
Appendix

Section 1. Glossary

Gene. A transcriptional unit of the genome that gives rise to one or more RNA variants, including

mRNA variants.

mRNA. A transcript that is made from a gene of the genome and that usually includes 5' and 3'

UTR regions, a protein coding sequence, and a polyA tail at the 3' end.

mRNA Variants. Alternatively spliced, alternatively polyadenylated, alternatively initiated,

sense, antisense, and RNA edited transcripts that most commonly arise from the same gene in the

genome. However, mRNA variants could also arise from duplicated genes in the same animal that

have small differences between the genes or the same gene in different animals that have been

mutated in one animal relative to another. Distinguishing the source of a given variant usually

requires the genomic sequence of one or more individuals.

cDNA. A complementary DNA copy of the mRNA.

Full-Length cDNA. A cDNA of the entire mRNA, including the 5' UTR, protein coding

sequence, and 3' UTR. Because it is difficult to determine the start of the 5' UTR without genomic

DNA and other experimental procedures, often the assessment of full-length cDNA is determined

by whether there is a full protein coding sequence and the presence of a 5' UTR. This criterion

was the one used in this study.

Partial cDNA. A cDNA that contains a partial sequence of the mRNA, often not including the 5'

UTR and the beginning of the protein coding sequence, because of incomplete synthesis of the

first-strand reaction in constructing cDNA libraries. This criterion was the one used in this study.

cDNA Cluster. A set of cDNAs with similar but sometimes not identical sequences where the

differences, when present, can include cDNA variants, such as spliced and alternatively

polyadenylated. A cluster theoretically represents one gene of the genome and its mRNA

variants; variants can also be from duplicate genes of the genome with alternative sequences.
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cDNA Subcluster. A set of cDNAs with nearly identical sequence. Any small nucleotide

differences could be the result of either sequencing or cloning artifacts or SNPs among animals.

A subcluster theoretically represents one mRNA of the transcriptome.

Regular cDNA Library. Library of cDNAs where the transcript population is representative of

the mRNA population from which the library was made. Thus, high-, intermediate-, and low-

abundance mRNAs will be present at similar relative amounts in a regular cDNA library.

Normalized cDNA Library. Library of cDNAs where the transcript population has been

subtracted against itself, reducing redundancy of high-abundance mRNAs and increasing

representation of low-abundance mRNAs such that all cDNAs are present at a similar frequency.

Normalization saves time and cost in the isolation of unique transcripts when randomly picking

cDNAs from the library.

Abundant cDNA Library. Library of cDNAs left over from normalization, where the transcript

population is enriched for abundantly expressed genes.

Subtracted cDNA Library. Library of cDNAs where the transcript population of one sample has

been subtracted from the transcript population of a second sample, leading to enrichment of

transcripts specific to the second sample. Thus subtraction facilitates isolating regulated

transcripts in the sample of interest but also increases the frequency of isolating those transcripts

when randomly picking cDNAs from the subtracted library.

Transcriptome. Whereas the genome includes all genes and intergenic DNA of an organism, the

transcriptome includes all RNAs synthesized in the lifetime of an organism, including protein

coding, non-protein-coding, alternatively spliced, alternatively polyadenylated, alternatively

initiated, sense, antisense, and RNA edited transcripts (1).

Protein Coding Sequences (cds). The cds, also known as the open reading frame (ORF), is the

part of the cDNA that encodes the protein.

UTRs. The UTRs, or untranslated regions, are the parts of an mRNA that do not code for the

protein. The UTRs are at the 5' and 3' ends of the mRNA and are called 5' UTR and 3' UTR,

respectively.
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Section 2. Supplemental Results

Supplemental results are shown in Figs. 9–19 and Tables 1–6 and as referenced in the main text.

The figures are presented in the order of material as described in the main text. Below are

additional descriptions of supplementary results:

2.1 Concordance of Microarray Data with in Situ Hybridization Data. The microarrays were

initially analyzed as described in Results of the main text. After obtaining the set of 41 true- and

false-positive transcripts (Table 5), we reanalyzed the microarray hybridization data using

GeneSpring analysis software (Agilent Technologies, Palo Alto, CA) for concordance with the in

situ data. First, we noted that in each array there was a dye bias in one direction or the other in the

3X SSC spots, which is normally not removed in microarray data processing. To remove this

bias, for each array hybridization, we determined the average ratio difference for the 3X SCC

spots and used that number to multiply all spot intensities of one dye (the one with the bias) such

that the average ratio of the new 3X SCC values was 1. Then, we subtracted the background

intensities of the area around each spot without DNA. We then filtered these values on the

average intensities of the plasmid DNA spots +2 times the SD if and only if both dye intensities

of each spot were equal to or below this threshold. The remaining spot intensities represent

hybridization to DNA, and thus, this processing reduces statistical error. Next, we imported all

processed data for each array into GeneSpring software and performed t tests on the log ratios for

each spot across the 3 or 4 replicate arrays per vocal nucleus. To determine a P value cut-off, we

noted that before filtering the 3X SCC and plasmid DNA spots, all had P values >0.2 (Fig. 14D),

and many of the regulated genes had P values >0.2. Thus, we used this P value to assess the

concordance of the array data with the in situ data (Table 5). When doing so, 55% of the 41 genes

on the array were statistically concordant with the in situ data. The nonconcordance of the

remaining genes indicates that although some replicate samples produced results of induced

expression, this number of replicates is not sensitive enough for statistical analysis although it is

for qualitative human examination. Some of the nonconcordance could be due to the possibility

that the microarrays were hybridized with samples from animals that sang for 1 h, whereas the in

situs showed peak expression for some genes by 3 h.

2.2 Cross-Species Hybridizations. It is well known that protein coding regions, which are

included in full-length cDNAs, are more highly conserved between different species than
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noncoding regions. In this regard, full-length vs. partial cDNAs can affect the level of success for

cross-species hybridizations. For example, the 3' end of the zebra finch FoxP1 cDNA does not

cross-hybridize to FoxP1 mRNA in parrot brain, whereas a full-length zebra finch clone cross-

hybridizes (Fig. 9) (2). To determine whether our zebra finch full-length cDNAs on the

microarrays will cross-hybridize to other avian species, we examined and successfully cross-

hybridized canary probes for brain sex differences (Fig. 18).

2.3 Library Representations. We performed an analysis to determine whether library

subtraction was effective at increasing the proportional representation of the 33 singing-regulated

genes (Table 6). We tallied the library source for clones representing the 33 genes, using the total

number of clones picked from each library, to generate observed percentage values versus

expected percentage values, with the null hypothesis that the clones were distributed randomly

among libraries. We then used a conservatively chosen threshold of 10% from the expected

percentage when there were six or more clones of the same mRNA variant in the database.

Relying on percentage values generated from fewer than six clones would bias the analysis across

the six libraries examined. By using these criteria, 12 of the 33 genes met this cut-off (Table 6,

red colored values). Of these, 10 were represented at a higher proportion among the subtracted

libraries (Table 6, bolded values). Within the subtracted libraries, however, there were

differences. For example, c-jun and Hsp70 were enriched in the adult singing–silent subtracted

library (0062), whereas Hsp90α and JSC were enriched in the juvenile singing–silent and other

juvenile subtracted libraries. For genes where the number of isolated clones was less than six,

such as for c-fos, there was no apparent enrichment in the subtracted libraries, even when there

were a large number of total clones picked from a library (>2,000). These findings suggest that

subtraction was partly effective at isolating singing-regulated genes.

Section 3. Supplemental Materials and Methods

Supplemental methods are shown in Figs. 9–21 and as referenced in the main text. Fig. 19 shows

an outline of our approach that is useful for following each of the major steps below, starting with

prior knowledge for collecting brains of animals in specific brain states.

3.1 Species, Brain States, and Behaviors. We chose the zebra finch (Taeniopygia guttata)

because it is the most commonly used songbird in neuroethology. Animals were bred at Duke

University, Dokkyo University, Tokyo Medical and Dental University, or the City College of
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New York. All animal procedures were approved in accordance with the Animal Care and Use

Committees at the respective universities. We collected brains of 60 animals in 57 different brain

states within 15 experimental categories (Table 1) to clone as much of the songbird brain

transcriptome as possible. This large collection of brain states ensures expression of many RNAs

of the brain transcriptome, a prerequisite before constructing cDNA libraries. The number of

animals used is more than the number of states because of duplication of those in directed and

undirected singing for different libraries (bird IDs 58–60 vs. 31 and 32). For constructing

normalized libraries, it is not necessary to include replicate mRNA samples of a condition to

clone the regulated mRNAs. They will potentially be cloned as long as they are expressed in the

animal used for the library. Animal states are:

(IDs 1–4) Embryonic samples. Zebra finches take ≈13–15 days to develop in ovo. We collected

brains under a dissecting microscope at embryonic days 10 and 15 (E10 and E15), with the goal

of obtaining brain sex-determination genes and genes involved in embryonic neurogenesis. Breast

muscle samples were used to determine sex by PCR of sex-specific genes (method below); one

male and one female brain of each age (E10 and E15) were then taken for cDNA library

construction.

(IDs 5–12) Developmental posthatch samples. After hatching, zebra finches take ≈18–23 days to

fledge the nest. During this period, the size of the male vocal nuclei grow, whereas those of the

female atrophy (3). We collected brains of animals at posthatch day 1 (PH1), when vocal nuclei

have not yet been identified; PH5 and PH10, when vocal nuclei are readily identified; and PH15,

when the vocal nuclei begin to show atrophy in females. Breast muscle tissue samples were used

to determine sex by PCR analysis of sex-specific genes; one male and one female brain of each

age were then taken for cDNA library construction.

(IDs  13–28) Vocal learning phases. Zebra finch vocal learning occurs in four overlapping

developmental phases (4): (i) auditory acquisition of a tutor’s songs from PH23–25 onward, (ii)

subsong, which is akin to human infant babbling from ≈PH30–40, (iii) early to late phases of

plastic song from ≈PH40–70, and (iv) adult crystallized song from ≈PH90 onward. For each of

these phases, we collected brains of males (≈PH25, -35, -55, -70, and -85) that were in overnight

silent conditions, followed by 2 h of silence in the morning or 2 h of hearing playbacks of songs

and singing. For silent animals, the presence of subsong or plastic song was checked the day

before sacrifice. For the singing animals, these song types were verified the day of sacrifice. The
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silent animals will have genes that are down-regulated in the singing animals at each vocal

learning phase. The singing animals will have genes that are induced between 0 and 2 h after

singing at each vocal learning phase. Males at PH25 do not sing, and therefore, we have no

singing group for this age. We also collected brains of females hearing playbacks for 2 h from the

same ages as the males, because we surmised that females must learn to recognize the songs of

males during development and this could be accompanied by changes in gene regulation different

from those in males. All behavior was conducted in sound-isolation boxes and was video and

audio taped for experimental verification and archival purposes.

(IDs 29–35 and 57) Sensory- and motor-regulated waves of gene expression. Hearing novel

song (sensory stimulation) induces a minimum of two waves of gene expression in the auditory

forebrain (5). These waves of mRNA syntheses are required for the formation of sensory and,

perhaps, motor memories. To capture these mRNAs, we placed adult animals (>PH150)

overnight into sound-isolation chambers, and, on the next day, we collected the brains of a male

and female in silent conditions (0 min), a male hearing playbacks of song that is novel to him

(one song bout per minute) where he sang undirected song in response for 0.5 h, another hearing

playbacks of a new song every 0.5 h and singing for 2 h, another for 6 h, and a female hearing

novel songs and responding with calls for 2 h. From the 0 time-point sample, we expect to clone

cDNAs that are down-regulated by sensory and motor behaviors; from the 0.5-h sample, those

up-regulated in the beginning of the first wave; from the 2-h sample, those at the end of the first

wave; and from the 6-h sample, those at the end of the second wave. Playing a new song every 30

min ensured continued singing from the listening bird and theoretically ensured induction of

overlapping waves of gene expression (in sensory and motor brain areas), in case there are other

time windows where expression changes occur. In these waves of gene expression, BDNF is also

induced and related to enhanced survival of new neurons in song nuclei (6); therefore, we

increase the probability of cloning such genes in our libraries. Including brains from females

ensured cloning of cDNAs that represent genes induced by hearing or vocalizing innate calls that

may be different from those induced in males.

(IDs 31, 32, and 58–60) Social context. Singing in different social contexts results in different

patterns of gene induction among vocal nuclei (7). Undirected singing causes high levels of egr-1

gene expression throughout the vocal system, whereas directed singing to another bird causes

moderate levels of egr-1 gene expression in the lateral half of the anterior vocal pathway and in

the motor pathway’s robust nucleus of the arcopallium (RA). Thus, we collected the brains of
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three birds singing directed song to a female for 30 min (IDs 32, 58, and 59). We performed these

collections at different times for different libraries. We collected two additional birds singing

undirected song for 30 min while alone in a sound box (ID 31) and while in a cage in an aviary

(ID 60), and this difference in context results in differences in egr-1 protein expression in RA (8).

(ID 36) Aging. Zebra finch lifespan in captivity is usually 5–7 years. We collected the brain of a

3.5-year-old male after he had been singing for 30 min. We expect to clone some cDNAs

representing genes associated with aging in the brain.

(ID 37) Sleep. A number of electrophysiological and molecular changes occur during sleep in

mammals and in songbirds. These changes include (i) reinduction of immediate early genes after

REM sleep and a day of rich environmental experience (9) and (ii) after replay of singing-like

electrophysiological activity (10). To capture cDNAs representing genes regulated in some of

these states, we collected the brain of a male that had been sleeping for 2 h in the dark after a day

of hearing and singing in the presence of other birds singing. We surmised that 2 h is sufficient

time to induce genes in song nuclei due to song replay of electrophysiological activity and also

that darkness will induce expression of circadian clock-regulated genes (11).

(IDs 38–40) Kainate-induced seizures. Kainate is an agonist for kainate and other (at high

concentrations) glutamate receptors. When injected at high levels, kainate causes epileptic

seizures (12). Seizures induce expression of genes involved in signal transduction and brain repair

(13). Three male zebra finches were given an i.p. injection of 10 mg/kg of body weight kainate in

saline. Seizures were observed for ≈0.5 h, and brains were taken at 0.5, 2, and 6 h. These time

points are expected to capture the waves of gene induction after activation of glutamate receptors.

(IDs 41–42) Apomorphine. Apomorphine is an agonist of dopamine receptors (both D1 and D2).

Through these receptors, apomorphine induces expression of a large set of genes in mammalian

striatum (14). Two males were given an i.p. injection of 1 mg/kg of body weight apomorphine in

saline. Brains were taken at 0.5 and 2 h, respectively.

(ID 43) Deafening. Deafening prevents vocal learning, and it causes already learned song to

deteriorate (15, 16). We collected the brain of an adult animal that had been deafened at PH15.

Thus, the bird did not have the opportunity for vocal learning. The animal was alone in a sound-

isolation chamber 2 h before collection.
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