al., 2001; Herzog et al., 2001; Gras et 
al., 2002). In birds, vGluT2 and vGluT3 genes have been identified, but vGluT1 gene have not 
found. vGluT2 mRNA was widely distributed in the avian brain (Islam and Atoji, 2008; Karim et al., 
2014; Atoji and Karim, 2015). VGluT2 mRNA is known to be expressed in the somata of 
glutamatergic neurons (Ni et al., 1994; Fremeau et al., 2001; Islam and Atoji, 2008; Karim et al., 
2014) and its protein is preferentially observed in the presynaptic terminals of asymmetric 
synapses in mammals and birds (Atoji, 2011). Thus, vGluT2 mRNA expression considers the origin 
of glutamatergic projections in the neural circuits. On the other hand, neurons receiving 
glutamatergic afferents express the mRNA of GluR subunit in the soma, which indicated the 
projection targets of glutamatergic neurons. Therefore, expression of vGluT2 mRNA and 
distributions of glutamate receptor subunit mRNAs will provide morphological cues to the 
glutamatergic circuits in the brain. In the present study, the origins and putative targets of 
glutamatergic neurons in song control nuclei or areas in the adult male zebra finch brain were 
examinedusing in situ hybridization assays for vGluT2 mRNA and glutamate receptor AMPA types 
1 and 4 (GluA1, GluA4), kainate type 1 (GluK1), and NMDA types 1 and 2A (GluN1 and GluN2A) 
mRNAs. 
 

METERIALS AND METHODS 
 

Animals 
 Ten adult male zebra finches (Taeniopygia guttata, body weight: 11-22g and age: 4-7 months) 
were used in the present study. Animal handling procedures were approved by the Committee 
forAnimal Research and Welfare of Gifu University. Animals were anesthetized with sodium 
pentobarbital (50 mg/kg). For in situ hybridization, fresh brains were quickly removed and 
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immediately frozen on powdered dry ice. Serial transverse or longitudinal sections were cut at 
30μm thickness on a cryostat, thaw-mounted onto the 3-aminopropyl triethoxysilane coated slides, 
and stored at -30°C. 
 

In situ hybridization  
 Slide-mounted sections were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) 
for 15 minutes at room temperature, rinsed 3 times in 4x standard saline citrate (SSC; pH 7.4; 1x 
SSC contains 0.15 M sodium chloride and 0.015 M sodium citrate), and dehydrated through a 
graded ethanol series (70%–100%). Sections were then defatted with chloroform for 3 minutes, 
and immersed in 100% ethanol twice for 5 minutes. Hybridization was performed by incubating the 
sections at 41°C for overnight with the following buffer : 4x SSC, 50% deionized formamide, 0.12M 
phosphate buffer (pH 7.4), 1% Denhardt’s solution (NacalaiTesque, Kyoto, Japan), 250 μg/ml yeast 
tRNA (Roche, Mannheim, Germany), 10% dextran sulfate (NacalaiTesque), and 20 
mMdithiothreitol. The buffer contained 35S-dATP (46.25 TBq/mmol; PerkinElmer Life Science, 
Waltham, MA, USA) labeled oligonucleotide probe at the concentration of approximately 1-2 x 107 

dpm/ml. The probe was labeled at 3’-end with 35S-dATP by terminal deoxynucleotidyltransferase 
(Takara) before hybridization. After hybridization, sections were washed in 1x SSC (pH 7.4), then 
dehydrated through a graded ethanol series (70%–100%), and exposed to X-ray films (Fuji Medical 
X-Ray Film, Tokyo, Japan) for 7 days. After X-ray film autoradiography, the sections were coated 
with NTB-2 emulsion (Eastman Kodak Company, Rochester, NY, USA) diluted 1:1 with distilled 
water and exposed at 4°C for 4 weeks in tightly sealed dark boxes. After development, the sections 
were fixed, washed and dehydrated. Some sections were counterstained with 0.1% cresyl violet. 
 

Oligonucleotide probes 
Antisense and sense oligo DNA probes of vGluT2 were designed based on the zebra finch 

vGluT2 cDNA sequence (KF964320), and synthesized commercially (Rikaken, Nagoya, Japan). 
Zebra finch vGluT2 anti-sense probe (vGluT2-AS) was complementary to bases 1,707-1,742 
(Table 1). Sense probe (vGluT2-S) was complementary to the antisense probe. The sequence of 
the zebra finch vGluT2-AS probe region shows homology against vGluT2 cDNA sequence of 
pigeon (bases 1,699-1,734; FJ428226) with 100%, chicken (bases 1,699-1,734; JF320001) with 
94%, rat (bases 1,699-1,737; NM_053427) and mouse (bases 1,699-1,737; NM_080853) with 69% 
and human (bases 1,699-1,737; NM_020346) with 78%, and less than 52% homology with any 
other non- vGluT2 related sequences in a gene bank data base. Antisense and sense oligo DNA 
probes of zebra finch GluA1, GluA4, GluK1, GluN1 and GluN2A were designed based on a partial 
sequences of zebra finch GluA1, GluA4, GluK1, GluN1 and GluN2A cDNA sequences (Wada et al., 
2004; Table 1), respectively,and were synthesized commercially (Rikaken). 
 

Image processing 
Photographs at low-power magnification were taken with a scanner (Epson GT-9300UF, 

Tokyo, Japan). Photomicrographs at high-power magnification were taken with a digital camera 
(Pro 600ES, Pixera Corporation, Los Gatos, CA, USA or Nikon, DS-Fi1, Tokyo, Japan) mounted on 
a light microscope. Adjustment of photographs for contrast, brightness and sharpness, layout, and 
lettering were performed using Adobe Photoshop 7.0J (Tokyo, Japan) and Adobe Illustrator 10.0J 
(Tokyo, Japan).  
 

RESULTS 
 

Distribution of vGluT2 mRNA in the song system 
In situ hybridization, an antisense probe showed a differential expression vGluT2 mRNA in the 

adult male zebra finch brain, including many nuclei or areas in song system (Figs. 2A-C). A sense 
probe of vGluT2 mRNA did not show specific hybridization signal in X-ray film autoradiogram (Fig. 
2D).  
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In the song nuclei, vGluT2 mRNA expression patterns differed from the surrounding brain 
subdivisions (Fig. 2B, C). In all three major pallial song nuclei (HVC, RA, and LMAN) vGluT2 
mRNA levels were higher than the respective surrounding brain subdivisions (Figs. 2B,C, 
3A,C,D,F). In addition, the HVC shelf and RA cup region showed weak expression of vGluT2 
mRNA (Fig. 3C,E). Cresyl violet-stained section indicated silver grains were localized on the cell 
bodies of neurons in the HVC (Fig. 3D). The area X was devoid of vGluT2 mRNA similar to the 
surrounding striatum (Fig. 2C). Small pallial song nuclei, nuclusinterfacialis showed modrate 
expression of vGluT2 mRNA. In the diencephalon, vGluT2 mRNA expression was very high in the 
anterior portion of nucleus dorsolateralis anterior thalami, pars medialis (aDLM, Figs. 2B, 3F), 
which is a song nucleus part of DLM (Wada et al., 2004).  

 

Table 1. Probes for in situ hybridization 
 

Probes 

Anti-sense probes (zebra finch) (5’-3’) Sense probes (zebra finch)  (5’-3’) 

VGluT 2 

TCCTTCCTTGTAGTTGTATGAGTCTTGTACTTCCTC GAGGAAGTACAAGACTCATACAACTACAAGGAAGGA 

GluA1 

GATATAGAAAACCCCCGCCACATTGCTGAGACTCAG CTGAGTCTCAGCAATGTGGCGGGGGTTTTCTATATC 

GluA4 

CTGCTAACTAGGAACAGGACCACACTGACACCAATG CATTGGTGTCAGTGTGGTCCTGTTCCTAGTTAGCAG 

GluK1 

GTCCTTGTTGCTGTCTGTCATGTTAAGGCCACTGTA TACAGTGGCCTTAACATGACAGACAGCAACAAGGAC 

GluN1 

GGGTCAGGTTCTGCTCTACCACTTTTTCTATCCTGC GCAGGATAGAAAAAGTGGTAGAGCAGAACCTGACCC 

GluN2A 

CCAGCTGGCTGCTCATGACTTCGTTCTTCTCGTTGT ACAACGAGAAGAACGAAGTCATGAGCAGCCAGCTGG 

 

Table 2. Hybridization intensity of glutamate receptor subunit mRNAs in major auditory and song nuclei of the 
zebra finch brain 
 

Regions GluA1 GluA4 GluK1 GluN1 GluN2A 

HVC - - - + + 

Lateral magnocellular nucleus of the anterior nidopallium + - - + + 

Nucleus robustusarcopallii - - ++ + + 

area X +++ + - +++ ++ 

Nucleus of the dorsal lateral medial thalamus - ++ - - + 

Nucleus interfacialis - - + - + 

Dorsomedial nucleus of the intercollicular complex + + - + - 

Nucleus  retroambigualis - - + - ++ 

Nucleus nervihypoglossi, pars tracheosyringealis - - + - + 
 

Hybridization intensity is evaluated as follows: area X (3+, Fig. 4D, 5D), nucleus robustusarcopallii (2+, Fig. 4C, 5C) 
and lateral magnocellular nucleus of the anterior nidopallium (1+, Fig. 5A).  
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Nuclei in the descending motor pathway was expressed vGluT2 mRNA. Particularly, vGluT2 
mRNA expression was high in the dorsomedial nucleus of the intercollicular complex (DM). VGluT2 
mRNA expression was moderate in the retroambigual nucleus, tracheosyringeal motor nucleus of 
the hypoglossal nerve (Figs. 2A, B).  

 

Distribution of ionotropic glutamate receptor subunits mRNAsin the song system 
Antisense probesfor AMPA type 1 and 4 (GluA1, GluA4), kainate type 1 (GluK1) and NMDA 

type 1 and 2A (GluN1 and GluN2A) mRNAs revealed differential expression of glutamate receptor 
subunit mRNAs in the telencephalic and midbrain vocal nuclei or areas of the zebra finch (Fig. 4A-
E). The sense probes did not exhibit specific hybridization signal in X-ray images and a case of 
GluN1 as shown as a representative (Fig. 4F).  

 
Figure 1. Schematic longitudinal section of zebra finch brain showing the song pathways with known connections. 
Dark black arrows represent the connections of the motor or posterior forebrain pathway (Nottebohm et al., 1976; 
Wild et al., 1997); red arrows (light blak for black and white print) represents the connections of the anterior forebrain 
pathway (Bottjer et al., 1989; Vates and Nottebohm, 1995; Vates et al., 1997; Luo et al., 2001), and dashed arrows 
show connection between the two pathways (Bottjer et al., 1989; Vates et al., 1997; Zeigler and Marler, 2004). DLM, 
nucleus of the dorsal lateral medial thalamus; DM, dorsomedial nucleus of the intercollicular complex; H, 
hyperpallium; LMAN, lateral magnocellular nucleus of the anterior nidopallium; M, mesopallium; N, nidopallium; RA, 
nucleus robustusarcopallii; HVC, letter based proper name; St, striatum; nXIIts, nucleus nervihypoglossi, pars 
tracheosyringealis. Scale bars = 2 mm 
 

 
 

Figure 2. A-C: In situ hybridization X-ray film autoradiograms show expression of vGluT2 mRNA in medial to lateral 
series of longitudinal sections of the zebra finch brain. D: The sense probe shows no specific hybridization signal in 
the brain. A: arcopallium; H: hyperpallium; M: mesopallium; N: nidopallium, Ov: nuclus ovoidalis; St: striatum. For 
other abbreviations, see list. Scale bars = 2 mm in A-D.  
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Figure 3. Photomicrographs of emulsion-coated sections show expression of vGluT2 mRNA in neurons 
ofsong nuclei (A, F: transverse sections, B-E: longitudinal sections). A: LMAN shows intense expression of 
vGluT2 mRNA than surrounding nidopallium. B: Nucleus interfacialis shows a moderate expression of vGluT2 
mRNA and weak signal is seen in the field L2. C: Labeled neurons are observed in HVC. D: Enlargement of a 
box in C after counterstaining with cresyl violet. Many silver grains are seen on the cell body neurons of HVC 
(arrows). E: VGluT 2 mRNA expression in RA. F: VGluT 2 mRNA expression in several thalamic nuclei. The 
anterior part of DLM (aDLM) and ovoidal nucleus (Ov) showed intense vGluT 2 mRNA. A: arcopallium; L1, L2, 
L3: field L complex; M: mesopallium; N: nidopallium. PT: pretectal nucleus. For other abbreviations, see list. 
Scale bars = 500 μm in A, F; 150 μm in B, C, E; 50μm in D. 

 

Each of the glutamate receptor subunit mRNA expression patterns was unique and differed 
from the surrounding brain subdivisions including song nuclei (Figs.4A-E). Among the pallialsong 
nuclei, GluA1 mRNA signal was high in the area X (Fig. 4A). Area X also showed weak GluA4 
mRNA expression (Fig. 4B).GluK1 mRNA, subunit of kainate receptor, was expressed moderately 
in RA (Fig. 4C). In case of NMDA receptor subunits, GluN1 mRNA signal was high in the area X 
(Fig. 4D, 5D). HVC and RA showed weak GluN1 mRNA expression. GluN2A mRNA signal was 
moderate in the area X (Fig. 4E). LMAN and HVC showed weak GluN2A mRNA expression (Fig. 
4E, 5A, B).In the diencephalic song nuclei, GluA4 mRNA expression was moderate in the anterior 
portion of nucleus dorsolateralis anterior thalami, pars medialis (aDLM, Fig. 5E). 

 

Nuclei in the descending motor pathway was expressed at least one of the glutamate receptor 
subunit mRNA. Particularly, the dorsomedial nucleus of the intercollicular complex showed positive 
signal for GluA1, GluA4 and GluN1 mRNAs (Fig. 5E). The retroambigual nucleus and 
tracheosyringeal motor nucleus of the hypoglossal nerve showed weak or moderate signals for 
GluK1 and GluN2A mRNAs (Fig. 5F). Signal density of ionotropic glutamate receptor subunit 
mRNAs in song nuclei is shown in Table 2. 
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Figure 4. Ionotropic glutamate receptor subunit mRNAs in thezebra finch brain. A-H: X-ray film 
autoradiogramsshow differential expression of GluA1 (A), GluA4 (B), GluK1 (C), GluN1 (D) and GluN2A (E) 
mRNAs in longitudinal sections. F: A sense probe shows no specific hybridization signal in a X-ray film 
autoradiogram. A: arcopallium; H: hyperpallium; M: mesopallium; N: nidopallium, St: striatum. For other 
abbreviations, see list. Scale bars = 2 mm in A-F 
 

DISCUSSION 
 

Glutamatergic circuits are not well established in nuclei of the song pathway of songbird brains. 
Glutamatergic marker gene, vGluT2 mRNA expression in the cell body of neurons indicate the 
origin of glutamatergic projections. The distributions of iontropic glutamate receptor subunit mRNAs 
demonstrate projection portions or targets from vGlut2 mRNA-expressing neurons. Therefore, the 
findings in the present study indicate origins of glutamatergic neurons and their putative projection 
nuclei in the zebra finch brain. 
 

Glutamatergic circuits in the song system 
Glutamatergic circuits were found in the song system to the zebra finch brain. AMPA currents 

have been identified in these nuclei (Stark and Perkel, 1999). The HVC contains two types of 
excitatory neurons that project either to area X or the RA as well as one type of inhibitory 
interneuron (Mooney, 2000; Wild et al., 2005). Projections from the HVC to the RA are sensitive to 
AMPA and NMDA agonists, and area X is responsive to NMDA agonists (Mooney, 2000; Sizemore 
and Perkel, 2008). In the present study, vGluT2 mRNA-expressing glutamatergic neurons are 
identified in the cell bodies of neurons in the HVC. In contrast, the RA expresses glutamate 
receptor subunit mRNAs, including GluA2, GluK1, and GluN2A, and area X displays positive 
signals for GluA1, GluN1, and GluN2A mRNAs (Wada et al., 2004; present study).These results 
suggest that projection neurons in the HVC are glutamatergic. The RA consists of projection 
neurons and interneurons (Mooney and Konishi, 1991; Spiro et al., 1999; Stark and Perkel, 1999). 
The projection neurons send long axons to the dorsomedial nucleus of the intercollicular complex 
(DM), retroambigual nucleus (RAm), and racheosyringeal motor nucleus of the hypoglossal nerve 
(nXIIts) as well as collaterals to other projection neurons within the RA. Intense hybridization 
signals for vGluT2 mRNA were observed in the cell bodies of neurons in the RA whereas the DM 
was positive for GluA1, GluK1, and GluN2A mRNA signals (Wada et al., 2004; present study). 
Moreover, this study identified the expression of GluK1 and GluN2A mRNA in the RAm and nXIIts, 
which suggests that projection neurons in the RA are glutamatergic. It has been shown that the 
LMAN evokes excitatory inputs in the RA via NMDA-type receptors (Mooney, 1992; Spiro et al., 
1999; Sizemore and Perkel, 2008).  
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Figure 5. Photomicrograph of emulsion-coated sections show expression of glutamate receptor subunit 
mRNAs in various nuclei or areas of the song systemsunder dark-field illumination. GluA4 mRNA in DLM and 
Ov (E). GluK1 mRNA in RA (C).GluN1 mRNA in area X (D) and DM and MLd (F). GluN2A mRNA in LMAN (A) 
and HVC (B). A: archopallim, N: nidopallium. For other abbreviations, see list. Scale bars = 300 μm A-F. 

 

The evidence shows that the LMAN projects to area X (Vates and Nottehohm, 1995) and that 
the RA and area X are thought to be the target nuclei of glutamatergic projection neurons. The 
current study confirmed high distribution of vGluT2 mRNA-expressing glutamatergic neurons in the 
LMAN, which suggests that projection neurons in this nucleus are glutamatergic. It is known that 
area X sends projections to the DLM, and DLM projects back to the LMAN (Bottjer et al., 1989; 
Vates et al., 1997; Luo et al., 2001). The present study found that the DLM expresses vGluT2 
mRNA as well as mRNAs for GluA1, GluA2, and GluN2D (Wada et al., 2004; present study). 
However, although AMPA and NMDA receptors in the DLM likely receive glutamatergic inputs from 
unidentified areas, this does not include area X because projection neurons from area X to the 
DLM are GABAergic (Grisham and Arnold, 1994; Luo and Perkel, 1999, 2001). Accordingly, 
present study did not find vGluT2 mRNA expression in area X. The present in situ hybridization 
assays for vGluT2 mRNA and ionotropic glutamate receptor subunit mRNAs support the presence 
of glutamatergic neurons and their target neurons or projection terminals in the HVC, RA and 
LMAN.  
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 The morphological distribution of vGluT2 and glutamate receptor subunit mRNAs song 
pathways support that glutamatergic circuits are involved in song production and vocal learning in 
songbirds. 
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