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Abstract

Seasonal song production in canaries is influenced by gonadal hormones, but the

molecular mechanisms underlying testosterone-induced song development in adult

female canaries, which rarely sing naturally, remain poorly understood. We explored

testosterone-induced song development in adult female canaries by comparing gene

regulatory networks in the song-controlling brain area HVC at multiple time points

(1 h to 14 days) post-treatment with those of placebo-treated controls. Females

began vocalizing within 4 days of testosterone treatment, with song complexity and

HVC volume increasing progressively over 2 weeks. Rapid transcriptional changes

involving 2739 genes preceded song initiation. Over 2 weeks, 9913 genes—

approximately 64% of the canary's protein-coding genome—were differentially

expressed, with 98% being transiently regulated. These genes are linked to various

biological functions, with early changes at the cellular level and later changes affect-

ing the nervous system level after prolonged hormone exposure. Our findings sug-

gest that testosterone-induced song development is accompanied by extensive and

dynamic transcriptional changes in the HVC, implicating widespread neuronal

involvement. These changes underpin the gradual emergence of singing behavior,

providing insights into the neural basis of seasonal behavioral patterns.
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1 | INTRODUCTION

Adult socio-sexual behaviors in vertebrates are critically regulated by

gonadal hormones, particularly androgens and estrogens,1–3 which

fluctuate in response to environmental conditions.4,5 These hormones

can induce significant changes in brain sensitivity and structure, lead-

ing to altered neural circuit configurations that underpin seasonal

behaviors. A prominent example of this phenomenon is the

seasonal singing of some songbird species, which coincides with mor-

phological changes in song-controlling brain regions.6–10

Androgens and estrogens exert their effects through genomic

pathway, binding to their respective receptors that act as transcription

factors to regulate gene expression over hours to days.11,12 Addition-

ally, rapid non-genomic effects can occur within seconds to minutes

via, likely, yet unknown membrane-associated receptors. These

membrane-initiated actions can modulate neuronal excitability and

neurotransmitter release, providing a mechanism for rapid steroid

influence on neural function.13 While these hormones may affect sev-

eral regions of a neural circuit, the impacted gene cascades within a

specific brain region seem limited in adults.14,15 Unraveling the
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F IGURE 1 Testosterone implantation affects blood androgen levels, HVC morphology, and song syntax in adult female canaries.
(A) Experimental timeline. Blood samples were collected before implantation (blue) and at sacrifice (orange). CON: control birds with empty
implants; T: testosterone-treated birds for 1 h (T1h) to 14 days (T14d). (B) Testosterone significantly increased plasma androgen levels at all time
points. Blue: pre-implantation; orange: post-implantation. Black dots: predicted estimates from linear mixed-effects models; orange bars: 95%
credibility intervals (CrI). See Supplemental Tables 2 and 3 for the values of the linear mixed-effects models and posterior probabilities. (C) Daily
singing activity (% of 9-h period) in T7d and T14d groups increased significantly twice: on days 2 and 10 (see also Figure 1; Supplemental Figure
3). Each grey dot is one bird. (D) Song length (seconds, s) in T7d and T14d groups increased daily until day 7, with further increase on day 11.
(E) Number of syllables per song in T7d and T14d groups increased daily post-implantation. (F) Syllable repetition rate (syllables/second) in T7d
and T14d groups increased significantly on days 2 and 9. In (D,E, F), each gray dot represents a measurement originating from one song; black
dots show predicted estimates from linear mixed-effects models; orange bars indicate 95% CrI. See Supplemental Tables 2 and 3 for the
estimates of the linear mixed-effects models and the posterior probabilities. (G) HVC volumes of T14d were significantly different from the
control and T1h groups. Boxes: 25th/50th/75th percentiles; whiskers: values within 1.5 times IQR; red dots: outliers. *: Holm-adjusted p-value
<0.05 (Kruskal–Wallis test followed by Dunn's post hoc test). Sample sizes of panel (B) to (G) are listed in Table 1.
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complex interplay between hormones, gene expression, brain struc-

ture, and behavior is particularly challenging when investigating

behaviors that emerge slowly over time, such as the seasonal singing

of canaries.16,17

Singing behavior in songbirds is a complex process involving

intensive integration of sensory inputs and motor outputs.18 In many

North temperate species, sexually motivated singing is typically lim-

ited to males and is sensitive to testosterone and its metabolites.19,20

The neural song control system of songbirds18,21 is a target of testos-

terone due to the abundant expression of androgen and estrogen

receptors.22,23

The nucleus HVC, a sensorimotor integration center of the song

system, controls the temporal pattern of singing.24,25 As the only

song-control nucleus expressing both androgen and estrogen

receptors,26,27 the HVC is likely subject to extensive hormonal regula-

tion at various organizational levels. Testosterone has been shown to

induce angiogenesis in adult female canaries' HVC within a week,28

increase the recruitment of new neurons,29 and promote the growth

of HVC volume.30,31

Female canaries (Serinus canaria) provide a unique model for

studying testosterone-induced changes in singing behavior. Typically

non-singers, these females possess the necessary underlying circuitry

that can be activated by testosterone, leading to the production of

male-like songs over several weeks.32,33 This model allows for the

examination of transcriptional cascades in parallel with the differentia-

tion of the song control system and the progression of song develop-

ment, without the confounding impact of fluctuating testosterone

levels seen in males.

While a handful of studies documented transcriptomic changes in

songbird brains after several weeks of testosterone treatment,15,34–37

the transcriptomic effects at the onset of testosterone-driven singing

and the progression of gene expression cascades associated with ana-

tomical changes in the song control system and the development of

singing behavior remain unexplored. By examining earlier time

points—from as soon as 1 h after testosterone administration—we aim

to capture the initial molecular events that may trigger subsequent

neural plasticity and behavioral changes. Recent evidence shows that

testosterone-sensitive singing behaviors can be modified within days

during social interactions,38 highlighting the importance of under-

standing early hormone responses. Understanding these early

responses, which complement previously documented changes after

weeks of testosterone exposure, is essential for elucidating how tes-

tosterone influences the brain and behavior from initial exposure

through later timepoints.

In this study, we investigate both the immediate and sustained

responses of HVC gene expression following testosterone treatment

in adult female canaries. By selecting six specific time points—1 h

(h) [T1h], 3 h [T3h], 8 h [T8h], 3 days (d) [T3d], 7 d [T7d], and 14 d

[T14d]—we aim to capture the full temporal spectrum of testoster-

one's effects (Figure 1A,B and Table 1). Throughout these periods, we

monitored vocal activity, gene expression, and neuroanatomical

changes. This approach allows us to dissect the progression of gene

expression cascades and link them to neural and behavioral outcomes.

Contrary to our expectation of gradual gene recruitment, our results

reveal an immediate and significant impact on HVC gene expression

with dynamic patterns over time, affecting 9913 genes over 2 weeks,

including 843 transcription factors, highlighting the extensive and

rapid influence of testosterone on neural plasticity and behavior.

2 | MATERIALS AND METHODS

2.1 | Animals

Forty-two adult female common outbred domesticated canaries (Serinus

canaria, at least 1-year-old) were used in this study (Table 1). Birds were

bred in the animal facility of the Max Planck Institute for Biological Intel-

ligence, Seewiesen, Germany. Housing and welfare adhered to the

European Directives for the protection of animals used for scientific pur-

poses (2010/63/EU), with protocols approved by the Government of

Upper Bavaria (AZ-No. 55.2/54-2531-68/12). The study followed

ARRIVE guidelines,39 with a checklist provided in the manuscript.

Bird sex was confirmed by polymerase chain reaction using

primers P2 and P8 for the CHD genes40 and by post-mortem

TABLE 1 Experimental groups and sample sizes.

Group Sex Singing Tissue sampled

Sample size (n)

Song analysis
Body weight, brain weight,
plasma androgens HVC volume Microarray Oviduct weight

CON Female No HVC - 6 6 5 6

T1h Female No HVC - 6 6 6 2

T3h Female No HVC - 6 6 5 2

T8h Female No HVC - 6 6 5 6

T3d Female No HVC - 6 5 6 3

T7d Female Yes HVC 5 6 6 6 6

T14d Female Yes HVC 6 6 6 6 6

Note: CON: control birds treated with empty implants; HVC: used as a proper name. Testosterone treatments: 1 h (h) [T1h], 3 h [T3h], 8 h [T8h], 3 days (d)

[T3d], 7 d [T7d], and 14 d [T14d].
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inspection of the female reproductive system. Food and water were

provided ad libitum. Six to 8 weeks before the experiment (starting no

earlier than September), the light schedule was gradually adjusted to

short-day conditions (light: dark = 9:15 h). After acclimation to this

cycle, singing was monitored. Birds were divided into a control group

and six experimental groups (Table 1). Experimental groups received

testosterone implants for varying durations: 1 h (T1h), 3 h (T3h), 8 h

(T8h), 3 d (T3d), 7 d (T7d), and 14 d (T14d) (see “Materials and

Methods”: “Testosterone implantation”).

2.2 | Song monitoring

About 5% of female canaries sing spontaneously without hormone

manipulation.41 To ensure that vocal activity in our experiment was

indeed triggered by testosterone implantation, birds used in this study

were housed alone in sound-attenuated boxes (70 � 50 � 50 cm) and

all vocalizations were recorded continuously for 2 weeks before tes-

tosterone implantation and until euthanasia. The microphone (TC20,

Earthworks, Milford, NH) in each silenced box was connected to a

PR8E amplifier (SM Pro Audio, Melbourne, Australia) that fed into an

Edirol USB audio recording device (Edirol UA 1000, Roland, Los

Angeles, CA) connected to a computer. Vocalizations were recorded

at a sampling rate of 44.1 kHz and a resolution of 16 bits using Sound

Analysis Pro 2011 software.42

2.3 | Song analysis

Song data analysis was limited to the T7d and T14d groups, as

testosterone-treated birds began singing unstable subsongs on aver-

age by day 4. Nine hours of recordings were analyzed daily from day

0 until euthanasia (day 7 or 14). Data from T7d and T14d birds were

combined for the first 7 d' analysis, as their songs did not differ signifi-

cantly (Figure 1, Supplemental Figure 3, Supplemental Tables 2,

and 3).

Analysis was performed using Multi_Channel_Analyser (MCA), a

custom MATLAB program (version R2016b, MathWorks) with

a graphical user interface, as previously described (Ko et al. 2020)41

and publicly available (https://doi.org/10.5281/zenodo.1489098).

MCA generates sound spectrograms using a fast Fourier transform

with a sliding time window of 294 samples and 128 sample overlap,

resulting in a spectrogram resolution of 150 Hz (frequency) and

3.76 ms (time).

Syllable recognition involved three steps due to background

noise. First, sound segments (songs and calls) were manually selected

by visual inspection. Second, song segments longer than 2 s were

selected. Third, syllables within selected segments were automatically

detected using MCA with parameters set to “High-pass filter”
2.0 kHz, “Threshold_wave_amplitude” 0.001, and “Threshold_sylla-
ble_freq” 50 Hz. Sounds shorter than 5 ms were removed.

We analyzed four song-level parameters (song length, number of

syllables per song, syllable repetition rate, and slope coefficient α43–45)

and four syllable-level parameters (syllable length, syllable spacing, peak

frequency, and Wiener entropy).

Song length was calculated from the first syllable's start to the last

syllable's end. Syllable repetition rate was defined as syllables per sec-

ond. Syllable length and spacing were calculated from syllable time-

stamps. Peak frequency was the frequency of maximum power in the

syllable spectrogram. Wiener entropy, a measure of signal noise, was

log-transformed for a broader range (0 represents white noise; infinity

represents pure tone).42

2.4 | Testosterone implantation

Custom-made testosterone implants were prepared by packing tes-

tosterone (Sigma-Aldrich, 86500, Saint Louis, MO) into 7-mm-long

SilasticTM tubes (Dow Corning, Midland, MI; 1.47 mm inner diameter,

1.96 mm outer diameter, 0.23 mm thickness). Both ends were sealed

with silicone elastomer (3140, Dow Corning). Implants were cleaned

with 100% ethanol to remove any testosterone particles and tested

for leakage by overnight immersion in ethanol; moist implants were

discarded. One day before implantation, implants were incubated

overnight in 0.1 M phosphate-buffered saline (PBS) to ensure immedi-

ate testosterone release upon implantation.29

Subcutaneous implantation began immediately after lights-on at

8:30 a.m., with a 20-min interval between each bird to account for

euthanasia timing on the day of sacrifice. A small incision (approxi-

mately 5 mm in length) was made on the back of the bird over the

pectoral musculature, usually on the right side, and one testosterone

implant was placed subcutaneously. The skin was closed immediately

by application of tissue glue. No anesthesia, analgesia, or feather

removal was performed to minimize handling time and potential

stress.

Control animals received empty 7-mm silicone tubes sealed with

silicone elastomer. After the designated implantation period (1, 3, 8 h,

3, 7, or 14 d; Table 1), birds were euthanized with an isoflurane over-

dose. Body weight was recorded, and brains and oviducts were dis-

sected, weighed, frozen on dry ice, and stored at �80�C until further

use. Oviducts of 11 birds were not collected or weighed during dis-

section due to inadvertent omissions during sampling. At euthanasia,

all testosterone implants were present and contained testosterone.

2.5 | Radioimmunoassay of plasma androgens

To confirm increased circulating androgen levels following hormone

manipulation, we performed a radioimmunoassay on blood samples

collected before and after testosterone implantation (Figure 1A).

Approximately 100 μL of blood was collected twice from the wing

vein—once around 4 d before implantation and once immediately

before euthanasia, which corresponded to the end of each bird's des-

ignated treatment period (1, 3, 8 h, 3, 7, or 14 d after implantation).

This approach allowed us to measure testosterone levels before and

after treatment for each individual bird. Samples were collected
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between 8 and 11 a.m. within 3 min to minimize handling effects.46

Blood was centrifuged (2000 g, 10 min) to separate plasma. Testoster-

one in plasma were measured using a commercial antiserum to testos-

terone (T3-125, Endocrine Sciences, Tarzana, CA) as described by.47

Standard curves and sample concentrations were calculated with

Immunofit 3.0 (Beckman Inc., Fullerton, CA) using a four-parameter

logistic curve fit and corrected for individual recoveries.

Testosterone concentrations were assayed in duplicates across

four separate assays, with a mean extraction efficiency of 84.0 ± 6.8%

(N = 120). The lower detection limits for the assays were 0.32–

0.44 pg per tube, and all samples were above this limit. Intra-assay

coefficients of variation for a chicken plasma pool were 4.4%, 4.1%,

9.8%, and 2.6%, and the inter-assay coefficient of variation was

4.3%. The testosterone antibody cross-reacts significantly with

5α-dihydrotestosterone (44%), so measurements include a fraction of

5α-DHT and are referred to as plasma androgen levels.

2.6 | Brain sectioning

Brains were sagittally sectioned using a cryostat (Jung CM3000, Leica,

Wetzlar, Germany) to obtain both thick (40 or 50 μm) and thin (20 or

14 μm) sections in either 40 μm � 4 + 20 μm � 2 (N = 18) or

50 μm � 4 + 14 μm � 3 (N = 24) combinations. Thick sections were

mounted on glass slides for microdissection and microarray analysis,

providing sufficient tissue volume for RNA extraction while reducing

processing time. Thin sections were mounted on RNase-free Thermo

Scientific™ SuperFrost Plus™ slides (J1800AMNZ, Thermo Fisher Sci-

entific, Waltham, MA) for Nissl staining or RNAScope® in situ hybridi-

zation. Nissl-stained sections, being parallel to thick sections, guided

precise HVC localization for microdissection. All sections were stored

at �80�C until further processing.

2.7 | Measurement of the HVC volume

Thin serial sections (20 or 14 μm) were Nissl-stained for HVC

volume measurement. Sections were sequentially hydrated through

an ethanol series (100%, 90%, 70%, 20% ethanol and distilled water,

each for 50–60 s), stained with 0.1% thionine solution for 5–8 s, and

then dehydrated (distilled water, 20%, 70%, 90%, and 100% ethanol,

each for 30 s). Finally, slides were cleared in xylene and covered with

Roti-Histokitt II embedding medium (Roth).

HVC areas were measured using the ImageJ2 (Fiji distribu-

tion).48,49 All brains were coded to ensure blinded evaluation. Vol-

umes were calculated from summed-area measurements multiplied by

section thickness and spacing. While section thickness varied between

some samples (40 vs. 50 μm), we did not observe systematic differ-

ences in HVC volume measurements related to section thickness

within experimental groups. However, we acknowledge this variation

as a potential confounding factor in our analysis. The Nissl-stained

sections of one T3d bird were of poor quality, so its HVC volume was

not measured. See Table 1 for sample sizes.

2.8 | RNAScope® in situ hybridization assay

We performed RNAScope® in situ hybridization for AR and SRD5A2

mRNA expression on 20- or 14-μm-thick sections using the RNA-

Scope® 2.0 HD Detection Kit (Advanced Cell Diagnostics, Newark,

CA), following the manufacturer's protocols.50 Three birds were used

per probe at each time point, with three slices per bird. Probe

details are summarized in Supplemental Table 9. Stained sections

were imaged using a Leica DM6000 B microscope and quantified

with ImageJ2. Chromogenic particles in the HVC were measured

and normalized to the HVC area. The Color Threshold function

(RGB; red: 0–47, green: 0–165, blue: 0–160) and Analyze

Particles function (minimum size: 8 μm2) were used to count and

measure particle areas. User-defined macro files are available on

GitHub (https://github.com/maggieMCKO/TimeLapseTestoFemale

Canary/blob/ce9261d1cf96e760351733657434e499dea35174/RNA

scopeQuantification/Marco_quantify_density_singleProbes_quantify_

area.ijm).

2.9 | Microarray procedures and annotation

Forty-two adult female canaries (six birds per group) were planned for

microarray analysis following the method proposed by.51 However, three

birds were excluded due to insufficient RNA, resulting in 39 canaries

being used (see Table 1). The procedure was described in.52

We extracted total RNA by dissecting the HVC from 40 or 50 μm

sections under a stereomicroscope, referencing adjacent Nissl-stained

sections. The HVC is located ventral to the hippocampus, lateral ven-

tricle, and caudo-dorsal to the lamina mesopallialis in sagittal sections.

Approximately 20 slices per HVC were dissected and transferred into

an Eppendorf tube with 340 μL of RLT buffer (Qiagen, Valencia, CA).

RNA was extracted using the RNeasy® Micro Kit (Qiagen), including a

DNase digest step, and assessed for quality using an Agilent 2100

Bioanalyzer and a Nanodrop 1000 spectrometer (Thermo Fisher Sci-

entific). While we acknowledge the differences in thickness as a

potential confounding factor for hybridization, we do not expect it to

significantly impact our results due to the consistent use of multiple

thick sections (approximately 20 slices) for each sample, which should

provide sufficient and comparable amounts of RNA across all groups.

All samples had RNA integrity numbers (RIN) >7.

Purified RNA samples (≥100 ng) were processed and hybridized

using the Ambion WT Expression Kit and the Affymetrix WT Terminal

Labeling and Controls Kit (Thermo Fisher Scientific). The cDNA was

hybridized to the Custom Affymetrix Gene Chip® MPIO-ZF1s520811

Exon Array.34,35 Hybridization was performed for 16 h at 45�C and

60 rpm. Arrays were washed, stained, and scanned using the Affyme-

trix GeneChip Fluidics Station 450 and GeneChip scanner 3000 7G.

CEL files were generated with Affymetrix GeneChip Command Con-

sole® Software (AGCC), and hybridization quality was assessed using

Affymetrix Expression Console™ software.

The custom array included 5.7 million male zebra finch-specific

probes corresponding to 25,816 transcripts. Over 90% of transcripts
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were annotated to 12,729 human orthologous genes using public

(Ensembl, GenBank, UniProt, DAVID)53–58 and commercial databases

(v 21 El Dorado, Genomatix, Precigen Bioinformatics Germany GmbH

[PBG], Munich, Germany). The microarray data generated in this study

have been deposited in NCBI's Gene Expression Omnibus59 and are

accessible through the GEO Series accession number GSE118522.

This microarray approach was chosen based on its previous suc-

cessful application in cross-species studies between zebra finches and

canaries.34,35 High-density exon arrays, like the one used in this study,

have been shown to be accurate and reliable when using smaller

amounts of RNA.60,61 Given the limited amount of RNA available from

our HVC samples (<150 ng), the exon array approach was particularly

suitable for our study at the time when we conducted the experiment.

While more recent technologies such as RNA-Seq might offer addi-

tional advantages, particularly in identifying novel or species-specific

transcripts, our microarray platform can detect a substantial propor-

tion (over 80%) of the protein-coding genes in the canary genome,35

based on the annotation of our probes to human orthologous genes.

Furthermore, our approach has proven effective in detecting a large

number of differentially expressed genes reported in this study, dem-

onstrating its suitability for addressing our research questions.

2.10 | Analysis of differentially expressed genes

Differential expression analyses were performed using the R package

limma,62 following the workflow of Klaus and Reisenauer.63 Six pair-

wise comparisons were conducted using a “paired samples” design

(limma user guide, section 9.4), comparing each testosterone-treated

group to the control group. Comparisons were corrected for multiple

testing using the Benjamini-Hochberg method, with significant differ-

entially expressed transcripts defined by an adjusted p-value <0.05

and a minimum differential expression of jlog2(fold change)j ≥ 0.5.

Significantly differentially expressed transcripts were annotated

to human orthologous genes. For transcripts from the same gene,

average expression was calculated if all transcripts were regulated in

the same direction. If both up- and down-regulated transcripts were

present, transcripts of the minority direction (<40%) were discarded,

and the average expression was calculated from the remaining tran-

scripts (≥60%). Transcripts without human orthologous gene annota-

tion were removed before subsequent analyses. Transcripts were

annotated to human orthologous genes to leverage the more compre-

hensive functional annotations available for human genes, particularly

for downstream analyses such as Gene Ontology (GO) term

enrichment.

A power analysis was conducted for each probe-set in the pair-

wise differential expression analysis due to moderate sample sizes.

Effect sizes were calculated using robust multichip average (RMA)–

normalized expression from CEL files, and power was estimated using

the “pwr.t.test” function (two-sided, α = 0.05) from the “pwr” R pack-

age (v1.3-0).64 Genes with at least one probe-set having a power ≥0.8

were considered high-power differentially expressed genes. In total,

98% of differentially expressed genes identified by limma with jlog2
(fold change)j≥0.5 had a power ≥0.8.

The differential analysis results align with published data at the

overlapping time point (T14d; Figure 2E), where elevated mRNA levels

of vascular endothelial growth factor receptor (KDR) were reported.28

RNAScope® in situ hybridization assays for androgen receptor (AR)

and 5α-reductase 2 (SRD5A2) confirmed the microarray results

(Figure 2).

2.11 | Enrichment analysis of GO terms and KEGG
pathways

We used the “enrichGO” and “enrichKEGG” functions of the cluster-

Profiler v4.12.0 R package65 to predict the putative biological func-

tions (GO and KEGG) of genes of interest. p values were corrected for

multiple comparisons using the Benjamini–Hochberg procedure with

an false discovery rate threshold of 0.05, and results were plotted

using the R package ggplot2.66

2.12 | Experimental design and statistical analysis

All statistical analyses were performed in R.67 Linear mixed-effect

models analyzed fixed effects using the “lme4”68 and “arm”69 pack-

ages in a Bayesian framework with non-informative priors. Gaussian

error distribution was assumed, and model assumptions were verified

by visual inspection of residuals. Plasma androgen levels, daily song

rate, song length, and syllable repetition rate were log-transformed;

normalized stained HVC areas (RNAScope®) were square root trans-

formed. Estimates were simulated 10,000 times using the “sim” func-
tion to extract 95% credible intervals (CrI) for the mean of simulated

values, representing estimate uncertainty.70 Effects were considered

statistically meaningful if the CrI did not include zero or if the poste-

rior probability of the mean difference was higher than 0.95.71 Linear

mixed-effect models, model estimates, and posterior probabilities are

detailed in Supplemental Tables 2 and 3. Predicted estimates, 2.5%

and 97.5% CrI, and raw data were plotted for visualization. Statisti-

cally meaningful differences are inferred if one group's CrI does not

overlap with the mean estimate of the other group.

2.13 | Material availability statement

The datasets presented in this study are available in online reposito-

ries. Microarray CEL files can be accessed on NCBI's Gene Expression

Omnibus GSE118522. The custom MATLAB sound analysis program,

MCA, is available on GitLab https://doi.org/10.5281/zenodo.

1489098. Processed microarray data, plasma androgen levels, HVC

volume measurements, and song parameters are deposited on Dryad.

All analysis and visualization scripts are available on GitHub https://

github.com/maggieMCKO/TimeLapseTestoFemaleCanary.
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3 | RESULTS

3.1 | Testosterone implantation acutely and
persistently elevated plasma testosterone levels

Testosterone implants increased plasma androgen levels in all treated

groups (Figure 1B, Supplemental Tables 2, and 3). Pre-implantation

levels were statistically similar across groups (159 ± 449 pg/mL,

mean ± SD). Implantation increased plasma androgen levels by at least

28-fold above baseline (range: 17 to 88 ng/mL) after 1 h, with no sig-

nificant differences between testosterone-treated groups post-

implantation (CON 0.0472 ± 0.0240; T1h 46.9 ± 28.2; T3h 53.9

± 14.8; T8h 35.6 ± 24.0; T3d 20.4 ± 4.47; T7d 14.8 ± 3.29; T14d

9.31 ± 2.94 ng/mL).

3.2 | Testosterone-induced song development

We selected non-singing females to establish a homogeneous baseline

for testosterone-induced song development. Song activity was moni-

tored post-hormone implantation to determine the timing of

testosterone-induced vocalization (Figure 1).

Birds in groups T1h, T3h, T8h, and T3d either called or remained

silent post-implantation, while five of six birds in group T7d and all

birds in group T14d sang (Figure 1, Supplemental Figure 1, and Sup-

plemental Table 1). Careful examination of recordings from all groups

confirmed that only T7d and T14d birds developed vocalizations

meeting our criteria for songs. The first recognizable subsongs, char-

acterized as unstructured, low-amplitude vocalizations consisting of

three or more syllables, were uttered 4.1 ± 1.6 (mean ± SD) days after

implantation. This timing aligns with previous reports in female canar-

ies33 and is comparable to observations in testosterone-implanted

male canaries during the non-breeding season.72 Notably, one female

in the T14d group sang just 1 day post-treatment.

Given that only T7d and T14d groups had sufficient time to

develop song-like vocalizations, song data analysis was limited

to these groups. For the first 7 d, data from T7d and T14d birds were

combined as their songs did not differ significantly during this period

(Supplemental Figure 3, Supplemental Tables 2, and 3). Singing activity

showed two significant increases: first after day 2, and then again

after day 10 of testosterone treatment. Between days 2 and 9, singing

activity remained relatively stable with no statistically significant

changes (Figure 1C, Supplemental Tables 2, and 3).

3.3 | Progressive song development

Songs produced in the early stages of testosterone-induced song

development (including subsong and early plastic song) displayed sub-

stantial inter- and intra-individual variability (Figure 1, Supplemental

Figure 2, and Supplemental Table 1). We observed a gradual increase

in song length and complexity over time. Testosterone significantly

increased song lengths daily until day 7 and again from day 11 onwards

(Figure 1D, Supplemental Tables 2, and 3). Similarly, the number of sylla-

bles per song increased daily post-implantation (Figure 1E).

Testosterone implantation significantly increased the syllable rep-

etition rate in two distinct steps: initially on day 2 and subsequently

on day 9 (Figure 1F). The maximum observed syllable repetition rate

was 26 Hz, consistent with previous findings.73

3.4 | Testosterone increased HVC volume after
2 weeks

HVC volumes were significantly larger in T14d birds compared to con-

trols (Figure 1G, CON: 0.103 ± 0.040 mm3; T14d: 0.253

± 0.087 mm3, mean ± SD; Kruskal–Wallis followed by Dunn post hoc

test, χ2 = 16.15, df = 6, Holm-adjusted p-value = 0.013). HVC vol-

umes in T7d birds (0.146 ± 0.073 mm3) did not significantly differ

from controls (Holm-adjusted p-value = 1) or T14d birds (Holm-

adjusted p-value = 0.69), likely due to high variability in the T7d

group.

Testosterone treatment did not significantly affect body weight,

brain weight, or oviduct weight (Figure 1; Supplemental Figure 4A–C).

HVC volumes normalized to brain weight yielded similar results as

non-normalized volumes (Kruskal–Wallis test, χ2 = 17.32, df = 6, p-

value = 0.0082, Figure 1; Supplemental Figure 4D).

These findings align with previous studies demonstrating that sys-

temic testosterone administration leads to increased HVC volumes in

female canaries.29–32,73,74

3.5 | Testosterone dramatically alters HVC
transcriptomes

To investigate testosterone's effect on gene regulation in the HVC,

we performed microarray analyses on the six testosterone-treated

groups and controls. Testosterone's impact on transcription was evi-

dent as early as 1 h post-implantation (T1h; Figure 2A), coinciding

with significantly elevated plasma androgen levels (Figure 1; see

Methods). Given our moderate sample sizes, we conducted a power

analysis for each differentially expressed gene, considering only genes

with power ≥0.8 (Figure 2; Supplemental Figure 1).

At T1h, 2739 genes showed significant differential expression

compared to controls: 861 upregulated and 1878 downregulated,

including 118 upregulated and 151 downregulated transcription fac-

tors (TFs) (Figure 2A, Figure 2–Supplemental Figure 1A, and Supple-

mental Table 4). The number of differentially expressed genes

fluctuated during testosterone treatment, with the most dramatic

increase observed at our final time point of 14 days (T14d; Figure 2A).

At T14d, 5223 genes were upregulated and 3628 downregulated,

including 446 upregulated and 322 downregulated TFs. These 8851

genes represent 57% of all known protein-coding genes (15,609) in

the canary genome.35 Across all time points, testosterone treatment

affected the expression of 9913 genes, corresponding to approxi-

mately 64% of all canary protein-coding genes.
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3.6 | The vast majority of testosterone-induced
genes are only transiently affected

To understand the temporal dynamics of testosterone-altered gene

expression, we classified differentially expressed genes into four cate-

gories: (1) constantly upregulated (at all six time points), (2) constantly

downregulated, (3) dynamically regulated (direction of regulation

varied between time points), and (4) transiently regulated (altered

expression at least at one but not all time points) (Figure 2B). Contrary

to our expectation of a gradual increase in affected genes over time,

we observed a rapid and massive impact characterized by a dynamic,

nonlinear pattern. The majority of differentially expressed genes

(9705) were transiently regulated, while only 208 genes fell into the

constant-regulated classes combined (Figure 2B). Further analysis of
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the transient category revealed that 45% (4338) of these genes were

differentially regulated at just one time point (Figure 2; Supplemental

Figure 1C).

Constantly upregulated genes included KIF5C (kinesin Family

Member 5C) and NCAM1 (neural cell adhesion molecule 1). KIF5C

mutations are associated with cortical malformations and
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F IGURE 3 Temporal dynamics of
testosterone-induced gene regulation in
the HVC. A, dendrogram showing
expression levels of selected gene

groups during testosterone treatment
compared to control HVCs (log2 fold
change). Groups include gonadal steroid
receptor genes (blue), steroidogenesis
genes (gray), testosterone-induced
angiogenesis genes (red), and neuronal
recruitment genes (green). See Figure 3
– Supplemental 1 for bird-level
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microcephaly,75 while NCAM1 is involved in various brain processes,

including neurite growth, axonal and dendritic elongation, and neuro-

nal migration76 (Supplemental Table 5).

Among the constantly downregulated genes, several were associ-

ated with synapse organization and function, including PSEN1 (prese-

nilin 1), TSC2 (tuberous sclerosis complex 2), VPS35 (vacuolar protein

sorting 35), CAMK2G (calcium/calmodulin dependent protein kinase II

gamma), and the serotonin receptor HTR2C (5-hydroxytryptamine

receptor 2C) (Supplemental Table 5).

3.7 | Testosterone induces dynamic changes in
steroidogenesis, hormone metabolism, and
vascularization genes

Microarray results revealed significant changes in genes involved in

steroidogenesis, hormone metabolism, and vascularization, with dis-

tinct temporal dynamics observed across various time points post-

testosterone implantation (Figure 3A).

Steroidogenesis and hormone metabolism genes showed

marked changes. At the early time point of 1 h, CYP17A1

(cytochrome P450 17A1) was upregulated, while HSD17B4 (hydro-

xysteroid 17-beta dehydrogenase 4) and SRD5A3 (steroid 5 alpha-

reductase 3) were downregulated. By 8 h, SRD5A2 (5α-reductase

type 2) was upregulated, while AKR1D1 (aldo-keto reductase family

1 member D1) and HSD17B12 (hydroxysteroid 17-beta dehydroge-

nase 12) were downregulated. At 14 days, CYP17A1, CYP19A1

(aromatase), SRD5A2, AKR1D1, UGT1A8, and UGT2B17 were

upregulated.

Steroid receptors also exhibited significant changes. The AR was

upregulated at 7 and 14 days, suggesting increased androgen sensitiv-

ity. Estrogen receptors showed dynamic regulation, with ESR1 (estro-

gen receptor 1) downregulated at 3 days and ESR2 (estrogen receptor

2) upregulated at 14 days. GPRC6A, a potential membrane AR, was

upregulated at 14 days.

Vascularization-related genes also showed significant changes.

KDR (kinase insert domain receptor) was upregulated at multiple

time points from 3 h to 14 days (except T8h), while VEGFC (vascu-

lar endothelial growth factor C) showed upregulation at later time

points. Other vascularization genes, including FLT4, FLT1, and

VEGFA, exhibited dynamic regulation patterns across the treatment

period.

These changes in mRNA expression suggest complex effects of

testosterone on the neural and vascular environment in the HVC. The

differential regulation of genes involved in steroidogenesis and vascu-

larization suggests that testosterone may influence both hormone

metabolism and vascular support, potentially enhancing neural func-

tion and plasticity. The dynamic regulation of androgen and estrogen

receptors further underscores the complexity of hormone-driven gene

regulation in the brain. Further studies are necessary to confirm these

findings and elucidate the mechanisms underlying these gene expres-

sion changes.

3.8 | Testosterone-induced genes are first
associated with cellular changes and later with neural
system changes

GO term enrichment analysis was performed to predict potential bio-

logical processes affected by testosterone implantation in the HVC at

different time points (Figure 3B and Supplemental Table 6). One hour

after testosterone treatment, genes associated with processes such as

synapse organization (GO:0050808) and regulation of cell morpho-

genesis (GO:0022604) were enriched. By 3 h, genes related to neural

projections, including axon development (GO:0061564) and dendrite

development (GO:0016358), showed enrichment. Many processes

associated with cellular anatomical changes demonstrated continuous

enrichment from T1h to T14d. KEGG pathway enrichment analysis

yielded similar findings (Figure 3, Supplemental Figure 2A, and Supple-

mental Table 7).

At T14d, the biological processes of differentially expressed

genes shifted dramatically. Alongside earlier active processes associ-

ated with cellular differentiation, broader functions such as organ for-

mation and system development emerged, including in utero

embryonic development (GO:0001701) and sensory system develop-

ment (GO:0048880). Additional GO term enrichment analysis of 3269

genes differentially regulated only at T14d also revealed mainly

system-level processes (Figure 3, Supplement Figure 2B, and Supple-

mental Table 8). These observations suggest significant changes

throughout the entire HVC after approximately 14 days of testoster-

one treatment.

These findings indicate that testosterone treatment initially influ-

ences cellular and morphological processes in the HVC, progressively

leading to broader systemic and neural developmental changes over

time, culminating in significant alterations after 14 days. This temporal

progression underscores the complex interplay between hormonal

regulation and gene expression in orchestrating structural and func-

tional transformations in the HVC.

4 | DISCUSSION

Our study reveals unprecedented transcriptomic plasticity in the adult

brain, demonstrating how hormonal signals can rapidly and exten-

sively remodel neural circuits underlying complex learned behaviors

(Figure 4). By examining testosterone-induced song development in

female canaries, we uncovered a dynamic gene regulatory landscape

in the HVC, a key song control nucleus. The rapid structural changes

we observe under testosterone treatment alone mirror previous find-

ings of HVC plasticity in birds exposed to both long days and testos-

terone.77,78 This comparison highlights testosterone's ability to drive

rapid neural reorganization independently of photoperiodic state.

The temporal dynamics of gene expression in the HVC following

testosterone treatment were striking. Within 1 h of testosterone

exposure, 2739 genes exhibited differential expression in the HVC,

preceding any observable changes in song behavior. This number
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escalated to 8851 genes by day 14, coinciding with the emergence of

male-like song patterns. Remarkably, over 98% of the 9913 differen-

tially expressed genes were regulated at specific time points, suggest-

ing that distinct developmental stages require unique transcriptional

networks.

The temporal specificity of gene regulation closely mirrored the

progression of song development. Early transcriptional changes (T1h

to T3d) are primarily related to neuronal and cellular differentiation,

potentially priming the HVC for initial vocalizations. As birds advanced

to producing plastic songs around T7d, we observed enrichment in

genes associated with neuronal differentiation and BDNF signaling,

known to regulate the recruitment and survival of adult-born neu-

rons.79 The most extensive transcriptional changes occurred at T14d,

correlating with significant HVC enlargement and the production of

near-crystallized songs.

The dramatic shift in gene expression at T14d is particularly note-

worthy. Alongside earlier active processes associated with cellular dif-

ferentiation, broader functions such as organ formation and system

development emerged. This suggests that testosterone-induced song

development involves a restructuring of the entire HVC, reminiscent

of embryonic developmental processes. This parallel between adult

plasticity and embryonic development provides intriguing insights into

the mechanisms of hormone-induced behavioral changes in adults.

The scale of gene regulation observed in this study far exceeds

previous reports in CNS literature, which typically identify fewer than

2000 differentially expressed genes.14,15,80–90 This discrepancy may

be attributed to the high expression of androgen and estrogen recep-

tors in HVC neurons22,23,91,92 and the cellular diversity of the HVC.93

However, we cannot exclude the possibility that species-specific

factors, methodological variations, and the extended duration of our

study also contributed to these differences. Moreover, the striking

parallels between late-stage (T14d) gene expression patterns and

those observed in embryonic organ formation suggest that testoster-

one may trigger adult behaviors through extensive transcriptomic

restructuring of relevant brain areas. It is important to note that the

testosterone implants used in this study induced circulating testoster-

one levels significantly higher than those typically observed in repro-

ductively active males or spontaneously singing females. This may

have implications for the interpretation of our transcriptomic data. In

our previous study,52 we compared the transcriptomes between spon-

taneously singing female canaries with naturally elevated plasma

androgen levels and females induced to sing by testosterone implants.

We observed more differentially expressed genes in testosterone-

induced singing females than in spontaneously singing females, sug-

gesting that supraphysiological hormone levels may indeed affect

gene expression patterns beyond physiological responses.

The observed difference in circulating testosterone levels

between early (3 h) and later time points (7 and 14 d) may reflect the

pharmacokinetics of our implant system. Despite the decline from

the initial peak, testosterone remained significantly elevated through-

out the study, potentially maintaining physiological effects. The

release mechanism of the implant and the resulting plasma testoster-

one profile may influence the patterns of gene expression observed.

While this variability is a limitation of our study, the sustained eleva-

tion above baseline supports the validity of our findings. Future stud-

ies could explore various testosterone doses and alternative delivery

methods to achieve more constant hormone levels, helping to differ-

entiate between physiological and potential pharmacological effects
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HVC volume

cellular morphogenesis and signaling

physiological measurement

anatomical measurement

song parameters

inferred from 
transcriptomic data

neuroplasticity initiation

nervous system development

daily singing activity

song length

syllable repetition rate

number of syllables per song

F IGURE 4 Timeline of HVC differentiation and song development following testosterone treatment. This figure illustrates the temporal
progression of HVC organizational levels derived from transcriptome data, HVC morphology measured as volume, and song activity and syntax
measurements after testosterone treatment. The intensities of colors indicate the abundance or prominence of features. Biological processes
related to the circulatory system and neuron development precede those associated with the nervous system development of HVC and the
emergence of song. The appearance of canary-typical song patterns coincides with the system development of HVC. HVC morphology (volume)
reaches maturity only after approximately 2 weeks of treatment, coinciding with the most differentiated song patterns uttered by the canaries.
This timeline provides a comprehensive view of the parallel developments in gene expression, neuroanatomy, and behavior throughout the
testosterone-induced song-learning process.
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on gene expression and clarifying the relationship between testoster-

one concentrations and gene expression changes over time. Our find-

ings raise intriguing questions about the mechanisms underlying this

remarkable neural plasticity. The rapid onset of transcriptional

changes suggests direct regulation by androgen and estrogen recep-

tors, while the subsequent waves of gene expression likely involve

complex cascades of secondary effectors. The extensive remodeling

of the HVC transcriptome may reflect not only changes in neuronal

gene expression but also alterations in glial and vascular

components,28–30,32,33 contributing to the observed increase in HVC

volume.

While our study focused on the HVC, singing involves a broader

song control system.18 Future research should investigate testoster-

one's effects on other brain areas within this system to provide a

more comprehensive understanding of the neural basis of singing

behavior. Additionally, disentangling the direct effects of testosterone

from those induced by increased singing activity presents an impor-

tant challenge for future studies, as singing itself can influence gene

expression in the HVC.94–97

In conclusion, our results demonstrate that adult song develop-

ment involves a series of precisely timed, large-scale transcriptional

events that reshape the entire HVC. This work provides unprece-

dented insights into the molecular underpinnings of hormone-induced

neural plasticity and lays the groundwork for future studies exploring

the relationship between gene regulation and complex behavioral out-

puts in the adult brain. Furthermore, it highlights the remarkable abil-

ity of the adult brain to undergo extensive, orchestrated changes in

response to hormonal signals, reminiscent of developmental processes

typically associated with embryonic stages.
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