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Dissociable Effects on Birdsong of Androgen Signaling in
Cortex-Like Brain Regions of Canaries
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The neural basis of how learned vocalizations change during development and in adulthood represents a major challenge facing cognitive
neuroscience. This plasticity in the degree to which learned vocalizations can change in both humans and songbirds is linked to the
actions of sex steroid hormones during ontogeny but also in adulthood in the context of seasonal changes in birdsong. We investigated the
role of steroid hormone signaling in the brain on distinct features of birdsong using adult male canaries (Serinus canaria), which show
extensive seasonal vocal plasticity as adults. Specifically, we bilaterally implanted the potent androgen receptor antagonist flutamide in
two key brain regions that control birdsong. We show that androgen signaling in the motor cortical-like brain region, the robust nucleus
of the arcopallium (RA), controls syllable and trill bandwidth stereotypy, while not significantly affecting higher order features of song
such syllable-type usage (i.e., how many times each syllable type is used) or syllable sequences. In contrast, androgen signaling in the
premotor cortical-like brain region, HVC (proper name), controls song variability by increasing the variability of syllable-type usage and
syllable sequences, while having no effect on syllable or trill bandwidth stereotypy. Other aspects of song, such as the duration of trills and
the number of syllables per song, were also differentially affected by androgen signaling in HVC versus RA. These results implicate
androgens in regulating distinct features of complex motor output in a precise and nonredundant manner.
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Vocal plasticity is linked to the actions of sex steroid hormones, but the precise mechanisms are unclear. We investigated this question in
adult male canaries (Serinus canaria), which show extensive vocal plasticity throughout their life. We show that androgens in two
cortex-like vocal control brain regions regulate distinct aspects of vocal plasticity. For example, in HVC (proper name), androgens
regulate varijability in syntax but not phonology, whereas androgens in the robust nucleus of the arcopallium (RA) regulate variability in
phonology but not syntax. Temporal aspects of song were also differentially affected by androgen signaling in HVC versus RA. Thus,
androgen signaling may reduce vocal plasticity by acting in a nonredundant and precise manner in the brain. j
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ory of the tutor song (for review, see Hultsch and Todt, 2004).
They then experience a sensorimotor phase that in temperate
zone songbirds occurs during the following spring. The sensori-
motor phase starts with a period of quiet variable vocalizations
labeled subsong (akin to babbling) followed by periods of highly
variable song with adult elements called plastic song that culmi-
nates in stable crystallized song. Experiments in sparrows dem-
onstrated that this process of moving from variable song to stable
crystallized song is dependent on T (Marler et al., 1988). Cas-
trated male sparrows failed to transition out of the plastic song
state, whereas treatment with T induced crystallization; in some
birds the T implant was removed and the birds returned to a state
of plastic song (Marler et al., 1988). Some seasonally breeding
songbirds such as male canaries (Serinus canaria) additionally
undergo substantial changes in vocal stability as adults: during
the fall (i.e., nonbreeding season) when T concentrations are low,
they repeat the sensorimotor phase, and can produce a new crys-
tallized song during the spring (i.e., breeding season) when T
concentrations are high (Nottebohm et al., 1986).

The neural basis of vocal behaviors transitioning from a vari-
able to a stable state can be investigated experimentally in song-
birds. First, birdsong is controlled by a network of telencephalic
nuclei with distinct functions (Fig. 1). Throughout this telence-
phalic brain circuit there is a distinct pattern of androgen recep-
tor (AR) expression (Balthazart et al., 1992; Bernard et al., 1999;
Gabhr, 2001). Recent research makes it clear that T has nonredun-
dant effects on song production in both the brain and the periph-
ery (for review, see Alward et al., 2017). We know for example
that the motivation to sing can be activated by T acting outside
the song system in the medial preoptic nucleus (POM; Alward et
al., 2013). However, song stimulated by T action only in the POM
lacks stereotypy and the simultaneous implantation in HVC res-
cues the deficit (Alward et al., 2016¢). A gap in our knowledge
concerns what the specific effects of T are in two key forebrain
song control nuclei that express AR, HVC, and robust nucleus of
the arcopallium (RA; Fig. 1); these nuclei are essential for con-
trolling fundamental aspects of song such as syllable acoustic
structure (RA; Yu and Margoliash, 1996; Sober et al., 2008), syl-
lable sequencing, and which syllable types are used (HVGC;
Bouchard and Brainard, 2013; Basista et al., 2014).

Here, we investigate these questions in canaries, which maintain
their ability to alter their song in adulthood (Nottebohm et al., 19865
Gahr et al., 2001), making them an excellent model system in which
to study the androgenic regulation of vocal plasticity. We blocked
AR selectively in HVC and RA to assess what aspects of song are
supported by T acting in these nuclei specifically.

Materials and Methods

Animals used and pre-experimental manipulations. The protocols and
procedures used here were approved by the Johns Hopkins University
Animal Care and Use Committee (Protocol: AV14A112). Twenty-eight
male canaries (Serinus canaria) of the Border strain were used for this
study. Canaries were obtained from a local breeder (Maryland Exotic
Birds). All birds were 1-2 years of age and had all experienced at least one
breeding season before the beginning of the present study. Upon entry
into the laboratory, birds were placed on a short-day photoperiod (8/16 h
light/dark) for 6 weeks to induce photosensitivity (Nicholls and Storey,
1977; Hurley et al., 2008). Birds were housed in mixed-sex groups.
Bilateral implantation of flutamide targeting HVC or RA. Birds were
anesthetized using isoflurane gas (3-4%) and implanted subcutane-
ously with T-filled SILASTIC implants (Dow Corning; outside diame-
ter = 1.65 mm, inside diameter = 0.76 mm; 12 mm in length filled with
10 mm of T, Sigma-Aldrich T-1500; RRID: CHEBI:17347) in the same
fashion as in our previous studies (Alward et al., 2013, 2016¢). We im-
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Figure 1. Steroid hormone receptors are expressed throughout the vocal motor pathway of
the song control circuit. This simplified schematic shows the distribution of ARs, ERs, and aro-
matase (AROM), the enzyme that converts T to estradiol, in the vocal motor pathway (VMP) of
the song control system. HVC (proper name) projects to RA. RA controls motor neurons in the
tracheosyringeal portion of the twelfth cranial nerve (nXIlts), which in turn controls the muscles
of the syrinx, the avian vocal organ, to generate birdsong. ARs are expressed at every level of the
VMP, whereas ERs are expressed only in HVC. *ER is expressed in HVC only in some species,
including canaries (Ball etal., 2002). **AROM mRNA is not found in HVC, but AROM protein has
been observed in presynaptic boutons in HVCin zebra finches (Peterson et al., 2005).

planted all birds with subcutaneous T given observations in our labora-
tory and others that some males sing at very low rates (Calder, 1970;
Alward etal., 2016b) and that laboratory held males have lower plasma T
concentrations than wild-caught individuals even when held on long
days (Calder, 1970; Meitzen et al., 2007). Implanting all birds with T thus
increased experimental and statistical power. Others have used similar
techniques in different songbird species to ensure high rates of singing
(Meitzen et al., 2007).


http://www.ebi.ac.uk/chebi/searchId.do?chebiId=CHEBI:17347

8614 - J. Neurosci., September 6, 2017 - 37(36):8612— 8624

Immediately following subcutaneous implantation of T, birds were
placed in a stereotaxic apparatus modified for use in small birds such as
canaries with the beak holder placed 45° below the horizontal axis of the
apparatus and then continued to be exposed to isoflurane gas. We used
an identical implant procedure as in our previous work but performed
bilateral instead of unilateral implants (Alward et al., 2013, 2016¢). Birds
were bilaterally implanted with 27-gauge cannulae targeting HVC or RA
filled with crystalline flutamide (Sigma-Aldrich, Flutamide F9397; RRID:
CHEBI:5132) or left empty as a control. Needles were filled over a length
of ~2 mm with flutamide using a technique identical to Balthazart and
Surlemont (1990). Implants were cleaned using acetone and a Kimwipe
to remove any flutamide that stuck to the outside of the cannula.

Flutamide is a potent nonsteroidal androgen receptor antagonist that
has been used extensively in songbirds and other species as a global and a
local antagonist for androgen signaling, with no reports of apparent tox-
icity or off-target effects (Balthazart and Surlemont, 1990; Bottjer and
Hewer, 1992; Soma et al., 1999b; Singh et al., 2000; Naghdi et al., 2001;
Brown, 2004; Van Duyse et al., 2005; Grisham et al., 2007; Meitzen et al.,
2007; Fuxjager et al., 2012; Hejmej et al., 2013).

In line with previous work, our goal was to place each cannula near but
not into HVC or RA (Meitzen et al., 2007; Alward et al., 2013, 2016¢).
Thus, implants were placed lateral to HVC and dorsolateral to RA. Of
course, for HVC it would have been optimal to place the cannulae di-
rectly dorsal to (i.e., above) the nucleus; however, this is particularly
challenging given that in all likelihood the cannulae would not remain in
place and/or deliver flutamide into the adjacent lateral ventricle. More-
over, it is paramount to avoid inserting the cannulae directly into the
nucleus, given the possibility of damage to the nucleus of interest. Indeed,
lesions in different parts of HVC lead to changes in neural activity in a
highly topographical manner (Stauffer et al., 2012) and medial versus
lateral portions of HVC regulate distinct features of song (Basista et al.,
2014). This technique has been used previously in neuroendocrine stud-
ies and shown to be effective in delivering the compound of interest while
avoiding damage to the nucleus of interest, which could lead to con-
founding effects (Meitzen et al., 2007; Alward et al., 2013, 2016¢).

Coordinates for targeting HVC were as follows: —0.6 mm from the
dorsal surface of the brain, anterior—posterior: —2.3 mm from the rostral
tip of the cerebellum, and medial-lateral: 3.0 mm from midline. Coor-
dinates for RA were as follows: —2.40 mm from the dorsal surface of the
brain, anterior—posterior: —0.9 mm from the rostral tip of the cerebel-
lum, and medial-lateral: ==2.70 mm from midline. Fifteen canaries were
implanted with cannulae bilaterally targeting HVC: 12 of these birds were
implanted with flutamide (HVC-flut) and three birds were implanted
with empty cannulae (HVC-noflut). Thirteen canaries were implanted
bilaterally with cannulae targeting RA: 10 of these birds were
implanted with flutamide (RA-flut) and three birds were implanted with
empty cannulae (RA-noflut). The relatively lower numbers for the
“empty” controls were chosen based on expected variation in implant
sites and the fact that AR blockade in HVC and RA affects singing behav-
ior in a specific manner only when the implants are near the edge of the
nucleus (Meitzen et al., 2007). Moreover, the implant procedure we used
here has been shown to produce highly localized effects on the brain
nucleus of interest (Alward et al., 2013, 2016¢). This is largely explained
by the fact that in all songbirds in which AR expression patterns have
been studied, including canaries, ARs are expressed in HVC and RA but
not in the surrounding nidopallium and arcopallium (Balthazart et al.,
1992; Smith et al., 1996; Gahr and Metzdorf, 1997; Bernard et al., 1999;
Soma et al., 1999a). Data from birds with flutamide cannulae that were
found to be located too distant from HVC or RA (see below) were pooled
with data from the corresponding control group after confirming by
statistical analyses that they did not differ.

Animal housing and care. Immediately following stereotaxic implan-
tation, birds were placed individually in sound-attenuating recording
chambers (41 X 48 X 51 cm) set to a long-day photoperiod (14/10 h
light/dark) to simulate breeding conditions (Nicholls and Storey, 1977;
Hurley et al., 2008; Alward et al., 2014). Chambers contained a wooden
perch and birds could move freely, perform wing stretching, dusting, and
self-preening behavior. Each chamber was outfitted with a recording
device that captured video and audio recordings (recording parameters
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are described below). All of these cameras were connected to a computer
that allowed continuous real-time audiovisual observations of the indi-
vidual birds. Birds were housed alone given our previous work demonstrat-
ing that male canaries sing when housed alone on long days but reduce
singing substantially and sometimes do not sing at all when housed with a
female (Alward et al., 2014).

Song recording and analysis. Isolation chambers were outfitted with a
microphone (BT-MP8087 Mini microphone, B&H Photo and Electron-
ics) and camera (KPC-600 Pinhole Camera 3.6 mm, B&H Photo and
Electronics) connected to a computer running DVRserver (v6.33b,
Mammoth Technologies) designed for real-time video and audio surveil -
lance recording. Each day, the DVRserver captured song behavior from
08:00 to 10:30 A.M. (lights on at 08:00 A.M.) in .wav files sampled at
22,050 Hz which translated to a frequency range of 0—11 kHz. Song files
were run through a high-pass filter set to a threshold of 900 Hz to remove
low-frequency noise and converted to a digital format using Goldwave
(v5.55) before they were visualized into sound spectrograms using Avi-
soft (SASlab Pro, RRID: SCR_014438), a Windows application for inves-
tigating animal acoustic communication. For the spectrograms, the fast
Fourier transform length was set to 512 with an overlap of 75% for the
temporal resolution. Songs were defined as vocalizations having a dura-
tion >1 s with no gaps longer than 500 milliseconds (Voigt and Leitner,
2008; Alward et al., 2013, 2014, 2016a,b,c). Spectrograms were visually
inspected to further eliminate noise that escaped the filter.

Based on work by Meitzen et al. (2007) and Alward et al. (2013), we
intended to analyze song during an early (e.g., day 10), middle (e.g., day
14), and later time point (e.g., day 21, the last day of treatment). How-
ever, we found that on some of the early and middle days some birds did
not sing during our recording time from 08:00 to 10:30 A.M. These
observations are very similar to what we observed in a recent study from
our laboratory (Alward et al., 2016b) and the time course for the increase
in song rate for all birds regardless of hormone treatment was also very
similar to what we observed our previous work (Alward et al., 2016b).
Therefore, we analyzed songs during time blocks over days 10—12 and
days 13—14, which allowed us to include all birds in our analyses and to
perform repeated-measures ANOVAs which increased our statistical
power. Meitzen et al. (2007) used nearly identical sampling periods in
their study on singing in white-crowned sparrows when males were im-
planted with AR or estrogen receptor (ER) antagonists targeting HVC.
Other studies have also binned across days when analyzing changes in
song (Pytte et al., 2012; Madison et al., 2015).

Quantification of song rate and whole-song bandwidth stereotypy. Song
rate (no. of songs/hour) was determined by dividing the total number of
songs sung by each bird during each time bin by the total number of
hours analyzed within that time bin. We also quantified whole-song
bandwidth stereotypy. We have shown previously that the stereotypy of
whole-song bandwidth (bandwidth = the difference between the mini-
mum and maximum frequency) changes substantially as a function of T
action in canaries (Alward etal., 2013, 2016¢). Using the Avisoft software
package, we quantified the bandwidth of each whole song on each
analysis day. We then computed whole-song bandwidth coefficient of
variation (CV), which is the SD of bandwidth across individual songs
produced by a given bird, divided by the average bandwidth across those
songs multiplied by 100. CV is a measure of consistency of an acoustic
feature over renditions of songs and has been used extensively in bird-
song studies as a measure of song stereotypy (Meitzen et al., 2007; Sakata
etal., 2008; Alward et al., 2013, 2016a,b,c). A higher value of whole-song
bandwidth CV means that over song renditions, the bandwidth of whole
song is less stereotypic.

Quantification of trill and syllable bandwidth stereotypy. We were also
interested in quantifying the bandwidth stereotypy of units of song that
vary over distinct temporal domains. Syllables are considered to be in the
shortest temporal domain, and are the minimal units of production of
birdsong that, when strung together, form phrases. Phrases are then
strung together to form whole songs (Catchpole and Slater, 2003). Pre-
vious work suggests that these distinct temporal domains are controlled
differentially by HVC and RA (Margoliash, 1997).

A particular type of canary phrase is referred to as a trill, which is the
fast repetition of a syllable type (Catchpole and Slater, 2003). We ana-
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Flutamide specificity and syllable of interest for analysis of bandwidth stereotypy. 4, The white arrow indicates an example of the syllable used in the automated syllable analysis.

B, Effects of flutamide-filled implants targeting the area directly adjacent to HVC were correlated to their distance medial to the lateral part of HVC (IHVC). All birds with flutamide-filled implants
presented here were in the “Flut” group as their cannula tip was in each case near HVC. ¢, Photomicrograph of Nissl-stained section illustrating an implant located near HVC (delineated by dashed
border). D, Flutamide-filled implants targeting RA were also highly spatially effective depending on their distance dorsal to the dorsal edge of RA (dRA). E, Photomicrograph of Nissl-stained section
illustrating an implant located near RA (delineated by dashed border). F, CP was not different in birds treated with empty cannula (Ctrl) or flutamide-filled cannula (Flut), suggesting flutamide did
not leak into the general circulation (Tramontin et al., 2003; Alward et al., 2016c). Scale bars: C, E, 200 pum.

lyzed the bandwidth stereotypy of trills, given previous work showing
seasonal changes in trill production in wild canaries (Voigt and Leitner,
2008). Trills were quantified similarly as in Alward et al. (2016b). Briefly,
we visually inspected songs for trills sung within a bout of continuous
singing of 5 min. Using this visual inspection method, we were able to
identify particular trill types. To quantify the bandwidth of each trill, we
dragged the cursor over each trill, manually labeled each trill, and then
computed bandwidth. Bandwidth stereotypy was analyzed for each trill
separately and then collapsed into an overall trill stereotypy value. We
and others analyzing canary song have also used a visual inspection
method for the quantification of individual song components such as
trills and syllables (Markowitz et al., 2013; Alward et al., 2016b).

Previous studies assessing different components of canary song have
analyzed syllable acoustic stereotypy based on the features of a common
syllable type; i.e., a syllable type sung by most or all birds (Iserbyt et al.,
2017). While quantifying trills across birds, it became apparent that each
bird sang a common syllable type that possessed distinct acoustic and
temporal features that permitted an automatic analysis of this particular
syllable type for all subjects (Fig. 2A).

Therefore, we quantified in all birds this particular syllable type to
determine syllable bandwidth stereotypy. These syllables were sung in
succession as part of a trill. To conduct an unbiased analysis of the ste-
reotypy of these syllables, 40 of these syllables were randomly selected for
each bird and each day from the total number of syllables detected and
they were quantified based on the same features we used for trills and
overall songs. An alternative approach would be to attempt to analyze the
acoustic features of all syllables across the songs of the birds included in
this study. However, the strategy we used in this study is valid and pro-
duced meaningful and interpretable results. Indeed, our goal was to
assess how androgen signaling in HVC versus RA may regulate distinct
features of canary song and previous investigators have successfully used
approaches similar to ours to investigate different features of canary
songs, trills, and syllables (Nottebohm et al., 1986; Leitner et al., 2001;
Alward et al., 2013, Alward et al., 2016a,b,c; Markowitz et al., 2013;
Iserbyt et al., 2017.

Quantification of the variability of syllable-type usage and syllable
sequencing. Canaries sing a variety of syllable types (Nottebohm et al.,
1986; Catchpole and Slater, 2003). Syllable types were labeled manually
in Avisoft by placing brackets around the whole rendition of that syllable

type. Within a given year, canaries do not change the number of different
syllables they produce, but the variability of how often each syllable type
is used (hereon called “syllable-type usage variability”) and how they are
sequentially arranged has been shown to change seasonally (Nottebohm
et al., 1986). For each bird on the days on which song was analyzed, we
manually labeled syllables in 10—20 songs or ~180-300 syllables. Differ-
ent syllables can be labeled reliably by visual means, and manual labeling
methods have been used by us and others when quantifying different
syllable types in canary song (Nottebohm et al., 1986; Leitner et al., 2001;
Markowitz et al., 2013; Alward et al., 2016b; Iserbyt et al., 2017).

To assess syllable-type usage variability, we quantified the zero-order
entropy of syllable usage, which is defined as follows:

zero-order entropy = —2p; X log,(p;),

where the sum is over all of the different syllables and p; is the probability
of each syllable occurrence. Zero-order entropy values were standardized
across birds to the maximum amount of entropy possible by the follow-
ing formula:

syllable-type usage variability = zero-order entropy/log,(y),

where y is the number of different syllable types produced by each bird, as
done in previous work (Parker, 2009). This yielded syllable-type usage
variability values between 0 and 1, where 1 is the maximum possible
entropy (i.e., maximum randomness or variability of syllable-type us-
age). The higher this number, the more variable is syllable-type usage.

We measured syllable sequence variability by methods similar to oth-
ers (Nottebohm et al., 1986; Sakata et al., 2008; Matheson et al., 2016).
We analyzed for each bird transitions from its dominant (i.e., most fre-
quently used) syllable type to all other types. We first determined the
dominant syllable type from the labeled syllables that were used for quan-
tifications of syllable-type usage variability and then quantified first or-
der entropy for the dominant syllable type by:

first-order entropy = —2p; X log,(p;),

where the sum is over all over possible transitions and p; is the probability
of the ith transition from the dominant syllable type. As for syllable-type
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usage variability, we standardized this measure with the following
formula:

syllable sequence variability = first-order entropy/log,(z).

where z is the number of different syllables that followed the dominant
syllable type. This yielded syllable sequence variability values between 0
and 1, where 1 is the maximum possible entropy (i.e., maximum ran-
domness or variability of syllable sequence). In some cases, the dominant
syllable type was the first syllable in a part of a syllable sequence that
occurred >95% of the time. These types of transitions are considered to
be fully stereotyped sequences (e.g., similar to motifs in zebra finch
songs). For these situations, we treated the transitions from these stereo-
typed sequences as “branch points” (e.g., in the fully stereotyped se-
quence A-B, the transitions from B were used for calculating first order
entropy) as done in previous studies (Sakata et al., 2008; Hampton et al.,
2009; Tchernichovski and Marcus, 2014; Matheson et al., 2016). There
was no effect of treatment on the presence of dominant syllable types that
were defined as branch points.

Brain extraction, fixation, and cloacal protuberance measurements.
Twenty-one days after treatment initiation, birds were deeply anesthe-
tized (4% isoflurane), weighed, rapidly decapitated, and their brain was
extracted and fixed in acrolein. Brains were agitated in 5% acrolein for
2 h, and then washed for 15 min four times in PBS and cryoprotected in
30% sucrose overnight. Brains were flash frozen in dry ice for 5 min and
then placed into a —70°C freezer. We also measured the length and width
of the cloacal protuberance (CP), an androgen-sensitive organ (Meitzen
et al., 2007; Alward et al., 2016a). If flutamide did not enter into the
general circulation, all birds should experience a similar increase in the
size of the CP after being exposed to long days and a SILASTIC T implant.

Cryosectioning and histological verification of implant site. Brains were
sectioned on a cryostat from the olfactory bulb to the brainstem in four
series of 30-um-thick transverse sections that were stored in cryopro-
tectant into a —20°C freezer. One series was later mounted on gelatin-
coated slides and exposed to air for a day. These mounted sections were
then Nissl stained and coverslipped using Permount (Fisher Scientific).

Photomicrographs of HVC and RA were taken at 2.5X magnification
in the Nissl-stained sections using an Axiocam attached to a Zeiss Axios-
kop. HVC and RA are easily identifiable in Nissl-stained sections and the
cannula tracts were also readily apparent as in our previous studies (Al-
ward et al., 2013, 2016¢). We determined the implant locations under
microscopic analysis and took images of the implant tracts. Using Image]
(NIH; RRID: SCR_003070) we quantified the distance from the cannula
tip to either HVC or RA in the rostrocaudal, dorsoventral, or mediolat-
eral plane for all birds that received bilateral flutamide implants.

Specificity of action for flutamide-filled cannulae was determined by
correlating the functional response (whole-song bandwidth stereotypy)
with the position of the cannulae relative to the brain region-of-interest.
As mentioned above, for HVC, the goal was to place the cannula tips
adjacent (lateral) to the nucleus to minimize damage to the nucleus
(Meitzen et al., 2007). For RA, the goal was to place cannula tips directly
above or adjacent to the nucleus for the same reason (Meitzen et al., 2007;
Larson et al., 2013). For HVC, only distance of the cannula tip lateral to
HVC was used to determine specificity because most cannula tips did not
occur ventral to HVC, making a meaningful analysis of variation based
on dorsoventral distance to HVC and whole-song stereotypy impossible.
For RA, only variation in the dorsoventral plane was used as a reliable
indicator of cannula distance, given that only one bird had a cannula tip
that did not occur directly dorsal to RA (i.e., values for distance in the
medial-lateral plane for cannula tips were mostly “zero”).

Distances were determined for each hemisphere separately. There
were no differences between the left and right hemispheres in cannula
distances from the nucleus of interest for HVC (unpaired ¢ test, p = 0.28)
or RA (unpaired t test, p = 0.11). Therefore, for each bird we averaged
over both hemispheres the implant distances from each nucleus. Because
all flutamide cannula that missed were substantially caudal to the caudal
portion of the nucleus of interest, they were not included in a correla-
tional analysis relating distance to HVC or RA and the effect on whole-
song bandwidth stereotypy.

Alward et al. @ Hormonal Control of Vocal Plasticity

Statistical analyses. Mixed-design ANOVAs were used to determine
the effects of AR antagonism in either region on song measures, using day
(days 10—12, 13-14, and day 21) as the within-subjects factor and treat-
ment (flutamide vs empty) as the between-subjects factor. Greenhouse—
Geisser-corrected p values were used. Following significant interactions
in the omnibus ANOVA, post hoc Scheffe’s tests were used to determine
the differences driving the interaction effects. A mixed-design ANOVA
was also used to assess the effects of treatment on CP size, wherein time
(pretreatment vs post-treatment) was the within-subjects factor and
treatment (flutamide vs empty) was the between-subjects factor. Corre-
lational analyses were conducted using Pearson’s r. Effects were consid-
ered significant at p = 0.05. Effect sizes were calculated as partial eta
squared (nf,) to describe the importance of a significant effect in the
omnibus ANOVA.

Results

Specificity of flutamide treatment

Some birds had a lesioned HVC (3 birds) or lesioned RA (1 bird)
or only had a unilateral implant located near HVC (1 bird) or RA
(2 birds) instead of bilateral implants. Due to the sparse nature of
this variation, these birds could not be placed into a specific treat-
ment group and were thus excluded from statistical analysis.

Two birds treated with a flutamide implant targeting HVC
that missed the nucleus (implant tip >600 wm caudal to the
nucleus) were shown to have song stereotypy values that were not
different from controls (unpaired ¢ test, p = 0.66); they were thus
added to the control group. A similar observation was made for
two birds treated with flutamide targeting but missing RA (im-
plant tip was >400 wms dorsal to the nucleus; unpaired t test, p =
0.37); they were similarly added to the control group. Therefore,
the final sample sizes were as follows: HVC: control, n = 5; flut-
amide, n = 9; RA: control, n = 5; flutamide, n = 5 (total N = 24).

The distance from the flutamide-filled cannula tip to the nu-
cleus of interest was negatively correlated with the overall song
stereotypy of the birds (Fig. 2B—E; for HVC: distance lateral to
HVC vs day 21 song bandwidth CV, n =9, r = —0.83, p < 0.05;
for RA: distance dorsal to RA vs day 21 song bandwidth CV, n = 5,
r=—0.82,p < 0.05).

The CP size did not differ between birds treated with flutamide or
empty cannula (Fig. 2F; t,,, = 0.69, p = 0.49), indicating that flut-
amide did not leak into the general circulation (Bottjer and Hewer,
1992; Meitzen et al., 2007; Alward et al., 2016c).

Androgen signaling in HVC and RA regulates whole-song
bandwidth stereotypy but not the motivation to sing
Song rate was not significantly affected by antagonism of ARs in
either HVC (p > 0.20 for all sources of variation in the mixed-
design ANOVA; overall mean *+ SEM for HVC-Ctrl = 28.24 =
5.76 and HVC-flut = 32.68 = 7.41) or RA (p > 0.21 for all
sources of variation in the mixed-design ANOVA; overall
mean *= SEM for RA-Ctrl = 47.75 = 13.32 and RA-flut =
27.75 * 10.79), which is consistent with previous observations
(Brenowitz and Lent, 2002; Meitzen et al., 2007; Alward et al.,
2016¢). The higher mean value in the RA-Ctrl group appears to
be most likely due to one active singer (without this bird in the
calculation the mean value for RA-Ctrl birds drops to 37.34).
Bilateral blockade of androgen signaling with flutamide in
HVC caused whole songs to become less stereotyped as assessed
by the whole-song bandwidth CV (Fig. 3A,B: representative
sonograms; C—E: quantitative analysis; treatment, p = 0.17; time,
p=0.03, nf) = 0.25; time X treatment, p = 0.001, nf, =0.44). The
significant interaction resulted from a difference between fluta-
mide-treated and control birds on day 21 of treatment (Scheffe’s
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post hoc tests, p < 0.05). Birds treated with
flutamide bilaterally in RA also sang
whole songs with lower whole-song band-
width stereotypy than controls (Fig. 4 A, B:
representative sonograms; C—E: quantita-
tive analysis; time, p = 0.14; treatment,
p = 0.01, nlzJ = 0.56; time X treatment,
p =0.12).

Androgen signaling in HVC versus RA
controls distinct features of song
bandwidth stereotypy

Whole canary songs are composed of syl-
lables, which are strung together to form
phrases and trills. Canary song plasticity
could thus be modulated in terms of not
only the bandwidth stereotypy of whole
songs, but also the stereotypy of individ-
ual song components such as syllable or
trill bandwidth stereotypy, syllable se-
quencing, and/or overall syllable-type
usage variability (i.e., the probability of
specific syllable types being produced).
Changes in one or more of these different
components of song could give rise to an
overall change in whole-song bandwidth
stereotypy. For instance, the decrease in
whole-song bandwidth stereotypy observed
by day 21 in HVC-flut birds could be
driven not only by changes in bandwidth
stereotypy of individual syllables, but also
by their arrangement (i.e., ordering or
syntax). Some of these features have been
shown to change seasonally (Voigt and
Leitner, 2008), suggesting a modulation
by gonadal steroids.
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treatment, p = 0.91) and syllables (Fig. 5D; Figure 5.  Androgen signaling in RA but not in HVC controls bandwidth stereotypy of syllables and trills. There were no differences

time, p = 0.23; treatment, p = 0.01, né =
0.56; time X treatment, p = 0.18) with re-
duced bandwidth stereotypy. Representa-
tive sonograms are shown in Figure 5E-].
Syllable, trill, and whole-song bandwidth
stereotypy all correlated strongly with one
another in males treated with flutamide in
RA and their controls (Fig. 5K—M).
Antagonism of androgen signaling in HVC resulted in a sub-
stantial increase in syllable sequence variability (Fig. 6A; time,
p = 0.74; treatment, p = 0.009, nf, = 0.44; time X treatment, p =
0.81; B, C illustrate examples of syllable transitions in control vs
flutamide subjects). Changes in syllable-type usage variability
was similarly affected (increased syllable-type usage variability in
flutamide birds; Fig. 6D; time, p = 0.29; treatment, p = 0.43;
time X treatment, p = 0.04, ;= 0.25) but this effect developed
more slowly and only became significant on day 21 (Scheffe’s con-

between birds treated with flutamide-filled cannula in HVC (Flut) and controls (Ctrl) in terms of trill (4) and syllable (B) bandwidth CV, a
measure of stereotypy (higher CV, lower stereotypy). , D, AR blockade in RA led to an increase in trill and syllable bandwidth CV. Symbols
represent mean == SEM. ***At the top of a graph indicates p << 0.01 for the overall effect of treatment; **p = 0.01 for an overall effect of
treatment. E-G, Three successive trills sung by a control bird showing high stereotypy (i.e., low variability) from trill to trill as well as from
syllable to syllable, compared with trills in birds with AR blocked in RA (H—J), which show lower stereotypy (i.e., more variability) from trill
totrilland syllable to syllable. K—M, Allmeasures of stereotypy correlated significantly with one another in birds treated with flutamide near
RA and their controls. Symbols for individual birds are color-coded asin C, D.

trasts, p < 0.05). Figure 6, E and F, presents distribution charts
showing the more variable use of different syllable types in flut-
amide birds compared with controls. Syllable-type usage
variability correlated positively with whole-song bandwidth ste-
reotypy, as measured by the whole-song bandwidth CV, on day
21 (Fig. 6G-I), which could explain the decrease in whole-song
bandwidth stereotypy on this day. On the other hand, there was
no effect of AR antagonism in RA on syllable sequence variability
(Fig. 6J; time, p = 0.76; treatment, p = 0.81; time X treatment,
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Figure6.  Androgen receptorsin HVC control syllable sequence variability and syllable-type usage. A, Blocking ARs in HVC led birds to sing with enhanced syllable sequence variability (first-order
entropy; see Materials and Methods). B, €, Birds treated with flutamide in HVC (Flut) showed more random (i.e., variable) transitions from their dominant syllable type compared with controls (Ctrl).
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G-I, Symbols for individual birds are color-coded as in 4, B.

p = 0.73) or syllable-type usage variability (Fig. 6K; time, p =
0.74; treatment, p = 0.09; time X treatment, p = 0.43).

Temporal properties of song are differentially regulated by
androgen signaling in HVC and RA

Aspects of song timing, such as the duration of different units of
song, may also be differentially controlled by HVC versus RA

(Arnold, 1975; Long and Fee, 2008). HVC-flut birds did not differ
from control birds in terms of whole-song duration (Fig. 7A;
time, p = 0.14; treatment, p = 0.08; time X treatment, p = 0.36);
however, HVC-flut birds sang longer trills compared with con-
trols (Fig. 7B; time, p = 0.65; treatment, p = 0.04, nlzj = 0.30;
time X treatment, p = 0.38). Antagonism of AR in RA caused
these birds to sing longer whole songs than controls (Fig. 7C;
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Blocking androgen receptors in HVC causes birds to sing trills of longer duration, whereas blockade of androgen receptors in RA extends song duration by causing birds to sing more

syllables per song. 4, Androgen signaling in HVC does not appear to control whole-song duration; (B) however, blockade of androgen signaling in HVC with flutamide (Flut) leads birds to produce
trills of longer duration compared with controls (Ctrl). €, Birds with their androgen receptors in RA blocked (Flut) sang longer songs than controls (Ctrl), (D, E) an effect driven by these birds singing
more syllables per song. Bars represent mean == SEM. *p << 0.05 for an effect of treatment. Symbols in € for individual birds are color-coded like as 4, B.

time, p = 0.43; treatment, p = 0.02, nf, = 0.50; time X treatment,
p = 0.20). This effect was driven by an overall increase in the
number of individual syllables per whole song (Fig. 7D; time, p =
0.68; treatment, p = 0.01, j;, = 0.59; time X treatment, p = 0.77).
At the individual level, whole-song duration and number of syl-
lables per song were positively correlated in birds treated with
flutamide in RA and their controls (Fig. 7E; r = 0.80, p = 0.005).

Discussion

By selectively blocking androgen action in HVC and RA we have
provided insight into how the steroid hormone T regulates spe-
cific features of learned birdsong in a localized manner. It is often
assumed that T modulates behavior in rather general ways, such
as changing the probability and intensity of a behavioral response
to a given stimulus. HVC and RA are clear candidates for a
marked regulation by T based on the enriched localization of AR
protein (Balthazart et al., 1992) or mRNA (Gahr and Metzdorf,
1997; Bernard et al., 1999) within these nuclei. However, HVC
and RA are not involved in the motivation to sing as was clear
from the initial lesions studies of song nuclei (Nottebohm et al.,
1976), where lesions to HVC blocked song production but not
movements associated with trying to sing. The current study in-
dicates that androgens act on specific aspects of song related
broadly to stereotypy and temporal features of song organization.
In particular, androgen signaling in RA regulates the bandwidth
stereotypy of syllables and trills (Fig. 5C—M ), whereas androgen
signaling in HVC regulates the variability of syllable sequencing
and syllable-type usage (Fig. 6A-I). Androgen signaling in both
HVC and RA regulates the duration of different components of
song (Fig. 7): androgens in HVC regulate trill duration while
androgens in RA reduce whole-song length by regulating the
number of notes per whole songs. Flutamide may have preferen-
tially affected the lateral HVC; however, because syllable se-
quencing was affected by flutamide implanted lateral to HVC and
this song feature is thought to be regulated by medial HVC (Ba-
sista et al., 2014), this suggests that medial HVC was also exposed
to flutamide, albeit possibly at a lower concentration. Nonethe-
less, effects obtained by exposing HVC and RA to the same com-
pound were very different, which indicates anatomical specificity
in androgen action on these two nuclei. In this discussion, we
will try to link concisely known cellular and neurophysiolog-
ical effects of T in HVC and RA to our behavioral effects of AR
blockade.

Possible neuronal and molecular mechanisms underlying the
androgenic regulation of song stereotypy: linking cellular
actions of T with behavioral outcomes

AR are expressed in both HVC and RA and AR-positive neurons
in HVC project to either RA or Area X (Sohrabji et al., 1989; for
review, see Bottjer and Johnson, 1997). Androgen signaling has
been implicated in regulating several neural features in HVC and
RA (for review, see Brenowitz, 2015; Brenowitz and Larson,
2015), including overall changes in nuclei volumes, neuronal
soma size and neuron density, and in HVC the incorporation of
new neurons that mostly project to RA. All these changes in HVC
are enhanced by T action via its androgenic and estrogenic me-
tabolites (Smith et al., 1995, 1997a,b; Tramontin et al., 2000;
Brenowitz and Lent, 2002; Sartor et al., 2005; Meitzen et al., 2007;
Yamamura et al., 2011; Alward et al., 2016¢). The addition of new
neurons in HVC of adult zebra finches is positively associated
with song stereotypy (Pytte et al., 2012). Thus, effects of AR an-
tagonism in HVC on syllable sequence variability, syllable-type
usage variability, and temporal features of song (i.e., trill dura-
tion) might be due to a reduction in the addition of new neurons
in HVC, which would explain the rather long latency between
beginning of treatment and some of the observed effects. HVC
neurons fire sparsely, in a chain-like manner during song and this
activity is thought to underlie song timing (Hahnloser et al., 2002;
Long and Fee, 2008). HVC neurons also show coding properties
that relate to the ordering of song syllables (Bouchard and Brain-
ard, 2013) that were likely also altered by the blockade of AR in
HVC.

It took 21 d to reduce whole-song bandwidth stereotypy and
enhance syllable-type usage variability in HVC-flut birds com-
pared with HVC-ctrl birds. Similarly, in male white-crowned
sparrows T-treated males increased song stereotypy by day 21
compared with day 13, but treatment with AR and ER antagonists
in HVC prevented this increase from occurring (Meitzen et al.,
2007). The enhancement in syllable sequence variability caused
by the blockade of androgen signaling in HVC occurred much
sooner. These differences may reflect HVC’s topographical spe-
cializations in terms of function and hodology (Basista et al.,
2014). The topographical specificity of HVC’s afferents or func-
tion may cause dissociation in the manner in which certain song
features are regulated by androgen signaling within HVC.

This dissociation might alternatively originate in specific ef-
fects of AR antagonism in HVC on RA function. In white-
crowned sparrows treatment of HVC with AR or ER antagonists
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Figure8. Working model of the regulation of birdsong by androgen signaling. This model posits that increased androgens and estrogens (e.g., during the breeding season) act at multiple sites
in the songbird brain to requlate distinct features of birdsong by modulating neurophysiological features. Androgens act in an anatomically distinct nonredundant manner to regulate specific
features of birdsong, but these effects are also modulated by the transsynaptic feedback between these nuclei. Previous studies indicate androgens and estrogens acting within the POM may
regulate the motivation to sing (Alward et al., 2013, 2016¢). The POM likely influences the song control system indirectly, via projections to the ventral tegmental area (VTA) and/or periaqueductal
gray (PAG; Riters and Alger, 2004), which project to HVC (proper name), RA, and Area X (Appeltants et al., 2000, 2002; Castelino et al., 2007). There is also evidence that estrogens acting within HVC
regulate song stereotypy (Meitzen et al., 2007). Aromatase (AROM) expression has been found within the POM in multiple songbirds, including canaries (Shen et al., 1995; Fusani et al., 2000),
whereas AROM protein (in the absence of detectable AROM mRNA) has been found within presynaptic boutons within HVC in zebra finches (Peterson et al., 2005). Therefore, in addition to the
potential actions of estrogens of a gonadal origin acting in the POM and HVC to regulate song, actions of estrogens generated from testosterone within these nuclei is also possible. There is also
evidence that neural activity/hormone action in one region can influence morphological or neurophysiology characteristics in downstream or upstream brain regions (Brenowitz and Lent, 2002;
Meitzen etal., 2007; Larson et al., 2013; Brenowitz, 2015; Alward et al., 2016¢), which could affect control of song. All song features listed in italics are predicted to be controlled by androgens and/or
estrogens based on the results of past studies (Spiro et al., 1999; Long and Fee, 2008; Picardo et al., 2016). HVCis colored as a gradient to represent the topographical nature of its functions: lateral
HVC controls aspects of syllable usage, whereas medial HVC controls aspects of syntax (Basista et al., 2014). RA is also colored as gradient to represent the fact that it receives input from both HVC
and LMAN, but then transforms these signals into firing patterns whose variability correlates to the variability of individual acoustic units of song (e.g., syllables; Spiro et al., 1999). LMAN is part of
acircuitincluding Area X and the dorsolateral nucleus of the medial anterior thalamus (DLM) that is critical for song learning. RA projects to the tracheosyringeal portion of the twelfth cranial nerve
(nXllts), a hindbrain nucleus that contains androgen-sensitive motor neurons (Harding, 2008). nXIIts neurons control muscles of the syrinx, which are also androgen sensitive, to generate song. We
have shown previously that androgens at the syrinx requlate aspects of vocal performance without affecting the motivation to sing or song stereotypy (Alward et al., 2016h). The basic principle of
steroid hormone action in the regulation of a complex behavior presented here, that steroid hormones act in a nonredundant manner throughout the brain and periphery to regulate behavior, may
be applicable to a wide-range of behaviors and systems. SCS, Song control system.

leads to a decrease in soma area and spontaneous firing rate
within RA by day 21 (Meitzen et al., 2007). Moreover, systemic T
and exposure to LD photoperiod caused an increase in spontane-
ous firing rate at day 21 compared with day 0. However, days 4,
11, and 14 were not different from day 0. A similar pattern was
observed for RA neuron size. Importantly, RA neurons transform
HVC input that is relayed to the hindbrain and then to the syrinx
to produce song (Spiro et al., 1999). It can thus be hypothesized
that blockade of AR signaling in HVC leads to a perturbation in RA’s
ability to transform HVC input on day 21, specifically as it relates to
syllable usage variability, thus leading to the observed effects.

Multiple studies have also shown that firing patterns in RA
neurons strongly correlate with the acoustic structure of individ-
ual syllables (Yu and Margoliash, 1996; Margoliash, 1997; Sober
etal., 2008). Because blockade of AR in RA reduces spontaneous
firing rate and soma size (Meitzen et al., 2007), it can be assumed
that this perturbation in neural firing contributes to the de-
creased bandwidth stereotypy in syllables, trills, and overall
song observed here.

Alternatively, the speed of NMDA-EPSPs in RA inversely cor-
relates with the potential for vocal plasticity (Livingston et al.,
2000). Androgens can speed up NMDA-EPSPs leading to prema-
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turely crystallized song in juvenile songbirds (White et al., 1999;
Livingston and Mooney, 2001), suggesting that androgens atten-
uate vocal plasticity circuitry. Therefore, AR antagonism in RA
might have decreased the speed of NMDA-EPSPs, thus increas-
ing vocal variability as observed here (Livingston et al., 2000;
Livingston and Mooney, 2001).

The lateral magnocellular nucleus of the anterior nidopallium
(LMAN) is also known to regulate acoustic but not syntactical
stereotypy (for review, see Brainard and Doupe, 2013). LMAN is
thought to introduce acoustic variability into song via RA. We
found here that antagonism of androgen receptors in RA reduced
bandwidth stereotypy of individual song units (i.e., syllables)
without affecting syntactical features. This suggests that AR an-
tagonism in RA potentially perturbed LMAN-RA synapses or
significantly influenced RA’s ability to transform LMAN input
(Spiroetal., 1999). However, according to this hypothesis, block-
ing AR in RA should have affected features regulated by HVC as
well, unless there is segregation of afferent input in androgen-
sensitive RA neurons. Data from Stark and Perkel (1999) support
this contention. HVC input to RA is mediated by NMDA and
AMPA receptors whereas LMAN input to RA is mediated almost
exclusively by NMDA receptors. HVC-RA and LMAN-RA synapses
are thus partially segregated based on the different comple-
ments of glutamate receptors. The partial segregation of HVC-RA
and LMAN-RA synapses may help to explain some of the current
findings.

We also observed that AR antagonism in HVC enhanced
syllable-type usage variability and on days 13—14 AR antagonism
in RA led to a nonsignificant increase in syllable-type usage vari-
ability, but this difference disappeared by day 21. These results
suggest that variation in syllable-type usage is encoded in HVC,
but retrograde feedback from RA can affect this process due to its
regulation of the addition of new neurons into HVC (Larson et
al., 2013).

Role for estrogenic signaling in the regulation of song stereotypy
Although this study did not investigate the role of estrogen sig-
naling, we can make predictions about its role in regulating some
of the song features affected here. Meitzen et al. (2007) have
shown that blockade of both ARs and ERs in HVC of white-
crowned sparrows reduces song stereotypy and also spontaneous
firing rate in RA. Moreover, acute inhibition of aromatase, the
enzyme that converts T to estradiol, can rapidly and reversibly
reduce overall song bandwidth stereotypy in canaries (Alward et
al., 2016a). ER is only expressed in HVC, so it is possible that
estrogen signaling in HVC regulates aspects of syllable-type usage
variability, syntax, and temporal aspects of trills.

Conclusion: working model on the regulation of birdsong by
steroid hormones

It is an old idea that steroids can modulate physiological state to
change the probability of producing a particular behavior, and
this applies to birdsong in that T action in the hypothalamus
regulates the motivation to sing (Alward et al., 2013). However,
in this study we showed by blocking androgen signaling in two
cortical-like brain regions that T regulates complex features of
song performance such as syllable bandwidth stereotypy, syllable
sequencing, syllable-type usage, and the temporal organization of
song in a nonredundant fashion. These findings indicate that
steroids regulate behavior in a more precise manner than previ-
ously thought. Wilson (1975, p. 6) opined that hormones would
prove to be less important for our understanding of the neural
control of behavior because they represented “crude tuning de-
vices” that lacked explanatory power. The present demonstration
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of specific actions of androgens on cognitive aspects of birdsong
controlled by cortical-like brain regions shows the limitation of
such claims. Combining the current results with past observa-
tions and other models (Ball et al., 2002; Meitzen et al., 2007;
Meitzen and Thompson, 2008; Balthazart and Ball, 2016; Alward
etal.,2017), we propose a working model illustrating how steroid
hormones may regulate birdsong at multiple levels (Fig. 8). This
model includes the highly localized, nonredundant effects of sex
steroid hormones in the regulation of brain and behavior, but
also considers the interactions between individual hormone-
sensitive nuclei of the song control system.
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