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Abstract

Perineuronal nets (PNN) of the extracellular matrix are dense aggregations of chondroitin-sulfate
proteoglycans that usually surround fast-spiking parvalbumin-expressing inhibitory interneurons
(PV). The development of PNN around PV appears specifically at the end of sensitive periods of
visual learning and limits the synaptic plasticity in the visual cortex of mammals. Seasonal
songbirds display a high level of adult neuroplasticity associated with vocal learning, which is
regulated by fluctuations of circulating testosterone concentrations. Seasonal changes in
testosterone concentrations and in neuroplasticity are associated with vocal changes between the
non-breeding and breeding seasons. Increases in blood testosterone concentrations in the spring
lead to the annual crystallization of song so that song becomes more stereotyped. Here we explore
whether testosterone also regulates PNN expression in the song control system of male and female
canaries. We show that, in both males and females, testosterone increases the number of PNN and
of PV neurons in the three main telencephalic song control nuclei HVC, RA (nucleus robustus
arcopallialis) and Area X and increases the PNN localization around PV interneurons. Singing
activity was recorded in males and quantitative analyses demonstrated that testosterone also
increased male singing rate, song duration and song energy while decreasing song entropy.
Together, these data suggest that the development of PNN could provide the synaptic stability
required to maintain the stability of the testosterone-induced crystallized song. This provides the
new evidence for a role of PNN in the regulation of adult seasonal plasticity in seasonal songbirds.
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INTRODUCTION

The acoustic structure of song in songbirds is socially learned during ontogeny (Catchpole
and Slater, 2008; Marler and Peters, 1987; Thorpe, 1958; Waser and Marler, 1977). After a
period of sensory learning during which the tutor song is memorized as a template, birds
start producing unstructured vocalizations similar to human babies’ babbling: the subsong.
This is followed by a period of plastic song, which resembles more closely the typical adult
song with clearly detectable syllables, but these syllables are still poorly structured and quite
variable between successive renditions. In adult birds, song then acquires a precisely defined
structure with identifiable and very stable syllables. This is the crystallized song which is
used by adult males to attract females and repel competitive males (Brainard and Doupe,
2002; Collins, 2004; Doupe and Kuhl, 1999; Williams, 2004). During adulthood, many
aspects of song, including singing motivation, song stereotypy and other aspects of song
structure (Alward et al., 2017b; Madison et al., 2015), are modulated by the action of
testosterone and its metabolites in the brain (Ball and Balthazart, 2016, 2007; Schlinger and
Brenowitz, 2016). Day length along with supplementary factors such as temperature and
social context regulate seasonal reproductive cycles in birds (Dawson et al., 2001; Dawson
and Sharp, 2007; Nicholls and Storey, 1977). These environmental cues modulate the timing
of the endogenous release of testosterone and ultimately song behavior (Nottebohm et al.,
1987; Smith et al., 1997a).

In the spring, the progressive increase in day length stimulates the regrowth of the gonads
and plasma testosterone concentrations increase. This increase in turn stimulates singing
behavior and induces the annual song crystallization (Marler et al., 1988; Schlinger and
Brenowitz, 2016). After a long period of photostimulation, during the summer, seasonal
songbirds become photorefractory, they molt and their gonads regress (Dawson et al., 2001).
This period is associated with a marked decrease of the singing rate and changes in multiple
features of song (Ball, 1999; Schlinger and Brenowitz, 2016). In some species, including
domesticated canaries, males even stop singing until the end of the molting period. In the
fall, birds progressively regain their photosensitivity under the influence of shorter day
lengths so they can be photostimulated again at the end of the next winter. These changes in
photoperiodic condition are paralleled by brain changes in gonadotropin-releasing hormone
gene expression (Stevenson et al., 2012).

During the late summer and fall, some species of songbirds enter in a new period of
sensorimotor learning during which their song becomes plastic again (Brainard and Doupe,
2002). Part of the developmental song learning process is thus recapitulated. Whether adult
songbirds are able to learn new songs (i.e. have a new sensory phase) or simply modify their
song based on the expression of different parts of the template they had acquired during their
first year of life may vary widely among species (Beecher and Brenowitz, 2005; Brenowitz
and Beecher, 2005). In canaries there are seasonal recapitulations of song even in deafened
birds (Mori et al., 2018). Testosterone also appears to induce this sensorimotor learning
process in adult female canaries (Rouse and Ball, 2016; Vellema et al., 2019). Birds
displaying this form of adult song plasticity are mainly seasonal birds and are called open-
ended learners as opposed to close-ended learner species, such as zebra finches ( 7aeniopygia
guttatd), that do not change their song at all during adult life. However even among open-
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ended learners, the plasticity of adult song is variable. Some species, such as the European
starling (Sturnus vulgaris), are able as adults to learn new song elements and incorporate
them in their repertoire (Béhner et al., 1990), while other species, such as canaries (Serinus
canarid), incorporate each year new elements in their song, but we do not known whether
birds express on different years a subset of song elements that were learned during early
ontogeny or actually acquire new elements as adults (Beecher and Brenowitz, 2005;
Brenowitz and Beecher, 2005).

The seasonality of song production and learning is correlated with neural changes occurring
mainly between fall and the onset of the breeding season (late winter/early spring)
(Brenowitz, 2004; Smith et al., 1997b; Tramontin et al., 2003). Briefly, the vernal increase in
testosterone before the onset of the breeding season dramatically changes the morphology of
neurons in the song control system (SCS), a set of interconnected brain nuclei that mediates
the learning and production of song and that includes HVC (used as a proper name), RA
(robust nucleus of the arcopallium) and Area X (Brainard and Doupe, 2002; Mooney, 2009;
Nottebohm, 2005) (Tramontin et al., 2001; Tramontin and Brenowitz, 2000). These three
nuclei increase in volume by the end of winter and continue to grow into spring. In canaries
these seasonal changes in volume can be induced by photoperiodic manipulations that mimic
the seasonal states (Hurley et al., 2008). In HVC, the increase in volume is due in part to the
recruitment of new neurons and their enhanced survival driven by the increase of
testosterone (Alvarez-Buylla and Kirn, 1997; Balthazart et al., 2008; Rasika et al., 1994;
Tramontin and Brenowitz, 1999). In RA and Area X, the volume increase is accounted for
by an augmentation of neuronal size and spacing partly due to trans-synaptic trophic effects
driven by changes in HVC (Brenowitz, 2004; Tramontin and Brenowitz, 2000; Wissman and
Brenowitz, 2009). Additionally, in RA, there is an increased spine density directly regulated
by testosterone (DeVoogd et al., 1985; Hill and DeVoogd, 1991).

The perineuronal nets (PNN) of the extracellular matrix are another important aspect of the
neural plasticity. They have been linked to the closing of the sensitive period for visual
learning in mammals, but their role is not well understood in the context of vocal learning.
These PNN are aggregations of chondroitin sulfate proteoglycans, tenascin R, hyaluronic
acid and binding proteins that form a scaffold, mainly around fast-spiking interneurons
expressing parvalbumin (Deepa et al., 2006; Wang and Fawcett, 2012). They are found in
large numbers in the somatosensory cortex of the mammalian brain at the end of the
sensitive period for sensory learning (Liu et al., 2013; Nakamura et al., 2009). Their
expression in the visual cortex of mammals increases during development in an experience-
dependent manner following visual stimulation (Liu et al., 2013; Ye and Miao, 2013).
Additionally, their degradation in the visual cortex restores some of the associated visual
plasticity (Pizzorusso et al., 2002). Their main function is to stabilize the synaptic
connectivity by creating a physical barrier preventing new synaptic contacts (Karetko and
Skangiel-Kramska, 2009). They also increase the fast-spiking activity of parvalbumin
interneurons necessary for a precise timing of neural inhibition (Balmer, 2016) and they
regulate ion exchanges (Hartig et al., 1999; Maroto et al., 2013). It is assumed that they play
an important role in the closing of sensitive periods for sensory learning by limiting the
associated synaptic plasticity (Hensch, 2004; Werker and Hensch, 2014).
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Recent studies point out that PNN could also be involved in the closing of the sensitive
periods of neural plasticity associated with sensory and/or sensorimotor learning of
vocalizations in songbirds. Interestingly, a high density of PNN is found in the SCS of
songbirds. It was previously shown that the number of PNN and the proportion of them
localized around PV cells increase during developmental song learning in zebra finches, a
closed-ended learning species (Balmer et al., 2009; Cornez et al., 2018). PNN densities are
also higher in adult zebra finch males compared to females (females do not sing in this
species) in the key telencephalic song control nuclei HVC, RA and Area X (Cornez et al.,
2015; Meyer et al., 2014).

PNN expression does not seem to vary as a function of the photoperiodic condition in
European starlings, a seasonal open-ended learning species, but it varies widely in adult
males between species with different learning abilities (Cornez et al., 2017). European
starlings express PNN at very low densities in the SCS as compared to zebra finches and it
was hypothesized that this might explain the marked behavioral plasticity across seasons in
this species (Cornez et al., 2017). It has indeed been clearly demonstrated that male
European starlings can learn new songs in adulthood during all phases of their reproductive
cycle, even when they are photorefractory (Bohner et al., 1990). In contrast, domesticated
canaries, which also display seasonal cycles are able to modify their song each year, but it is
not clear whether they actually learn new syllables as adults (Leitner et al., 2001b).
Correlatively, canaries have a level of PNN expression in the SCS that is intermediate
between European starlings and zebra finches. Canaries may thus provide a better model to
explore the role of PNN in vocal learning associated with seasonal fluctuations of
testosterone.

In this study, we tested whether the testosterone-induced song crystallization correlates with
an increase of PNN expression in the SCS of male canaries. Additionally, a time-course
experiment was performed in females to explore how quickly testosterone affects the SCS
morphology and, in particular, the development of PNN around PV interneurons. Both
studies were performed on adult photosensitive birds that were treated with exogenous
testosterone or received a sham treatment and were then exposed to a long-day photoperiod
mimicking what happens at the onset of the spring during song crystallization (Marler et al.,
1988).

METHODS

Animals

Two-year-old male and female canaries of the Fife fancy breed were obtained from a colony
maintained at the University of Antwerp, Belgium. They were born and had gone through a
full breeding cycle in this colony. All subjects had been on a natural daylight cycle during
the months preceding their arrival in the laboratory. Females (n=58) arrived in January and
males (n=11) arrived in April at the University of Liege. Upon arrival, all birds were housed
in single-sex collective cages with food and water provided ad /ibitum. Cuttlebones, anise-
scented sand, perches and baths were provided as environmental enrichment. Egg food was
provided once a week. All experimental procedures complied with Belgian laws concerning
the Protection and Welfare of Animals and the Protection of Experimental Animals, and
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experimental protocols were approved by the Ethics Committee for the Use of Animals at
the University of Liége (Protocol 926).

Experimental Design

Experiment 1: effect of testosterone in adult males—Males arriving in the
laboratory during the spring were photosensitive and slightly photostimulated. They were
directly transferred to a short-day photoperiod (8L:16D) to retain their photosensitive
condition and decrease their gonadal size until the onset of the experiment. All birds were
castrated in late October/early November under isoflurane gas anesthesia. In late November
each bird was transferred to an individual cage placed within a sound-attenuated recording
chamber and his baseline level of singing behavior was recorded for 2 days. Birds were then
randomly assigned to a testosterone treatment group (T-treated, n=6) or a control group
(controls, n=5) and they received a 10 mm long Silastic™ implant (Dow Corning reference
no. 508-004; inner diameter 0.76 mm, outer diameter 1.65 mm) filled with either crystalline
testosterone (Fluka Analytical, Sigma-Aldrich) or left empty as a control. Implants were
inserted subcutaneously in the back of the birds after being checked under a stereo-
microscope to make sure they were completely sealed; they were incubated in 0.9% NaCl at
37°C overnight before being inserted. On the same day, the photoperiod was changed to
16L.:8D to optimize the effect of testosterone and a blood sample was taken from the wing
vein in the early morning just after the light went on. After these treatments, birds were
transferred back to the recording chambers and their singing behavior was recorded daily for
2 hours starting immediately after lights on until brain collection, 24 days later.

Experiment 2: time course of testosterone action in adult females—Upon arrival
in January, females were housed on a short-day photoperiod (8L:16D) for at least 11 days.
Four to seven days before the beginning of the experiment, a baseline blood sample was
collected from the wing vein of each female. Because these birds were used in parallel to
study the effects of testosterone (T) on neurogenesis in the song control nucleus HVC
(Shevchouk et al., 2017), on day —1 birds were injected, 5 times with 2 hours between each
injection, with 100 pl of a 10 mg/ml Bromodeoxyuridine (BrdU) solution dissolved in 0.9%
saline with 28 mg/L NaOH (approximately 50 mg/kg for 20 grams birds). Birds were then
randomly allocated to one of 4 control groups (6—7 subjects per group) or 4 Testosterone-
treated groups (8 subjects per group). At the start of the experiment (day 0), each bird
received a 10 mm long Silastic™ implant filled with either crystalline testosterone or left
empty as a control (see detail of procedures in the previous section). On the same day, the
photoperiod was changed to 14L:10D and birds were moved to individual cages. The brains
of all females from one control and one T-treated group were collected 1, 2, 9 or 21 days
after receiving the implants. Due to limitations in the number of available housing cages, the
experiment was performed in two successive cohorts with experimental manipulations of
birds from the longest time points (days 9 and 21) started with a delay of 7 days after birds
from the two shortest time points (days 1 and 2). All other aspects of the procedures were
identical in the two batches. No song recording was made during this experiment since
sound-attenuated boxes and recording equipment used in experiment 1 were not yet
available in our laboratory.
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All procedures described in the following sections were then similar for both experiments
unless otherwise stated.

Blood collection

50-150 pl of blood was collected from the wing vein of all subjects before the initiation of T
treatments and on the day of brain collection. Blood collection was always performed within
3 minutes after catching the birds in their cage during the first hour after lights on for males
and between 2.5 and 6 hours after lights on for females. The blood was collected into Na-
heparinized micropipettes (Hirschmann; 9000250) and any further blood flow was stopped
by pressing cotton on the vein puncture after a maximum of 150 pl was collected. Blood was
centrifuged at 9000 g for 9 minutes and the supernatant plasma was collected and stored at
—80° C until further use.

Testosterone Enzyme Immunoassay

10 pl of plasma from each sample was diluted in 150 pl of ultra-pure water. Recovery
samples were spiked with 20,000 CPM of tritiated-testosterone (Perkin-Elmer). All samples
were extracted twice with 2 ml of dichloromethane. The organic phase was eluted into clean
tubes, dried with nitrogen gas and stored at —20°C until further use. Average recovery was
92.7%.

Extracted samples were re-suspended in 400 pl Enzyme Immunoassay (EIA) buffer by
vortexing for 30 seconds and shaking for 90 min at 1350 rpm. Re-suspended samples were
either left undiluted or diluted to a total of 1600 pl depending on expected testosterone
concentrations, in order to fall within the detection range of the assay curve. They were then
assayed for testosterone concentrations using a Cayman Chemicals testosterone EIA kit
following manufacturer’s instructions. All male samples were assayed in a single plate in
triplicates. The minimum and maximum detection limits of the EIA, as determined by the
lowest and highest concentration detected, were 4.07 pg/ml and 522.59 pg/ml respectively.
The intra-assay coefficient of variation varied between 0.10 and 10.9% (mean = 3.96%). All
female samples were assayed on the same day using 4 separate plates in triplicates. The
minimum and maximum detection limits of the EIA were 5.02 pg/ml and 305.39 pg/ml,
respectively. The intra-assay variation varied between 6.19 and 8.59% (mean = 7.63%) and
the inter-assay variation between plates ranged from 8.96% to 18.47% (mean = 13.97%).

Analysis of male songs

All males from experiment 1 were individually housed in sound-attenuated chambers
throughout the experiment and their singing behavior was recorded everyday during 2
consecutive hours starting directly after lights on. Sounds from all chambers were acquired
simultaneously via custom-made microphones (microphone from Projects Unlimited/Audio
Products Division, amplifier from Maxim Integrated) through an Allen & Heath ICE-16
multichannel recorder connected to a computer. The sound files were 16-bit acquired at a
frequency of 44100 Hertz (Hz) which translates to a frequency range of 0-22,050 Hz and
saved as 1 minute .wav files sequences using Raven Pro v1.4 software (Bioacoustics
Research Program 2011; Raven Pro: Interactive Sound Analysis Software, \ersion 1.4,
Ithaca, NY: The Cornell Lab of Ornithology).
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The sound analyses were performed with the same software. The daily 2 hours sound
recordings were first reassembled for each channel corresponding to each experimental bird.
Spectrogram views of these files were constructed with a direct Fourier transform (DFT)
size of 256 samples (172 Hz per sample) and a temporal frame overlap of 50% with a hop
size of 128 samples. These parameters were automatically determined by the software to
provide an optimized frequency/time resolution for the spectrographic analysis and were
identical for all recordings analyzed in the study.

The first hour of recordings of each bird was analyzed in detail for days -2, +3, +10, +17,
+24 considering day 0 as the day of implant insertion. One hour of recording was sufficient
to obtain at least 240 seconds of songs for each bird (except on the first few days when birds
barely started singing), the duration of vocalizations necessary and sufficient to identify the
complete repertoire of the canary, as estimated in our preliminary analyses confirming a
previously published study (Halle et al., 2003).

Songs were considered as vocalizations of at least one second in duration separated by a gap
of at least 0.5 seconds (Alward et al., 2017b, 2013). All songs corresponding to these criteria
were manually selected through the entire one hour-long recording and counted. The
duration of each song was determined by the software and was averaged for each bird and
each day analyzed. This measure was also summed to obtain the total duration (in seconds)
of singing during one hour and divided by 3600 to obtain the percentage of time spent
singing (% time singing).

One control bird started singing at a low rate one week after the beginning of the
experiment, but the other control birds never sang. As observed in previous work on male
canaries (Alward et al., 2013; Madison et al., 2015; Sartor et al., 2005; Shevchouk et al.,
2018) all T-treated birds sang within one week after the treatment initiation, 4 of them
already sang on day 3, but 2 of them already sang at low rate before the beginning of the
experiment. The number of songs and the % time spent singing could thus be analyzed for
all birds, but it was not possible to compare song quality between T-treated and control
males. The 4 testosterone-treated birds that started singing quickly after the T implantation
were used to explore the development in time of song parameters defining its quality.

For the analysis of song quality, each individual song was processed through the automated
sound analysis of the Raven software and results were averaged for each bird and each day.
The derived measures thus refer to entire songs not to individual syllables. The additional
automated measurements characterized the song “loudness” (energy in decibels or dB),
average and maximum power (dB), root mean squared and maximum amplitude (arbitrary
units U), the energy distribution across frequencies (5%, 15t quartile, center, 3™ quartile and
95% frequencies in Hz), the bandwidth (Hz) of this energy distribution between the 15t and
3"d quartile (inter-quartile range bandwidth) and between 5% and 95% (90% bandwidth), the
frequency at which the maximum power occurs (maximum frequency in Hz) and the average
entropy. The entropy associated with the distribution of power across frequencies was
measured at each sampling time point across the entire song and averaged to provide a single
measure for each song. These measures were then averaged for the entire recording of the
day for each bird and they provided a measure of disorder within the energy distribution.
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Brain collection and processing

After the selected duration for each experimental group (males: 24 days; females: 1, 2, 9 or
21 days), subjects were weighed, their cloacal protuberance was measured, a blood sample
was taken from the wing vein and then birds were anaesthetized with 0.03 ml of Nembutal.
Once reflexes had stopped, birds were intracardially perfused with phosphate-buffered saline
(PBS; 1.43 g/L NagHPOQy, 0.48 g/L KH,POy, 7.2 g/L NaCl) to remove blood, immediately
followed by 4% paraformaldehyde (PFA; 4.3 g/L NaOH, 40 g/L paraformaldehyde, 18.8 g/L
NaH,P0O4.H,0) to fix the brain. After perfusion, the brain was immediately extracted from
the skull and post-fixed overnight in 15 ml PFA.

The syrinx was extracted and weighed. The presence of the implant was confirmed and the
testosterone-filled implants were checked for the presence of remaining hormone inside the
implant. On the following day, brains were transferred to 15 ml of 30% sucrose solution
(15.6 g/L NayHPQy, 1.5 g/L KH,POy4, 300g/L sucrose). Once brains had sunk to the bottom
of the vial, they were frozen on dry ice and stored at —80°C until used.

The two hemispheres of the male brains were first separated and each hemisphere was cut
sagitally in 4 series of 3 wells. Female brains were cut coronally into 4 series of 4 wells. We
showed previously that there is no difference in the density of parvalbumin-immunoreactive
cells and of perineuronal nets counted in sagittal or coronal sections in the zebra finch brain
(Cornez et al., 2017). All brains were cut in 30 um thick sections on a Leica CM 3050S
cryostat and stored in anti-freeze (0.01 M PBS with 10 g/L polyvinyl pyrrolidone, 300 g/L
sucrose, and 300 ml/L ethylene glycol) at —20°C.

Immunohistochemistry

Half a series of female sections (2 wells; 240 um between sections) and a complete series of
male sections from both the left and right hemispheres (3 wells: 120 um between sections)
were double-labeled for parvalbumin and chondroitin sulfate, one of the main components of
the perineuronal nets, following a previously described protocol (Cornez et al., 2015).
Briefly, sections were blocked in 5% Normal Goat Serum (NGS) diluted in Tris-buffered
Saline (TBS) with 0.1% Triton-X-100 (TBST) for 30 minutes. They were incubated
overnight at 4°C in a mixture of 2 primary antibodies diluted in TBST: a mouse monoclonal
anti-chondroitin sulfate antibody (CS-56, 1:500; C8035, Sigma Aldrich) specific for the
glycosaminoglycan portion of the chondroitin sulfate proteoglycans that are the main
components of the PNN, and a polyclonal rabbit anti-parvalbumin antibody (1:1000;
ab11427, Abcam).

On the next day, sections were incubated at room temperature in a mixture of secondary
antibodies diluted in TBST. A goat anti-mouse 1gG coupled with Alexa488 (green, 1:100,
Invitrogen) was used to visualize PNN staining and a goat anti-rabbit 1gG coupled with
Alexa 546 (red, 1:200, Invitrogen) was used to visualize PV cells. Finally, sections were
mounted on slides using TBS with gelatin and coverslipped with Vectashield containing
DAPI (H-1500, Vector laboratories) that was used to confirm that PNN that were not
surrounding PV-positive cells were localized around a cell nucleus.
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The other half series of female brains was double-labeled for parvalbumin and BrdU to test
whether the observed increase of PV labeling in HVC resulted from the neurogenesis of new
PV cells or simply from an increased expression of the protein in a stable number of
neurons. DNA was first denaturated in a bath of 2N HCI solution during 20 minutes at 37°C
followed by a bath in 0.1M sodium borate buffer to neutralize the acid. Sections were then
blocked in 5% Normal Goat Serum (NGS) diluted in TBST for 30 minutes. They were
incubated overnight at 4°C in a mixture of two primary antibodies diluted in TBST: a rat
monoclonal anti-BrdU antibody (1:300; OBT0030, ABD Serotec) and a polyclonal rabbit
anti-parvalbumin antibody (1:1000; ab11427, Abcam). Sections were then incubated at room
temperature in a mixture of secondary antibodies diluted in TBST. A goat anti-rat 19G
coupled with Alexa488 (green, 1:100, Invitrogen) was used to visualize BrdU staining and a
goat anti-rabbit 1gG coupled with Alexa 546 (red, 1:200, Invitrogen) was used to visualize
PV cells. Finally, sections were mounted on slides using TBS with gelatin and coverslipped
with Vectashield containing DAPI (H-1500, Vector laboratories).

Measure of nuclei volume

The dense parvalbumin and chondroitin sulfate staining was used to quantify the volume of
HVC, RA and Area X (see examples in Fig. 5). Photomicrographs of all stained sections
containing at least one of these nuclei were acquired at 5X magnification (recorded field
equal to 1.43 by 1.92 mm) and the volume of these nuclei was quantified as previously
described (Cornez et al., 2017). First, the area of the Regions of Interest (ROIs in mm2)
within each section was measured using Image J (NIH, https://imagej.nih/ij). The volume of
each ROI was then estimated by multiplying the measured surface in each section by the
distance between sections (240 um for females and 120 pm for males) and then summing the
results for all the sections. Finally, the mean of volumes in the left and right hemispheres
was calculated. The volume of HVC and RA was also measured using a Hu staining
performed in another series of sections for the purpose of a parallel previously published
experiment (Shevchouk et al., 2017). The absolute values of these volumes slightly differ
between these two methods, but are significantly correlated (HVC: Pearson R=0.766,
p<0.001; RA: Pearson R=0.900, p<0.001) and the pattern of result is similar.

PNN & PV quantification

The numbers of PV-positive cells (PV), of cells surrounded by PNN (PNN) and of PV-
positive cells surrounded by PNN (see examples in Fig. 8) were counted in
photomicrographs of the 3 song control nuclei HVC, RA and Area X on both brain sides of
all birds. The boundaries of the ROIs were determined based on the bright PV and/or PNN
staining. In each bird, two photomicrographs were acquired on each brain side in 2 sections
equally spaced in the rostrocaudal axis for each ROI. These 4 photomicrographs
documenting each nucleus were obtained with a Leica fluorescence microscope with a 40X
objective (recorded field equal to 0.18 x 0.24 mm) and fixed settings. The numbers of PV, of
PNN and of PV-positive cells surrounded by PNN (PV+PNN) were counted in all
photomicrographs with Image J software (NIH, https://imagej.nih/ij) as previously described
(Cornez et al., 2017).
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Each photomicrograph contained only the ROIs, so that quantifying the entire image always
sampled a similar area. For each ROI, the mean of left and right data for each section was
calculated and this result was then averaged between sections to obtain the number of
stained structures per counted surface in a given ROI. These numbers were converted in
densities/mm? and also used to compute the % PV surrounded by PNN (%PVwithPNN) and
the % PNN surrounding PV (%PNNwithPV). Finally, the volume of each nucleus of each
bird was used to estimate the number of counted objects in the entire nuclei using the
following formula: (number of counted object)*(nuclei volume/(counted area*section
thickness))mms3. This allowed us to obtain the total number of PV, PNN and PV+PNN per
nucleus.

BrdU & PV quantifications

Statistics

The quantification of PV and BrdU positive cells were made the same way in HVC only
because this is the only song control nucleus where adult neurogenesis is present and
changing seasonally. The number of PV+, BrdU+ and PV+BrdU+ cells were quantified to
calculate the % of PV cells colocalized with BrdU.

In males PNN, PV and nuclei volumes were quantified separately in the two hemispheres
and each set of data was analyzed by a 2-Way repeated measures ANOVAS to explore the
possibility of lateralization and the effects of testosterone. Only 2 effects with p<0.05 were
detected (one main effect and one interaction) out of 54 results ([3 total counts + 5 densities
or ratio+1 volume per nucleus] X 3 nuclei with a main and an interaction effect in each
case), which is essentially below what would be expect by chance (5 effects out of 100
tests). These results are therefore no discussed further. In females we could not reliably
identify the brain side in all sections. Therefore all structures were quantified in both
hemispheres but average results for both sides were calculated and used in all analyses
presented in this paper.

In males, testosterone concentration in the blood before treatment and at brain collection in
both groups was analyzed using a 2-Way repeated measure ANOVA (time*treatment). The
song numbers and % time singing on days -2, +3, +10, +17, +24 in all birds were analyzed
with a 2-Way Repeated measure ANOVA (time*treatment). The other song parameters
quantified at days +3, +10, +17, +24 only in the 4 testosterone-treated males that sang
regularly after day 3 were analyzed with a 1-Way repeated measure ANOVA. Significant
interactions and time effects were analyzed using Tukey post-hoc tests. The syrinx mass,
cloacal protuberance area and the brain measurements differences between groups were
analyzed with unpaired t-tests.

In females, testosterone and morphological measures were already reported in another
publication focused on neurogenesis and plasticity in song control nuclei (Shevchouk et al
2017) and will only be briefly summarized here. The densities and total numbers of PV,
PNN and BrdU alone or combined were analyzed with a 2-Way ANOVA (brain collection
day*treatment). Significant interactions were analyzed using Tukey post-hoc tests.
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Differences between groups and effects in the ANOVA were considered significant for
p<0.05. All data are summarized by their mean and standard error of the mean (SEM) but
individual data points are also presented in most graphs. Effect sizes are presented as
Cohen’s d for comparisons between 2 groups and partial eta square (npz) for two factors
ANOVAsS.

RESULTS

Experiment 1: effects of testosterone in adult males

The treatment of castrated males with testosterone for 24 days induced profound changes in
physiology, singing behavior and PNN expression in the brain.

Physiological and morphological changes—The testosterone plasma concentration
increased following T treatment and the ANOVA of these data identified a significant main
effect of treatment (F1 g=23.11, p<0.01, np2=0.74) and time (F1 g=43.70, p<0.001,
np2:0.85) as well as a significant interaction between these two factors (F; g=12.37, p<0.01,
np220.61). The post-hoc tests confirmed that the T implants combined with the
photoperiodic change had increased the plasma testosterone concentration by the end of the
experiment (Fig. 1A; T post vs. T pre: p=0.0006, DF=16, d=1.73; T post vs. Control post:
£=0.0004, DF=16, d=1.57). This measure did not differ between the two groups before the
treatment (p=0.99, DF=16, d=0.52) nor within the control group before and after the
treatment (p=0.21, DF=16, d=1.52), suggesting that photostimulation alone was not
sufficient to significantly increase testosterone concentrations in castrated males.
Additionally, the cloacal protuberance area, an androgen-dependent structure, was
numerically larger in the T-treated birds although the effect was not significant (Fig. 1B,
t9=2.117, p=0.063, d=1.10). Finally, the syrinx weight was also numerically larger in T-
treated birds at the end of the experiment (Fig. 1C, tg=1.905, p=0.089, d=1.03). In both cases
the effect did not reach statistical significance but the large effect size suggests the existence
of an effect that would be worth analyzing in future work.

Testosterone increases singing motivation and song quality and decreases
entropy—Exogenous testosterone progressively increased the singing motivation as
measured by the number of songs produced (Fig. 2A; treatment: Fq g=19.13, p<0.01,
np2=0.71; time: F4 3,=7.05, p<0.001, n,?=0.65; interaction: F4 3,=2.37, p=0.073, 1p?=0.39)
and the % time spent singing (Fig. 2B; treatment: F1 g=20.09, p<0.01, np2=0.72; time:
F43,=13.88, p<0.001, np220.59; interaction: F4 35 =10.16, p<0.001, np2:0.51) while little or
no change was detected in controls. Post-hoc tests of the main time effect revealed that the
number of songs and the % time spent singing were significantly increased as compared
with the pre-experimental values starting on day 10 post-treatment (Song number: D-2 vs.
D10 p<0.001, d=1.18, vs. D17 p<0.01, d=1.26, vs. D24 p<0.001, d=1.18; % time singing:
D-2 vs. D10 p<0.0001, d=1.30, vs. D17 p<0.0001, d=1.65, vs. D24 p<0.0001, d=1.24,
DF=40 for all comparisons). Interaction post-hoc tests showed that T-treated birds spent a
higher proportion of time singing compared to controls from day 10 post-treatment onward
(see Fig. 2B, DF=32, d= 1.53-1.75).
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Only 4 T-treated birds sang sufficiently after 3 days of treatment to allow an analysis of
changes in time of their song quality. Representative spectrograms of the song produced by
one of these males at three different time points during the activation by testosterone are
shown in figure 3.

Analysis of the song parameters of these 4 birds revealed a global increase of song quality
and a decrease in entropy over time. The song duration increased significantly with time
(Fig. 4A; F39=11.84, p<0.01, np2:O.80). Post-hoc tests revealed that T-treated birds sang
significantly longer songs from day 10 until day 24 compared to day 3 post-treatment (Fig.
4A, DF=9, d=1.06-1.31). T also induced an overall increase of the song loudness as revealed
by a significant increase over time of the song energy (Fig. 4B; F3 9=12.99, p<0.01,
np2:0.81) as well as average power, maximum power, RMS amplitude and maximum
amplitude (Table 1). The post-hoc tests revealed again that all these measures were
significantly higher on day 10 and subsequently than on day 3 (see Table 1 and Fig. 4B,
DF=9, d=1.53-1.74). Additionally, the energy distribution across frequencies (center
frequency, frequency 5%, frequency 95%, 15t quartile frequency, maximum frequency (Table
1) and 3" quartile frequency (Fig. 4C)) increased with time after the testosterone treatment.
There was a main effect of time or a tendency for all these measurements to vary with time
(Table 1 and Fig. 4C; F=5.44, p<0.05, DF=3, 1,2=0.64). The 3" quartile frequency was
significantly larger on day 10 and subsequently than on day 3 as confirmed by post-hoc tests
(Fig. 4C, DF=9, d=0.98-1.03). Together these measures indicated a displacement of the
song energy distribution towards higher frequencies, although there was no change in the
song bandwidth as revealed by the inter-quartile range bandwidth and the 90 % bandwidth
(Table 1; see methods for the definition of all these measures). Finally, the average song
entropy, a measure of disorder in song structure, decreased significantly with time (Fig. 4D;
F30=9.12, p<0.01, np2:0.75), with post-hoc tests revealing again a significant change
occurring on day 10 and after (Fig. 4D, DF=9, d=1.30-1.38).

Testosterone increases the number of PNN around PV interneurons in the
SCS—As shown in previous studies, systemic T treatment significantly increased the
volume of the 3 song control nuclei (HVC: t9=3.25, p=<0.01, d=1.41; RA: tg=3.68, p=<0.01,
d=1.48; Area X: t9=3.77, p=<0.01, d=1.50) as compared to controls (see representative
photomicrographs in Fig. 5 and their quantification in Fig. 6A-C).

The total number of PNN in these 3 song control nuclei increased significantly with the
testosterone treatment (Fig. 6D-F; HVC: tg=2.983, p<0.05, d=1.35; RA: t9=2.911, p<0.05,
d=1.33; Area X: tg=2.760, p<0.05, d=1.30). Testosterone also increased the number of
parvalbumin-expressing neurons significantly in HVC and Area X and a non significant
statistical trend in the same direction, still associated with a large effect size (d=1.00), was
observed in RA (Fig. 6G-I; HVC: tg=4.597, p<0.01, d=1.60; RA: tg=1.840, p=0.099,
d=1.00; Area X: tg=2.408, p<0.05, d=1.99). Additionally, the number of PV-positive neurons
surrounded by PNN (PV+PNN) increased in HVC and RA and a non significant change in
the same direction was observed in Area X (Fig. 6J-L; HVC: tg=3.366, p<0.01, d=1.43; RA:
t9=3.302, p<0.01, d=1.42; Area X: tg=1.902, p=0.090, d=1.03). Although smaller than in the
other two nuclei, the effect size of the increase was still large in Area X.
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In HVC, the density (number/mm?) of PV interneurons increased significantly in T-treated
birds, the overall density of PNN did not change, but the density of PNN surrounding PV
(PV+PNN) increased significantly (Table 2). This demonstrates that the increase in the total
number of PV and PV+PNN cells in HVC is proportionally larger than the increase in
volume of the nucleus. In contrast, in RA, the density of PV cells decreased significantly, so
that the nearly significant overall increase in total number is presumably accompanied by an
increased cell spacing (Table 2). In Area X, no changes in densities were observed
suggesting that the overall increase in PV, PNN and PV+PNN total numbers is simply
proportional to the increase in volume of the nucleus (Table 2).

The patterns of changes in total numbers of PNN, PV and PV+PNN numbers as observed in
figure 6 were very similar, suggesting that the PNN increase mainly reflected their
development around an increasing number of PV interneurons. This was confirmed by the
absence of difference between groups in the percentage of PV surrounded by PNN in the 3
nuclei and the high percentage of PNN surrounding PV interneurons in both groups in HVC
and RA (Table 2, between 78% and 86%). Nevertheless, the lower, but non-significant, %
PNN around PV in Area X of T-treated birds (Table 2, controls: 87.7%, testosterone:
61.55%) suggests that some PNN develop following T treatment around other cell types
specifically in Area X.

Experiment 2: time course of testosterone action in adult females

Females treated with testosterone for various durations (1, 2, 9 or 21 days) also experienced
major changes in physiology and in the expression of PNN in the song control nuclei.

Physiological and morphological changes after testosterone treatment—The
brain sections used here came from birds previously used to analyze the effects of T on the
plasticity in HVC and compare it to the plasticity in the preoptic area (Shevchouk et al.,
2017). As previously reported plasma testosterone concentration rapidly increased in T-
treated females. There was also a minor and transient increase in plasma testosterone in the
control females presumably resulting from the transfer of birds to a long day photoperiod.

The cloacal protuberance length and the syrinx weight, that are both androgen-dependent,
also increased with time in T-treated females (see (Shevchouk et al., 2017) for details).
Interestingly these structures also displayed a moderate increase in the control females again
suggesting an effect of photostimulation alone.

The previously published volumes of HVC, RA and Area X are illustrated here again in
figure 7A-C since these data were used to compute the total numbers of PNN and PV-
positive cells. There was a main effect of treatment and time and a significant interaction
between these factors in the analysis of the volumes of HVC (Fig.7A; treatment: Fq 47=12.2,
p<0.01, np2:0.21; time: F3 47=12.09, p<0.001, np2:0.44; interaction: F3 47=10.32, p<0.001,
np2=0.40) and RA (Fig. 7B; treatment: Fy 45=6.75, p<0.05, ny?=0.13; time: F3 45=9.81,
<0.001, 1,?=0.40; interaction: F3 45=8.06, p<0.001, ny?=0.35). In both nuclei the volume
was significantly higher on day 21 compared to the other time points (p<0.001 for all
comparisons except day 21 vs. day 9 in RA: p<0.05). In Area X, there was no main effect of
treatment and time, but there was an interaction between these factors (Fig. 7C; F3 46=4.21,
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p<0.05, np2:0.22). The post-hoc analyses of these interactions confirmed that the volume of
HVC, RA and Area X was significantly increased in T-treated females compared to control
females at day 21 only (Fig. 7A-C).

Testosterone increases PV and PNN expression in the female song control
nuclei—Testosterone increased the total numbers of PV-positive neurons (Fig. 7G;
treatment: F; 47=20.93, p<0.001, an:O.Sl; time: F3 47=13.01, p<0.001, np220.45;
interaction: F3 47=16.04, p<0.001, np2=0.51) and of PNN (Fig. 7D; treatment: Fq 47=4.82,
p<0.05, np?=0.09; time: F3 47=5.69, p<0.01, ny?=0.27; interaction: F3 47=6.36, p<0.01,
np220.29) in the female HVC as it did in males. The availability of results at different time
points revealed however a difference in the rate of development of PV and of PNN. Post-hoc
analyses of the interactions indeed supported the conclusion that the number of PV-
expressing neurons had already increased significantly as compared with control birds after
9 days of treatment with T, whereas a significant increase in PNN numbers was only
observed after 21 days of treatment (see details in Fig. 7D and G). In parallel, the number of
PV+PNN in HVC increased with time, but only became significantly different between
groups on day 21 (Fig. 7J; treatment: Fy 47=3.95, p=0.053, np2=0.07; time: F3 47=5.14,
p<0.01, ny?=0.25; interaction: F3 47=5.78, p<0.01, ,%=0.27, see figure 8A-B for
representative photomicrographs). There was, as observed in males, no change in the % PV
with PNN (Table 3), suggesting that the increase of PNN and PVV+PNN numbers specifically
reflects the development of PNN around the PV interneurons that start developing after 9
days of treatment.

We also analyzed the density of PV, PNN and PV+PNN in HVC. There was no significant
change in the PNN and PV+PNN density (Table 3). These values numerically increased on
day 21, but the increase was not sufficient to compensate for the increase in the total volume
of the nucleus. The overall density of PV interneurons in HVC was significantly higher in T-
treated birds towards the end of the experiment, but this difference did not change
significantly over time, although there was a significant interaction of time with treatment
(Table 3). The post-hoc analyses identified a significant difference between groups on day 9
only (p<0.05) that was no longer significant on day 21 suggesting that the increase in
volume occurring at that time compensated the increase in PV density occurring at day 9.
Finally the % PNN surrounding PV was not affected by time or treatment and was higher
than 80% in all groups (Table 3) confirming that a majority of PNN develops around PV
interneurons in HVC.

In RA, the total number of PNN (Fig. 7E) and of PV+PNN (Fig. 7K) was also increased by
the T-treatment (PNN: F; 45=4.38, p<0.05, np2:0.09; PV+PNN: Fy 45=5.33, p<0.05,
np2=0.11) and they also significantly changed with time (PNN: F3 45=5.02, £<0.01,
np>=0.25; PV+PNN: F3 45=5.74, p<0.01, ny?=0.28). There was in addition a significant
interaction between these two factors (PNN: F3 45=4.60, p<0.01, np2:0.23; PV+PNN:
F345=6.99, p<0.001, np2=0.32) and post-hoc analyses of these interactions indicated
significant differences between T-treated and control females on day 21 only. There was in
contrast no change in the total number of PV cells in RA (no effect of treatment and no
interaction; marginal change with time, F3 45=2.79, p=0.051, np2=0.16).
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The % of PV with PNN in RA was also larger in T-treated females compared to control birds
and progressively increased with time (see Table 3), but there was no significant interaction
between these factors, although the magnitude of the difference between the two groups
tended to increase with time. As is the case in males a large proportion of PNN were located
around PV cells in all groups (between 65% and 92%) and surprisingly there was a
significant change of the % PNN around PV over time (Table 3). Post-hoc tests showed that
this proportion was larger on day 2 compared to day 1 (Table 3) suggesting a rapid
reorganization of these structures. No changes in PV or PNN or PV+PNN densities were
observed in RA (Table 3) indicating that changes in total numbers mostly reflected the
increase in volume of the entire nucleus.

In Area X, the general pattern of changes in the number of PNN, PV and PV+PNN in
females was similar to what had been observed in males. There was in each case an overall
main effect of treatment indicating that the total number of PNN (Fig. 7F; F1 46=11.48,
p<0.01, np2:0.20), PV (Fig. 71; F1 46=6.08, p<0.05, np2:0.12) and PV+PNN (Fig. 7L;

F1 46=10.99, p<0.01, np2:0.19) was increased in T-treated females. However, there were
only trends of interaction effects (PNN: F3 46=2.68, p=0.058, np2:0.15; PV: F346=2.67,
p=0.059, 1,2=0.15; PV+PNN: F3 =2.80, p=0.051, 1,?=0.15), so that the specific time
point when differences between groups first appeared could not be statistically confirmed.
There was no significant effect of time, except for a non significant trend affecting the total
number of PNN (F3 46=2.52, p=0.069, 1,?=0.14).

Interestingly, there was also a main effect of the T-treatment on the density of PNN and PV
+PNN (Table 3), suggesting that these T-induced increases are, contrary to what was
observed in males, larger than the increase in volume of the nucleus. Finally, the % PNN
around PV did not change over time and was not affected by T, although it was higher in all
groups of females (76%-91%) than in T-treated males of experiment 1 (61%), suggesting
that PNN surround partly different cells types in males and in females.

Increase in PV expression does not reflect neurogenesis—As females had been
injected with BrdU at the beginning of the experiment and neurogenesis is known to occur
seasonally in the HVC of canaries, we also tested whether the large increase in the number
of PV interneurons reflected neurogenesis of this specific cell type or only an increased
expression of the protein in a stable number of interneurons. Detailed analysis of sections
double-labeled for PV and BrdU failed to identify any double-labeled cells, while the two
labels were clearly present in these sections, but always in different cells (see Figure 8C).
The increased number of PV cells in HVC is thus likely due to an increased expression of
the protein in neurons that were already present before the treatment.

DISCUSSION

Testosterone induces song crystallization and increases the number of PNN in the SCS of

males

We confirmed here that a systemic treatment with testosterone associated with
photostimulation mimics what happens at the onset of the breeding season in terms of
physiology by increasing plasma testosterone and the cloacal protuberance area.
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Correlatively, there is a large increase in the volume of song control nuclei as previously
shown in canaries both in response to photoperiod changes and/or testosterone treatment
(Boseret et al., 2006; Hurley et al., 2008; Sartor and Ball, 2005), reflecting the extensive
seasonal neuroplasticity that has been observed these brain structures (Nottebohm, 1981;
Nottebohm et al., 1987). Moreover, testosterone increased in less than a week the motivation
to sing as indicated by a higher singing rate and percentage of time spent singing. This
replicates effects detected multiple times in similar studies from our laboratories (Alward et
al., 2013; Madison et al., 2015; Sartor et al., 2005; Shevchouk et al., 2018) as well as similar
effects induced by testosterone in female canaries (Bottjer and Dignan, 1988; Fusani et al.,
2003; Hartog et al., 2009; Madison et al., 2015; Nottebohm, 1980).

Additionally, testosterone induced a change in song structure reflected by longer song
durations, an increased sound energy and a displacement of vocalizations towards higher
frequencies. Testosterone also decreased song entropy. The majority of these changes are
observed when canaries crystallize their song and correspond to previous findings regarding
the effects of testosterone on singing behavior (Alliende et al., 2010; Alward et al., 20173,
2016; Madison et al., 2015; Sartor et al., 2005).

It has also been shown in two songbird species that treatment of juveniles with exogenous
testosterone produces an early crystallization of song. This means that the song learning
process is stopped at an early stage which in turn results in adults producing an
impoverished song (in zebra finches: (Korsia and Bottjer, 1991) and in white-crowned
sparrows: (Whaling et al., 1995). Treatment with testosterone in adulthood seems to have a
similar effect on crystallization but the song expressed here by the treated males appeared
quite normal. It would however be interesting to compare in gonadally intact males the
features of song produced during the breeding period in males that have or have not been
treated with exogenous testosterone during the previous autumnal phase of plastic song to
investigate whether the steroid has a similar effect on song structure in adult birds.

These findings clearly indicate that the treatment with exogenous testosterone mimics what
happens at the onset of breeding at the physiological, behavioral and neurobiological levels.
This study also demonstrates that testosterone increases in adult male canaries the number of
PNN in the three key song control nuclei: HVC, RA and Area X. This increase is
systematically accompanied by an increased colocalization around parvalbumin expressing
neurons. These data suggest that the development of PNN around PV-interneurons could
represent a novel mechanism controlling the testosterone-induced annual song
crystallization typical of adult seasonal open-ended learning songbird species, similar to
what happens during development.

Testosterone induces a similar increase in the number of PNN in the SCS of females

In females, there was, as in males, an overall main effect of testosterone on the number of
PNN and of PV+PNN (a trend for PV+PNN in HVC). This suggests that this aspect of
neuroplasticity can also be studied in the brain of females who possess the same
interconnected SCS nuclei as males and produce vocalizations closely resembling male-
typical song when exposed to exogenous testosterone (Madison et al., 2015; Nottebohm,
1980). Interestingly, when the interaction of this treatment with time was significant (in
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HVC and RA), the post-hoc tests showed that the effect of testosterone on PNN and PV
+PNN only became significant after 21 days in females. No significant effect was detected
on day 9, except for an increase on PV neurons in HVC (see below), suggesting that the
development of PNN in song control nuclei is a relatively slow process. The specific
duration of exposure to T required for this development cannot however be precisely
determined since no brains were collected between day 9 and 21. It is also difficult to
compare these latencies in males and females since methodologies were slightly different
and only a single time point (at 24 days) is available for males.

When we performed this experiment on females, we were unable, due to lack of suitable
equipment (see methods), to record their singing behavior. It is nevertheless interesting to
compare the time course of PNN and PV development in the brain of females with the rate
of changes in singing rate and quality of the T-treated males as female canaries treated with
testosterone display similar, though not identical, behavioral and neural changes as males
(Madison et al., 2015). This could provide some information on whether the PNN increase is
the result of, or a prerequisite, for song crystallization.

In females, testosterone increased the volume of HVC, RA and Area X as well as the
number of PNN around PV cells only between 9 and 21 days, while in males, the singing
motivation (song numbers and percentage time spent singing) rapidly increased to reach its
highest level between 3 and 10 days after T-treatment. This increase in singing motivation
was also paralleled by changes in song structure that reached their plateau on day 10,
suggesting that the song became crystallized at that time. If the timing of these mechanisms
is similar in males and females, these data could suggest that the increase in singing
motivation and song crystallization precedes the growth of song nuclei and the increase in
the number of PNN in those nuclei. It is however likely, based on previous work (e.g.
Madison et al., 2015) that singing activity and song structure develop more slowly after
exposure to exogenous testosterone in females than in males. Comparisons between sexes
are therefore extremely hazardous.

It has been shown previously that the motivation to sing is controlled in male and female
canaries by testosterone action in the medial preoptic nucleus (POM), and not by direct
action in the SCS (Alward et al., 2016, 2013; Vandries et al., 2019), and that, accordingly
testosterone induces morphological changes more rapidly in the POM than in the song
control nuclei (Shevchouk et al., 2019, 2017). The present findings as they relate to song
motivation were therefore expected. However, the fact that PNN development might follow
the changes in song structure would counter-intuitively suggest that PNN development
around PV neurons is a consequence rather than a cause of song crystallization. This
conclusion must however remain tentative because a) it is unlikely that the male and female
brain and behavior react to testosterone at the exact same speed, and b) there is no guarantee
that the changes we observed here in male song quality (e.g., decrease in entropy) represent
a full crystallization of the song. A detailed time course experiment analyzing changes in
both brain and behavior in the same male subjects would be needed to reach a final
conclusion.
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In HVC, testosterone induces the development of PNN around additional PV-expressing
interneurons

Interestingly, in male canaries, there was a large increase (more than three times) in the
number of parvalbumin expressing neurons in HVC as well as an increase in the density of
these cells. These increased numbers thus proportionally exceed the growth of HVC volume
induced by testosterone. As parvalbumin characterizes fast-spiking GABAergic interneurons
(Hu et al., 2014), this increase could presumably constitute the cellular basis for the overall
increase of local neural inhibition in HVC that is necessary to maintain a stable crystallized
song (Kosche et al., 2015; Liberti et al., 2016; Vallentin et al., 2016). The rapid inhibition of
specific projection neurons in HVC could be provided by these fast-spiking interneurons.
These cells might also facilitate the production of specific phrases or syllables, like the so-
called sexy or special syllables, which are produced at a high repetition rate and are
particularly attractive for females (Vallet and Kreutzer, 1995). As those syllables are
produced in higher proportions during the breeding season (Voigt and Leitner, 2008), a
higher local inhibition provided by this testosterone-induced increased number and density
of parvalbumin expressing interneurons in HVC is a potential mechanism that would support
this breeding-specific pattern of singing behavior. In addition to the sexy syllable-type
phrases, the canary crystallized song displays a high level of stereotypy that is reflected in
the very accurate and fast syllable repetition (Leitner et al., 2001a; Maddison et al., 2015).

We also asked whether testosterone induced an increase in the tempo of singing in the
present experiment but this could only be assessed by comparing songs in the 4 males that
started singing reliably on day 3. We analyzed within the first 50 trills recorded for each
male on day 3 and 24 the rate (number per sec) of repetition of short syllables (>0.15 sec)
within trills and the number of these syllables per trill. The number of syllables per trill
tended to increase (7.6+0.8 vs.9.9+1.2, means + SEM; t3=3.116, p=0.053) but unexpectedly
the rate at which they were produced (number per sec) actually decreased (14.1+0,8 vs.
12.3£0.7; t3=3.326, p=0.045). No definitive conclusion should however be drawn from these
limited data that need be confirmed by a study with a large number of subjects.

The increased number of PNN and of PV+PNN in HVC without changes in the percentage
of PV interneurons surrounded by PNN strongly suggests that the T-induced addition of
PNN in HVC is causally related to the development of new parvalbumin expressing neurons.
As PNN increase the fast-spiking activity of PV-interneurons (Balmer, 2016), it is likely that
concomitant PV and PNN increase in HVC supports some aspects of the song crystallization
occurring in the spring.

The lower song entropy observed in this study could also be promoted by this increase of PV
interneurons surrounded by PNN in HVC. Indeed, individual RA-projecting neurons in
HVC are activated at the same time as specific elements of the songs are produced (Fee et
al., 2004; Yu and Margoliash, 1996). The control of the neural activity of such neurons could
be provided upstream by inhibitory interneurons within HVC. It has been previously shown
that the local inhibitory dynamics in HVC controls the stability of crystallized song in adult
zebra finches (Kosche et al., 2015; Liberti et al., 2016). Fast-spiking activity of PV-
expressing interneurons surrounded by PNN could enhance local inhibition to monitor the
production of syllables repeated at a high rate and with good accuracy. This hypothesis

Horm Behav. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cornez et al.

Page 19

should nevertheless be confirmed with the use of /n-vivo electrophysiological tools coupled
with the subsequent immunohistochemical analysis of the recorded neurons.

It should be noted that no PV neuron was co-labeled with BrdU in the female experiment
strongly suggesting that the increase in PV neurons does not reflect neurogenesis of this cell
type, but rather the induction of parvalbumin synthesis in neurons that were previously in
place, but did not express this calcium-binding protein. This is in agreement with previous
work in songbirds indicating that neurogenesis in HVC mostly, if not exclusively, concerns
the RA-projecting neurons and there is no replacement in adulthood of Area X-projecting
neurons and of interneurons (Alvarez-Buylla et al., 1988; Balthazart and Ball, 2016; Kirn et
al., 1999, 1991; Scharff et al., 2000; Scott and Lois, 2007; Scotto-Lomassese et al., 2007). A
similar phenomenon (testosterone-induced increase in number of neurons expressing a
protein in the absence of neurogenesis) has been reported in other experimental systems,
namely in the preoptic area and hypothalamus of various species. We showed for example
that the number of aromatase-expressing neurons in the quail preoptic area is increased 4-5
fold when castrated males are treated with testosterone (Balthazart et al., 1996; Foidart et al.,
1994) but essentially no neurogenesis can be detected in this brain area (Bardet et al., 2012;
Mouriec and Balthazart, 2013).

Nevertheless neurogenesis occurred in the HVC of these females following testosterone-
treatment as reported in a previous publication based on the same subjects (Shevchouk et al.,
2017) and it also reached its plateau at 9 days after the beginning of the testosterone
treatment. This suggests that the increased survival of new born neurons, which are mainly
RA-projecting neurons in males (Kirn and Nottebohm, 1993), accompanied by an increased
expression of PV inhibitory interneurons occurs more or less at the same time as the T-
induced song crystallization, which occurs in physiological conditions at the onset of the
male breeding season. The subsequent development of PNN observed here between 9 and 21
days in females would stabilize the connectivity of these new PV-expressing interneurons to
sustain the stable production of the newly crystallized song. Indeed, it was shown that an
important role of the PNN is to act as a physical barrier and, as a scaffold that binds specific
proteins, limits the synaptic plasticity around the fast-spiking PV interneurons (van ‘t
Spijker and Kwok, 2017).

Mechanisms underlying effects of testosterone on PNN

The cellular and molecular mechanisms mediating these effects of testosterone on PNN
development remain poorly understood. Studies in mammals clearly indicate that the
formation of PNN is activity- or experience dependent (Nowicka et al., 2009; Ye and Miao,
2013) and the blockade of calcium or sodium channels prevents their accumulation
(Dityatev et al., 2007). For example in rats and cats, PNN increase with age in the visual
cortex but this increase is inhibited by raising the animals in the dark (Lander et al., 1997,
Liu et al., 2013; Pizzorusso et al., 2002; Ye and Miao, 2013). Similarly PNN development is
inhibited following destruction of a few vibrissae in the corresponding barrel cortex of mice
and rats (Bahia et al., 2008; McRae et al., 2007; Nakamura et al., 2009; Nowicka et al.,
2009). Similar mechanisms are probably playing a role in the context of vocal learning as
suggested by a study in zebra finches showing that tutor deprivation during development
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decreases the number of PNN located around PV cells in the HVC of fully grown males
(Balmer et al., 2009). PNN density also seems to be regulated up-stream by enzymes called
metalloproteinases that are able to degrade several components of the extracellular matrix
(Mott and Werb, 2004; Wen et al., 2018) even if the direct causal link with this enzyme
remains a bit uncertain

The effects of testosterone observed here following exposure to testosterone could therefore
be activity-dependent and result from changes in neuronal firing within the song control
nuclei related to the increased singing activity. Alternatively, testosterone could regulate the
metalloproteinase expression or activity or regulate in a more direct manner the synthesis of
some of the components of the PNN by a local action on genes expression. To discriminate
between these two broad types of action, one could implant testosterone directly in HVC.
Because this would not induce any singing activity per se (Alward et al., 2016), this
manipulation would directly test the activity-dependent aspect of the induction.

Possible role of testosterone-induced PNN development in RA and Area X

In RA, there was a trend for an increase of the total number of PV-interneurons in males but
not in females. The density of PV-interneurons was however decreasing in males, but not in
females, suggesting that in males the total number of PV interneurons in this nucleus
remains constant and there is an increased cell-spacing that matches the previously reported
increased cell-spacing in RA during the breeding season based on studies of sparrows
(Brenowitz, 2004). There was an increase of total PNN and PVV+PNN in the RA of both
males and females as well as an increased percentage of PV-interneurons surrounded by
PNN in females. These data suggest that the development of PNN in RA occurs around PV
interneurons that were already present in this nucleus in females, but may be partly around
new PV-expressing interneurons in males.

The seasonal increase in RA volume is due to increased cell spacing partly under the
influence of new projections coming from HVC (DeVoogd et al., 1985). When the song
crystallizes, the development of PNN around PV-interneurons could participate to the
stabilization of these new connections. This would however require that the new HVCgra
projecting neurons terminate their axon, at least in part, on inhibitory neurons (that express
parvalbumin) in RA. Nevertheless, an increased number of PNN in RA as possibly induced
by testosterone could stabilize inhibitory microcircuits and participate to the production of a
stable song. Indeed, implanting an androgen receptor blocker in RA of male canaries has
been shown to increase the variability of syllables from one rendition to the other (Alward et
al., 2017a).

In Area X, testosterone increased the total number of PV-interneurons in both males and
females. This increase had however a lower magnitude than in HVC (+60% in males and
even less in females) and was not accompanied by an increase in density in males. This
change is thus proportional to the growth of the nucleus volume. In contrast, there was an
increased density of these measures in females, so that the increase in the number of PNN
exceeded the growth of the nucleus. There was again an increased number of PNN and PV
+PNN in the Area X of both males and females, suggesting a possible involvement in the
testosterone-induced seasonal plasticity.
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Area X is at the origin of the anterior forebrain pathway: it projects to the medial portion of
the dorsolateral thalamus (DLM) which in turn projects to the lateral part of the
magnocellular nucleus of the anterior nidopallium (LMAN) which then projects to RA
(Nordeen and Nordeen, 2008). This pathway is implicated in song learning but also in the
generation of song variability that is important for sensorimotor learning during ontogeny
and also for the maintenance of a stable song in adulthood (Andalman and Fee, 2009; Kao et
al., 2005; Tumer and Brainard, 2007). LMAN expresses a high density of androgen
receptors (Balthazart et al., 1990) and it is also a potentially important site of androgen
action on song crystallization in that LMAN lesions reduce the song variability of T-induces
song in adult female canaries (Rouse and Ball, 2016). Similarly, lesions of Area X are
known to eliminate within-syllable variation in fundamental frequency, which potentially
plays a role in the motor exploration that enables reinforcement-driven song learning
(Kojima et al., 2018).

One of the main functions of Area X is to monitor through its action via DLM the neural
activity of LMAN (Brainard, 2008, 2004) and it is thus possible that PNN development in
this nucleus could decrease the song variability induced by LMAN. Area X sends inhibitory
projections to DLM which in turn excites LMAN (Luo and Perkel, 1999). A higher
inhibitory signal provided by Area X would consequently decrease DLM and LMAN
activity and the song variability that correlates positively with LMAN activation. Moreover,
after T treatment, a lower percentage of PNN are found around PV-expressing cells in Area
X (61.55%) compared to other SCS nuclei and compared to other SCS nuclei of adult zebra
finches (Cornez et al., 2015). PNN in Area X could thus surround projection neurons that do
not express parvalbumin. PNN could potentially develop around inhibitory projection
neurons (expressing or not parvalbumin) to limit the synaptic plasticity and stabilize the
inhibitory signals sent to DLM after the learning of the newly crystallized songs. Another
possible function of PNN in Area X would be the stabilization of local inhibitory circuits as
in HVC and RA. In both cases, knowing that Area X is important for song learning and for
the control of song variability (Brainard, 2004), the development of PNN in Area X
probably plays an important role in the testosterone-induced stabilization of newly
crystallized songs that are produced by adult open-ended seasonal songbirds at the onset of
the breeding season.

CONCLUSIONS

Together, the present data suggest a clear correlation between the increase of PV-
interneurons in HVC and Area X, the development of PNN around these neurons in HVC,
RA and Area X and the song crystallization that occurs at the onset of the breeding season in
males. PNN development is probably an important mechanism of the testosterone-induced
neuroplasticity that controls the seasonal changes in vocal behavior. If PNN limit the
synaptic plasticity in the SCS as was shown in the mammalian visual cortex (Liu et al.,
2013; Pizzorusso et al., 2002), one would expect a lower number and density of PNN in the
SCS of adult open-ended learning species during the fall when the song is more variable. In
a previous study, we were not able to detect any variation in PNN expression in starlings that
were exposed to various photoperiodic treatments placing them in the physiological
conditions corresponding to the different phases of the annual cycle (Cornez et al., 2017). In

Horm Behav. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cornez et al. Page 22

contrast, we showed here that treating male or female canaries with exogenous testosterone
increases PNN expression in the 3 main telencephalic song control nuclei. As previously
mentioned, it is probable that the very low level of PNN in starlings relates to their capacity
to learn new songs as adults at any time during the annual cycle. The more limited song
plasticity in canaries who can only modify their song during autumn suggests that they
might be a better experimental model for the study of the expression and role of PNN in
adult song plasticity. The present study of the effects of testosterone confirms this
suggestion.
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. These brain changes occur in parallel with the activation of singing activity

. These brain and behavioral effect of testosterone are observed in both sexes

Highlights

Perineuronal nets are present in high numbers in song control nuclei of
canaries

Testosterone stimulates development of perineuronal nets in song control
nuclei

Testosterone also increase parvalbumin expression in these nuclei
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(A) Plasma testosterone concentration (ng/ml) before the treatment (Pre) and at brain
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Syrinx

Ctrl

collection (Post) as well as cloacal protuberance size (B) and syrinx weight (C) at brain
collection in control (light grey) and T-treated (black) castrated male canaries. Results of the
2-Way repeated measures ANOVA are summarized in the insert in panel A. Significant
differences between treatments at each time point as determined by Tukey post hocs (panel

A) or by unpaired t-test (panels B and C) are indicated above the corresponding bars.

(%) =p<0.10, **= p<0.01, ***= p<0.001.
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Figure 2.

(A) Number of songs produced and (B) percentage of time spent singing during the first
hour of recording in control (dotted line; only one bird sang at low rate, others had zero
scores) and T-treated (continuous line) castrated male canaries at days -2, +3, +10, +17 and
+24 (day 0 being the day of implant insertion). Results of the 2-Way repeated measures
ANOVA are summarized in the inserts. When the interaction is significant, significant
difference between treatments within a given time point as determined by Tukey post-hoc
tests is shown. Statistical significance is indicated as follows: *) p<0.10, ** p<0.01, ***
p<0.001.
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Figure 3.
Representative spectrograms of the songs produced by a same testosterone-treated male after

3, 10 and 24 days of exposure to the steroid. Panel A shows three very short songs (1-2 sec)
produced after only 3 days of exposure to testosterone by a male who was not signing at all

before. Panels B and C illustrate the fact that already after 10 days complex well-structured

songs are produced by the castrated males treated with testosterone.
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Figure 4.

(A) Song duration (seconds), (B) song energy (dB), (C) 3" Quartile frequency (Hz) and (D)
song average entropy (bits) at days +3, +10, +17 and +24 in 4 T-treated castrated male
canaries that had started singing 3 days after the treatment. These song characteristics could
obviously not be evaluated in control males that did not sing, with only one exception. The
results of the repeated measure ANOVA are indicated in the insert. When the ANOVA is
significant, significant differences with day +3 as determined by Tukey post hoc are shown.
Statistical significance is indicated as follows: * p<0.05, ** p<0.01.
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Figure 5.

Representative photomicrographs at low magnification illustrating the specific labeling of
HVC, RA and Area X by the dense clusters of PV and PNN and the increased volume of
these nuclei in testosterone treated males by comparison with control birds who received
empty Silastic™ implants.
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(A-C) Nucleus volume (mms3), (D-F) total number of PNN/nucleus, (G-I) total number of
PV/nucleus and (J-L) total number of PV+PNN/nucleus in HVC, RA and Area X of control
(light grey) and T-treated (black) male canaries. Significant differences between groups
identified by unpaired T-tests are indicated as follows: (*) p<0.10, * p<0.05, ** p<0.01.
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(A-C) Volume of song control nuclei (mm?2), (D-F) total number of PNN/nucleus, (G- total

number of PV/nucleus and (J-L) total number of PV+PNN/nucleus in HVC, RA and Area X
of control (light grey) and T-treated (black) female canaries. Results of the 2-Way ANOVA

of these data are summarized in the inserts. Significant interactions were further analyzed by
Tukey post-hoc tests whose results are indicated as follows: (*) p<0.10, * p<0.05, ** p<0.01,
*** 1n<0.001 by comparison with the control group at the same time point.

0.2+

8004

600+

4004

2004

600+

400+

200+

RA
treatment * = Ctr
time i -
interaction ***

treatment *
time b
interaction **

D+1 D+2

treatment ™
time ™
interaction "®

D+21

D+1 D+2 D+9 D+21
treatment * 0 Crl
time * |WET
interaction ***
*kk

Horm Behav. Author manuscript; available in PMC 2021 March 01.

0.4+

0.34

0.1

0.0

F

Page 36

Area X
treatment™s | 3 Ctrl *
time sl T "
interaction *

800
600]

D+1 D+2 D+9 D+21
treatment ** = Ctrl
time *) ;T '

v
interaction *)

400+

200+

30004

2000+

1000+

0

L
800
1

600

treatment *
time g

interaction (*)

D+1 D+2 D+9 D+21
treatment ** | 2 Ctrl
time " mT v
interaction ™) |+

400+

2004

04

D+1 D+2

D+21



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cornez et al.

Page 37
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—p

Figure 8.
(A-B) Representative PV and PNN co-labeling in the brain of control (A) and T-treated (B)

females 21 days after the implants. PV-expressing cells appear in red, PNN appear in green.
(C) PV and BrdU labeling in the brain of a T-treated female 21 days after the implantation,
showing no colocalization of the two labeling. PV-expressing cells appear in red, BrdU-
positive cell nuclei appear in green.
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