o)

.

>CTI

dild

ol )Y

Lec

LCEDP

aNeuroe A

This Accepted Manuscript has not been copyedited and formatted. The final version may differ from this version.

Meuro

Research Article: New Research | Cognition and Behavior

Testosterone or estradiol when implanted in the medial preoptic nucleus
trigger short low-amplitude songs in female canaries

Laura M. Vandries®, Samar Ghorbanpoorl, Gilles Cornez?, Olesya Shevchouk?, Gregory F. BaII2,
Charlotte A. Cornil* and Jacques Balthazart®

1GIGA Neurosciences, University of Liege, Liege, Belgium
2Department of Psychology, University of Maryland, College Park, MD 20742

https://doi.org/10.1523/ENEURO.0502-18.2019
Received: 21 December 2018

Revised: 1 April 2019

Accepted: 7 April 2019

Published: 19 April 2019

L.V, S.G., G.C,, and O.T.S. performed research; L.V., G.C., O.T.S., G.F.B., and J.B. analyzed data; G.F.B.,
C.A.C., and J.B. designed research; G.F.B., C.A.C., and J.B. wrote the paper.

Funding: HHS | NIH | National Institute of Neurological Disorders and Stroke (NINDS)
NS104008

Funding: Belgian Science Policy
IAP P7/17

Funding: University of Liege
Fonds Sp&#x00E9;ciaux

Funding: FRS-FNRS
Senior Research Asscoiate

Conflict of Interest: Authors report no conflict of interest

This work was supported by grant RO1NS104008 from the National Institute of Neurological Disorders and
Stroke to GFB, JB and CAC, grant SSTC IAP P7/17 from the Belgian Science Policy to JB and CAC and a grant
from the University of Liege (Fonds Spéciaux pour la Recherche 2017) to CAC. CAC is a senior F.R.S.-FNRS
Research Associate.

Correspondence should be addressed to Jacques Balthazart at jbalthazart@ulg.ac.be

Cite as: eNeuro 2019; 10.1523/ENEURO.0502-18.2019

Alerts: Sign up at www.eneuro.org/alerts to receive customized email alerts when the fully formatted version of
this article is published.

Accepted manuscripts are peer-reviewed but have not been through the copyediting, formatting, or proofreading
process.

Copyright © 2019 Vandries et al.
This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International license, which
permits unrestricted use, distribution and reproduction in any medium provided that the original work is properly attributed.



o)t

+

cNeure Acceptea ivVianuscr

O N O, WN -

A bA DDA DDA DD DEOOWWWWWWWWWNDNDDNDNDNNDNDNDNDNDNDDN-=22 =222 2 A A A A A
O N O OO P~ WON -2 000N WON_,LOOCO0OONOOOOR WN -2 0 O© 0O~NOOG A WN-~0 O

Second revision on March 31st
Testosterone or estradiol when implanted in the medial preoptic nucleus
trigger short low-amplitude songs in female canaries
Abbreviated Title: Preoptic testosterone activates female song
Laura M. Vandries’, Samar Ghorbanpoor’, Gilles Cornez’, Olesya Shevchouk’,

Gregory F. Ball?, Charlotte A. Cornil” and Jacques Balthazart’

" GIGA Neurosciences, University of Liege, Liége, Belgium
2 Department of Psychology, University of Maryland, College Park, MD 20742

Author Contributions:
GFB, CAC and JB Designed Research; LMV, SG,GC and OT Performed Research;
GFB, CAC and JB Wrote the paper

Key words: song control system; medial preoptic nucleus, singing motivation;
songbirds, POM, testosterone, estradiol

Number of Figuresist! 9

Number of Tablesiss 1

Number of Multimedia 0

Number of words for Abstract 249
Number of words for Significance Statement 119
Number of words for Introduction 641
Number of words for Discussion 2303

Conflict of Interestit:;:  Authors report no conflict of interest

Funding sources st This work was supported by grant RO1NS104008 from the
National Institute of Neurological Disorders and Stroke to GFB, JB and CAC, grant
SSTC IAP P7/17 from the Belgian Science Policy to JB and CAC and a grant from
the University of Liege (Fonds Spéciaux pour la Recherche 2017) to CAC. CAC is a
senior F.R.S.-FNRS Research Associate. ik

Corresponding author

Jacques Balthazart: GIGA Neurosciences, University of Liege, 15 avenue Hippocrate,
B-4000 Liége, Belgium

Phone: +32 4 366 59 70 ---Fax: +32 4 366 59 71 --- e-mail: jbalthazart@ulg.ac.be




]
O
-
O
Vp)
)
-
(O
>
O
)
)
O
()
O
O
<(
O
S
>
(D)
Z
@

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

Abstract

In male songbirds, the motivation to sing is largely regulated by testosterone action in
the medial preoptic area, whereas testosterone acts on song control nuclei to
modulate aspects of song quality. Stereotaxic implantation of testosterone in the
medial preoptic nucleus (POM) of castrated male canaries activates a high rate of
singing activity, albeit with a longer latency than after systemic testosterone
treatment. Systemic testosterone also increases the occurrence of male-like song in
female canaries. We hypothesized that this effect is also mediated by testosterone
action in the POM. Females were stereotaxically implanted with either testosterone
or with estradiol targeted at the POM and their singing activity was recorded daily
during 2 hours for 28 days until brains were collected for histological analyses.
Following identification of implant localizations, 3 groups of subjects were constituted
that had either testosterone or estradiol implanted in the POM or had an implant that
had missed the POM (Out). Testosterone and estradiol in POM significantly
increased the number of songs produced and the percentage of time spent singing
as compared with the Out group. The songs produced were in general of a short
duration and of poor quality. This effect was not associated with an increase in HVC
volume as observed in males, but testosterone in POM enhanced neurogenesis in
HVC, as reflected by an increased density of doublecortin-immunoreactive multipolar
neurons. These data indicate that, in female canaries, testosterone acting in the

POM plays a significant role in hormone-induced increases in the motivation to sing.
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Highlights
e Testosterone implantation in the preoptic area activates singing in female
canaries
e A similar activation is induced by estradiol in the preoptic area
e Songs produced tend to be short and of poor quality
e Testosterone also increases neurogenesis in HVC

e Observed changes in neurogenesis are likely activity-dependent

Significance

Systemic testosterone increases male-like song in adult female canaries. We
demonstrate by stereotaxic implantation of testosterone or estradiol that this effect is
mediated, as has been demonstrated in males, by hormone action in the preoptic
area. These implants significantly increased the number of songs produced and the
percentage of time spent singing, but the songs produced remained short in duration
and simple in structure. This singing activity did not result in an increase in HVC
volume, as observed in males, but there was an enhanced density of doublecortin-
immunoreactive new neurons supporting the notion that HVC neurogenesis is at
least in part activity—dependent. These data also indicate that neural mechanisms

regulating testosterone-induced singing are similar in males and females.
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Introduction

Male song produced by songbirds (members of the suborder Passeres or oscines)
functions to promote territory defense and to attract female mates (Catchpole and
Slater, 2008; Collins, 2004). Male song is therefore often produced, especially
among species in the temperate zone, at its highest rates and in its most stereotypic
fashion during the breeding season (Catchpole and Slater, 2008; Schlinger and
Brenowitz, 2017). Both the high rate of singing and the high degree of stereotypy are
facilitated by testosterone (T) acting in males at brain targets via androgenic and
estrogenic metabolites (Harding, 2008; Schlinger and Brenowitz, 2017).

In male canaries specifically, there is clear evidence that song rate and quality
and the morphology of the song system are regulated by seasonal changes in T
(Nottebohm et al., 1986; Nottebohm et al., 1987). Androgenic and estrogenic
metabolites of T seem to be involved in these processes (Fusani and Gahr, 2006;
Fusani et al., 2003). The effects of T on these different components of song
production are mediated by T acting in distinct areas of the brain (Alward et al.,
2017b). T in the preoptic area is important for effects on song rate (Alward et al.,
2013), while T acting on nuclei in the song control system, such as HVC or the robust
nucleus of the arcopallium (RA), is important for effects on song stereotypy (Alward
et al., 2017a; Alward et al., 2016).

Female songbirds also sing in some species and, although there is evidence
that female song is actually an ancestral feature in the passerine order (Odom et al.,
2014), much less is known about the function and neuroendocrine control of female
song (e.g., (Odom and Benedict, 2018)). The specialized neural circuit regulating

song tends to contain brain nuclei of larger volume in males than in females, even in
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species where females sing at a higher or similar rate than males (Ball, 2016; Gahr et
al., 2008). However, there is a rough relationship between brain variation and sex
differences in behavior in that the sex difference in song nuclei volumes tends to be
more robust in species with little or no female song as compared to species where
females produce substantial song (Ball et al., 2008; MacDougall-Shackleton and Ball,
1999). The role of hormones in adult song production in females and where they
might act is however not well understood.

Female canaries only sing very infrequently very short primitive songs and
correlatively the volume of their song control nuclei is 2 to 5 times smaller than in
males (Nottebohm and Arnold, 1976). Interestingly, treating adult female canaries
with male-typical concentrations of T does increase the volume of their song control
nuclei and makes their song more male-like in rate and complexity (Hartog et al.,
2009; Nottebohm, 1980), though this sex difference in brain and behavior can not be
completely reversed based on adult hormone treatment (Madison et al., 2015).

The ability of exogenous T to stimulate more male-like song in adult female
canaries provides an opportunity to study where and how hormones can act in the
female brain to regulate song production, a male-typical behavior. Specifically, we
employed here stereotaxic procedures to ask whether T or its estrogenic metabolite,
17B-estradiol (E2), act in the preoptic area of female canaries to regulate song rate.
These females were compared to females which also had received a T or E2 brain
implant, but in which the implant had missed its intended target (the preoptic area)
and was therefore presumably unable to activate singing behavior. We show that in
females the medial preoptic area plays a key role in the control of the singing
motivation as has been shown in males. This study also demonstrates that activating

singing results in an increased neurogenesis in the telencephalic song control area
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HVC, which brings additional support to the idea that this neurogenesis is at least in

part activity-dependent.

Materials and methods

Subjects and experimental procedures
This experiment was performed on a total of 32 adult female canaries (Serinus
canaria) of the Fife fancy breed that were obtained as adults from a breeding colony
established at the University of Antwerp, Belgium. Birds were kept on a short day
photoperiod (8L:16D) between their arrival in the laboratory and the beginning of the
experiment. At that time females were isolated in one of our 16 custom-built sound-
attenuated boxes and their vocal behavior was recorded for 2 hours in the morning
for two days to ensure that they were not singing.

Sound was acquired from all 16 channels simultaneously via custom-made
microphones (microphone from Projects Unlimited/Audio Products Division, amplifier
from Maxim Integrated) and an Allen & Heath ICE-16 multichannel recorder. The
sound file was acquired and saved as a .wav file by Raven v1.4 software
(Bioacoustics Research Program 2011; Raven Pro: Interactive Sound Analysis
Software, Version 1.4, Ithaca, NY: The Cornell Lab of Ornithology) at a sampling
frequency of 44,100 Hertz.

During the next two days each female received a stereotaxic implant of
testosterone (T) or estradiol-17p (E2) aimed at the medial preoptic nucleus (POM).
Brain implants were prepared, filled with crystalline testosterone or crystalline E2 and
implanted into the POM following a previously published procedure (Alward et al.,

2013). Briefly, implants were prepared using blunted 27 gauge needles filled over a
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length of 1 mm with crystalline T or E2. Under isoflurane anesthesia subjects were
fixed in a stereotaxic apparatus with ear bars and a beak holder holding the head in a
standardized position. The following stereotaxic coordinates were used to target the
POM: dorsoventral: —=6.5 mm from the dorsal surface of the brain; anterior—posterior:
2.2 mm from the rostral tip of the cerebellum; and medio—lateral: £ 0.15 mm from
midline. Half of the subjects in each group were implanted on the left side of the brain
and half on the right side.

The skull immediately over these coordinates was removed with a micro-drill,
the implant was lowered to the targeted position, dental cement was applied around
the implant and the skin was sutured. The bird was placed under a heat lamp to
recover until perching. Birds were returned to their sound-attenuated box where
photoperiod was switched to 16L:8D to photostimulate the birds mimicking a
reproductive state (Hurley et al., 2008) and their vocalizations were then recorded for
30 days during two hours daily immediately following lights-on (0900h).

There were 16 recording boxes available for this experiment which was
therefore run in two successive cohorts with the exact same procedure. In the first
cohort all 16 females were implanted with testosterone to test specifically the effect of
this steroid, but one died soon thereafter. Since positive results had been obtained
with T, the second cohort was mostly used to test the effects of E2. 12 females were
thus implanted with E2, but four females received T to provide an internal control
between cohorts. We did not treat additional subjects with empty implants because it
was anticipated that in a substantial number of birds the implant targeted to the POM
would actually miss its target, so that these subjects could be used as negative

controls. Previous work in canaries indeed showed that empty implants and T-filled
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implants that miss their target produce similar behavioral results (Alward et al., 2013;
Alward et al., 2016).

All experimental procedures complied with Belgian laws concerning the
Protection and Welfare of Animals and the Protection of Experimental Animals, and
experimental protocols were approved by the Ethics Committee for the Use of
Animals of the University of Liege (Protocol number 1739). In all housing situations

food, water, baths, cuttlebone and grit were available ad libitum.

Brain collection and sectioning
Canaries were deeply anesthetized with 0.04 mL of Nembutal. Once reflexes had
stopped, birds were perfused through the heart with phosphate-buffered saline (PBS,
1.43 g/L NapHPO4, 0.48 g/L KH,PO4, 7.2 g/L NaCl) until return flow in the atrium was
clear, followed by 4% paraformaldehyde (Sigma) in PBS 0.1M. Brains were dissected
out of the skull and post-fixed overnight in the same fixative solution. The syrinx and
ovary were extracted and weighed, and the cloacal protuberance (length x width)
was measured. On the next day, brains were rinsed in PBS and transferred to 30%
sucrose in PBS stored at 4°C until they sank. They were then frozen on dry ice and
stored at -80°C until used.

Brains were notched on the left side, then cut into 4 series of 30 um-thick
coronal sections with a Leica CM 3050S cryostat. The sections were collected in Tris
buffered-saline (TBS; 0.05 M Tris, 0.9% NaCl, pH 7.6). Sections were stored in a
cryoprotective solution (0.01M PBS with 10 g/L polyvinylpyrrolidone, 300 g/L sucrose,

and 300 ml/L ethylene glycol) and stored at -20°C until used.

Nissl staining
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The first series of sections was mounted on Superfrost™ slides and left to dry
overnight. After rehydration in baths of decreasing concentrations of isopropanol,
slides were stained with toluidine blue and differentiated in Walpole buffer and
molybdate buffer. The sections were then dehydrated in increasing concentrations of
isopropanol and lastly in xylene and coverslipped with Eukitt™ mounting medium
(Sigma). These sections were later used to identify the implants location and to

determine HVC volumes.

DCX immunohistochemistry
The second series of brain sections was stained by immunohistochemistry for
doublecortin (DCX), a marker of young new neurons in the canary HVC (Balthazart
and Ball, 2014; Balthazart et al., 2008), to quantify neurogenesis in HVC and its
periphery and obtain a second independent measure of HVC volume by techniques
previously described and validated for canaries (Alward et al., 2014; Balthazart et al.,
2008; Boseret et al., 2007; Shevchouk et al., 2017a; Yamamura et al., 2011). Briefly,
sections were sequentially rinsed 3 X 5 min in TBS, 15 min in H,O, 3% in TBS, 3 X5
min in TBS and 30 min in blocking solution containing 1% bovine serum albumin
(BSA), 5% normal goat serum (NGS), 0.1% triton X in TBS. Sections were then
incubated in primary antibody raised in rabbit against doublecortin (Abcam ab18723;
1/2000 in TBS-T i.e., TBS containing 0.1% triton-X and 1% BSA) for one hour at
room temperature and then 48h at 4°C on a rotating shaker. Sections were washed 3
X 5 min in TBS and incubated for 2 hours in the secondary antibody solution
(biotinylated goat anti-rabbit antibody; Jackson Immunoresearch 1/500 in TBS-T) at
room temperature still on a rotating shaker. Sections were rinsed 3 X 5 min in TBS

and incubated in the biotin-avidin complex (ABC; 1/400 Vector Elite Kit, Vector
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Laboratories). The antigen-antibody complexes were finally visualized with the use of
a SG substrate kit for peroxidase (Vector laboratories). Tissues were then mounted
on microscope slides, dried and coverslipped with Eukitt™ mounting medium

(Sigma).

Aromatase immunohistochemistry
Sections from the third series were separated in two pools containing tissue from the
telencephalon or from the diencephalon-brain stem. The telencephalon sections were
immunostained for parvalbumin and chondroitin sulfate to label perineuronal nets
(see next section). Diencephalic-brain stem sections were immunostained for
aromatase by methods previously described and validated (Balthazart et al., 1996;
Balthazart et al., 1997; Foidart et al., 1995; Shevchouk et al., 2017b).

Briefly, sections were rinsed 3 X 5 min in TBS, 20 min in H,O, 0.6% in TBS, 3
X 5 min in TBS and 1 hour in blocking solution containing 1% BSA, 5% NGS and
0.2% triton X in TBS. Sections were incubated in primary antibody raised in rabbit
against aromatase (a generous gift of Dr. N. Harada Toyoake, Japan; 1/10,000 in
TBS-T 0.2% triton-X 1% BSA) for one hour at room temperature followed by an
overnight incubation at 4°C on a rotating shaker. Sections were then washed 3 X 5
min in TBS, blocked in a solution containing 1% BSA and 5% NGS and 0.2% triton X
in TBS and incubated for 2 hours in biotinylated goat anti-rabbit antibody (Jackson
Immunoresearch, 1/200 in TBS with 0.2% triton-X, 1% BSA and 5% NGS) at room
temperature on a rotating shaker. Sections were rinsed 3 X 5 min in TBS and
incubated in the biotin-avidin complex ABC (1/400 Vector Elite Kit, Vector
Laboratories). The binding sites were finally visualized by a 10 min incubation in

0.04% 3,3’-diaminobenzidine (DAB) with 0.012% H»O, diluted in TBS. Sections were

-10-
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mounted onto glass slides, dried overnight, immersed in xylene for 10 min and

coverslipped with Eukitt™ mounting medium (Sigma).

Parvalbumin and chondroitin sulfate staining
The telencephalic tissue from the 3™ series of sections was then simultaneously
immunostained for parvalbumin (PV) and chondroitin sulfate to label perineuronal
nets (PNN) as described previously (Cornez et al., 2018b; Cornez et al., 2017b;
Cornez et al., 2015) to obtain an additional measure of HVC plasticity (van 't Spijker
and Kwok, 2017). Sections were rinsed 3 X 5 min in TBS and incubated in blocking
solution made of 5% NGS and 0.1% triton X in TBS. Sections were then incubated
overnight in a mixture of two primary antibodies including a polyclonal rabbit raised
against parvalbumin (Abcam ab11427; 1/1000 in TBS-T 0.1% triton-X) and a
monoclonal mouse anti-chondroitin sulfate antibody (1/500 in TBS-T 0.1% triton-X,
Sigma-Aldrich C8035) for 48 h at 4°C on a rotating shaker. On the next day, sections
were then washed 3 X 5 min in TBS and incubated for 2 h at room temperature on a
rotating shaker in a cocktail of secondary fluorescent antibodies containing goat anti-
mouse Alexa Fluor 488 (1/100, Invitrogen) and goat anti-rabbit Alexa Fluor 546
(1/200, Invitrogen). Sections were rinsed 3 X 5 min in TBS and then mounted on
glass slides. Sections were dried and coverslipped with Vectashield™ mounting
medium containing DAPI (4',6-Diamidine-2'-phenylindole dihydrochloride) to label all

cell nuclei.

Microscopy and image analysis

-11-
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All quantitative analyses were performed on both sides of the brain and are
presented separately taking into account whether the area under study was on the

ipsi- or contra-lateral side with respect to the implant targeting the POM.

Implant localization
The exact location of implant tips relative to the POM was checked in each subject by
identifying the implant track and its end in the series of sections stained for Nissl
material or immunostained for aromatase, which defines the boundaries of POM and
adjacent bed nucleus of the stria terminalis (BNST) in quail (Charlier et al., 2008) and
has been previously used as a marker of POM in canaries (Shevchouk et al., 2017b;
Shevchouk et al., 2018b). These locations were then plotted on semi-schematic
drawings of the canary brain derived from the published atlas (Stokes et al., 1974)
where the location of the aromatase-immunoreactive (ARO-ir) cells was added
based on previous immunohistochemical work on canaries (Metzdorf et al., 1999;
Shevchouk et al., 2017b) and zebra finches (Balthazart et al., 1996; Balthazart et al.,

1997; Saldanha et al., 2000).

POM volumes
All sections stained for aromatase that contained the medial preoptic nucleus (POM)
in both the right and left hemispheres were photographed at 10X magnification with
the Leica Application Suite 4.5.0 and a camera connected to a Leica DMRB FL 100
microscope using the same light settings for all pictures. A line was drawn around the
cluster of the ARO-ir cells defining the POM identified on all sections starting from the
most rostral section containing ARO-ir cells at the level of the tractus

septopalliomesencephalicus to the most caudal section at the level of the anterior

-12-
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commissure. The area defined by this line (in um?) was calculated with the area
measurement function of the Imaged software (Wayne Rasband, National Institutes
of Health) and then the volume of the POM on each brain side was calculated by
adding all areas and multiplying the sum by 120 um i.e., is the distance between two

successive sections in the same series.

HVC volumes
Photomicrographs were taken at 5X magnification of each Nissl-stained section
containing HVC in both hemispheres with the same camera and microscope. HVC
boundaries were drawn and its surface in each section was determined with ImageJ.
These areas were added and the volume of the nucleus was obtained by multiplying
this sum by 120 um. These calculations were separately performed for both sides of
the brain.

Given that HVC boundaries could also be determined by the dense cluster of
DCX-ir neurons present in the nucleus, the boundaries and volume of HVC were also
determined based on the sections stained for DCX by the same procedure on

microphotographs taken at 10X magnification.

Neurogenesis and DCX quantification
In each hemisphere, cells labeled for DCX were counted in the entire HVC in all
sections containing this nucleus that were used to compute the volume of the
nucleus. DCX-positive cells were also counted in each of these sections in a 400 um
X 800 pm rectangle (0.32 mm?) placed at the ventral edge of HVC and another
similar rectangle placed just lateral to HVC. These counts were performed on

photomicrographs acquired at 5 X magnification with the camera and microscope

-13-



o)t

+

cNeure Acceptea ivVianuscr

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

described before. The two types of DCX cells (see (Balthazart et al., 2008; Boseret et
al., 2007) were counted separately: the fusiform cells that presumably are very young
neurons still migrating and the more or less round multipolar cells that are slightly
older neurons that have initiated their final differentiation. The sums of these counts
of cells (fusiform and multipolar) in each location (in HVC, ventral and lateral to HVC)
were computed separately and divided by the surface that had been counted to

derive densities of positive cells per mm?.

PV-PNN quantification
Four separate sets of photomicrographs of HVC were obtained in each bird on the
left and right side in fluorescent light at 40X magnification with a Leica DMRB FL 100
microscope, selecting in each case the 4 sections where HVC had the largest area.
Within each set, 3 photomicrographs were obtained with the 3 different filters
allowing the visualization of the Alexa Fluor 488 (green for PNN), the Alexa Fluor 546
(Red for parvalbumin) and of DAPI (blue). Within each field (0.043 mm?) that had
been photographed, we counted with ImageJ the number of parvalbumin-positive
cells and the number of perineuronal nets surrounding at least half the outline of a
cell body. We additionally merged the green (PNN) and red (PV) photomicrographs
to quantify the number of PNN that were surrounding PV-positive cells. We also
merged the green (PNN) and blue (DAPI) photomicrographs to confirm that those
PNN that were not around a PV cell were actually surrounding another type of cell.
These counts were averaged across the 4 sections for each hemisphere of each bird,
which allowed us to determine the density of PV-immunoreactive cells, of PNN, and

of PNN surrounding PV-ir cells (PNN+PV) per mm?. This procedure also allowed us
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to compute the percentage of PV cells surrounded by PNN and vice versa the

percentage of PNN that were located around PV cells.

Song Analysis
Songs recorded from all subjects for 2 hours on days 7, 14 and 28 after placement of
the brain implants were analyzed with the Raven Pro 1.5 software. Females only
rarely produced long songs lasting several seconds as males typically do. Female
vocalizations in most cases consisted of just a few syllables produced in rapid
succession. Single syllables and very short vocalizations were very frequent and it
was decided to ignore them for the present study given that they were observed with
a high degree of frequency before the beginning of the steroid treatments. Instead,
we focused on vocalizations lasting at least 0.4 s, separated by at least 0.4 s of
silence. These vocalizations were manually selected on the sound spectrograms
generated by Raven and then the program calculated a number of measures of these
vocalizations including the song duration, maximum frequency, 90% bandwidth, and
average Wiener entropy.

The entropy measure is an indicator of the width and uniformity of the power
spectrum. It can be thought of as a measure of disorder in a sound, as a pure tone
has in this context an entropy equal to zero, while higher entropy values correspond
to greater disorder in a sound, as white noise would have an entropy value of 1. The
average entropy reported here corresponds to the mean of all values of entropy
measured for each section of the recording corresponding to songs (See
http://www.birds.cornell.edu/brp/raven/RavenFeatures.html for the description of all
these measurements). From the number of songs and their duration, we additionally

computed the percentage of time that birds were singing during the recordings.
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Statistics
All data associated with a single measure per subject were analyzed as appropriate
by Student t-tests or one-way analyses of variance (ANOVA) with experimental
groups as an independent variable. When multiple data (measures on different days
or on different brain locations) were available, they were analyzed by two-way
General Linear Model (GLM) mixed-effect analyses. All calculations were made with
GraphPad Prism V8 software on MaclIntosh

HVC volumes measured in sections stained for Nissl material or for DCX were
compared by the Pearson product moment correlation coefficient.

Effects were considered significant for p<0.05. All data are presented by their
mean + SEM. Morphological or histological data from a few birds and song
recordings from one subject were accidentally lost during processing resulting in a
slightly smaller number of subjects for some analyses. The number of available data

points is indicated in each case at the bottom of the corresponding bar in the figures.

Results

Implant location
Due to poor perfusion, the brain from one subject could not be used. Therefore we
were able to collect neuroanatomical data for 30 females, 18 that had been implanted
with T (8 in the left, 10 in the right hemisphere) and 12 implanted with E2 (5 in the left,
7 in the right hemisphere).

Inspection of the implants tracks and tips in the Nissl-stained sections and in

sections stained for aromatase revealed that out of the 18 T-implanted females, 14 (7
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on the left, 7 on the right side) had the tip of their implant located in the ARO-ir cell
group defining the POM, while 4 were outside the nucleus. In the E2-implanted
females, 7 (1 on the left, 6 on the right side; including one located at the very caudal
end of the nucleus, see Fig. 1D) had the tip of their implant in the POM, while 5 had

their implant outside the nucleus.

Insert figure 1 about here

Data reduction
In order to summarize data, we first considered whether the side of T implantation
(left vs. right) had any impact on the results. The number of songs produced on days
7, 14 and 28 were not affected (p=0.652, p=0.564 and p=0.659 respectively).

Similarly, we tested potential effects of the side of T implantation on all brain
measures collected on both sides by two-way GLM mixed-effect analysis utilizing the
side of implantation as an independent variable and the side of measures as a
repeated factor. For the measures considered (POM volume, HVC volume in DCX or
Nissl-stained sections, densities of multipolar and fusiform DCX-ir neurons in, ventral
or lateral to HVC, density of PNN, of PV-ir cells, of PV+PNN and percentage of PNN
with PV in HVC), these analyses did not reveal significant effects of the side of
implantation or of its interaction with the side of brain for all measures considered,
with only two exceptions.

The analysis of POM volumes identified a significant interaction between side
of implantation and the brain measure (p<0.001) but no overall effect of implantation
side (p=0.251) or side of measure (p=0.695). The volume of this nucleus was larger

on the implantation side and this will be discussed in the corresponding place in the
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results section. In addition, analysis of the DCX-ir cells in HVC detected a significant
effect of the side of implantation for multipolar cells (p=0.006). This difference reflects
a larger number of multipolar cells on both sides of the brain when implants were
placed in the right POM compared to the left POM. This suggests that, for some
unexplained reason, newborn neurons had multiplied and matured more rapidly in
the group of females implanted with T on the right side. These effects will be taken
into account in the following results sections, however, given the overall negative
results obtained here, all subsequent analyses will only consider the pooled data as a
function of whether they were collected on the ispi- or contra-lateral side with respect
to the steroid implant irrespective of whether implants were on the left or right side.

A similar analysis of effects of implant side was impossible for E2-implanted
birds since only a single subject ended up having a cannula implanted in the left
POM. Other cannulae aimed at the POM ended up outside the nucleus. The two
groups of subjects were therefore pooled in this case as in the previous case.

In a second step we considered whether T-filled (n=4) and E2-filled (n=5)
implants that ended up outside the POM had a different impact on brain and behavior.
All these implants were in a position dorso-lateral to the POM and ventral to the tip of
the lateral ventricle (see Fig. 1). We compared all data for these two groups of Out
birds by two-way GLM mixed-effect analysis with one independent factor, the two
groups, and one repeated measure, the different days of recording or the two brain
sides. Table 1 reports the mean + SEM and the number of observations for each
separate set of Out data, and the results of all these ANOVAs. In every single case,
non-significant (p=0.05) probabilities-were detected.

Insert table 1 about here
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Therefore in the rest of this presentation all results are analyzed after being
pooled in 3 experimental groups: birds with T in POM (T group; n=14), E2 in POM

(E2 group; n=7) and birds with T or E2 outside of POM (Out group; n=9)

Morphological data
At the end of the experiment, the body mass of the 3 groups of females was very
similar (Fig 2A; F230=0.478, p=0.625). The cloacal protrusion, a marker of androgen
action (Luine et al., 1980; Tramontin et al., 2000) was on average slightly increased
in the T group and decreased in the E2 group by comparison with the control Out
group (Fig. 2B) but the effect was not statistically significant (F,20=2.875, p=0.080).
Surprisingly syrinx mass differed between groups (Fig. 2C; F,2s= 3.516, p=0.043)
with the T group being significantly smaller (p=0.034) than the Out group (p=0.034).
This effect might however only result from a poor (too large) dissection in two
subjects of the Out group that were clearly outliers (25.5 and 26.2 mg versus a
meantSD of 14.21+2.15 after their exclusion). If these 2 values are excluded
(hatched bar in Fig. 2C) there is no longer an effect of treatments on syrinx weight
(F228= 1.109, p=0.345). Ovary mass was also not affected by the treatments (Fig. 2

D; F2.26= 0.471, p=0.629).

Insert figure 2 about here

Singing behavior

Most females were at the beginning of the experiment producing short vocalizations

including only one or two syllables that lasted only 0.2 to 0.4 seconds. Within 7 days

after implantation of T or E2, these vocalizations became more frequent and they
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increased based both on duration and on the number of different syllables present
within a song. The maximal rate of production was observed on day 14 in the T group
and on day 28 in the E2 group. Figure 3 illustrates the type of songs that were
produced by T or E2 treated females with implants in POM as well as by a female

with an implant that missed its target.

Insert figure 3 about here

The visual inspection of all sonograms indicated that, as illustrated in figure 3,
there was a large variation in the duration and structure of these songs. Some lasted
a very short time and consisted of the repetition of a single syllable; others had
multiple syllable types that were repeated for durations up to 6-7 seconds. This

variability is reflected in the large variability of durations illustrated in Figure 4B.

Insert figure 4 about here

All songs identified during the 2 hour recording sessions that occurred on days
7, 14 and 28 of the experiment were quantitatively evaluated with the Raven Pro
software and results were analyzed by two-way GLM mixed-effect analysis with the 3
different groups and 3 recording times as independent and repeated factors
respectively. The number of songs produced (Fig. 4A) significantly varied over time
(F1.95, 5264=4.304, p=0.019) and these changes were different in the 3 groups as
revealed by a significant interaction between time and groups (F454=2.780, p=0.036).
The overall group difference was however not statistically significant (F227=2.760,

p=0.081). Comparisons of the T and E2 groups to the Out group by the Tukey test
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indicated significant differences between T and Out and between E2 and Out on
days 14 and 28.

The average duration of individual songs (Fig. 4B) slightly increased over time
and did so on average more prominently in the T and E2 groups but analysis of these
data indicated no significant effect of time (F1.1527.12=0.717, p=0.424), no group
difference and no interaction (F226=0.797, p=0.461 and F447=0.685, p=0.606
respectively).

The percentage of time that birds were singing during the two hours
recordings (Fig. 4C) that reflects both the numbers of songs and their duration also
increased over time although the effect was not fully significant (F1.945230=3.087,
p=0.056). There was however a significant overall group difference (F;27=3.924,
p=0.032) and an interaction between groups and time (F454=3.192, p=0.020). Tukey
multiple comparisons tests confirmed the presence of significant differences between
T and Out and between E2 and Out on days 14 and 28 day 28.

A more detailed analysis of the songs sampled focused on 3 additional
parameters: the song maximum frequency, the 90% bandwidth, and the average
entropy. Analyses of these measures by mixed-effects model (birds that were not
singing on a given day could not be assigned a value) revealed no group difference
(p= 0.317) and no interaction (p=0.291). A moderate time effect was observed for the
analysis of the maximum frequency (F1.4934.47=3.759, p=0.045), but not for the two
other measures. Yet, since it is not associated with an interaction, this effect cannot
result from the steroid treatments. Post-hoc tests indicated that the song maximal

frequency was significantly higher on day 28 than on day 7.

POM Volume
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The volume of the POM as defined by the dense group of ARO-ir neurons was
analyzed by a two-way GLM mixed-effect analysis with the three groups as
independent factors and the two sides of the brain (ipsi- and contra-lateral to the
implant) as a repeated factor. This analysis revealed a significant effect of the brain
side (F123=16.87, p<0.001) and interaction between groups and side of the brain
(F223=8.241, p=0.002) but no overall effect of treatments (F223=1,921, p=0.169; Fig
5A). The Tukey multiple comparisons tests indicated that POM volume was larger on
the implantation side in the T group compared to both the E2 and Out group but

these differences was not present on the contralateral side.

Insert figure 5 about here

Insert figure 6 about here

HVC Volume

HVC volume was assessed both in Nissl-stained sections and in sections
stained for DCX that highlights the boundaries of HVC based on the higher density of
DCX-ir cells inside as compared to outside the nucleus. The two-way GLM mixed-
effect analysis identified no effect of treatment (Nissl: F225=0.574, p=0.571; DCX:
F227=0.672, p=0.519), no difference between ipsi- and contra-lateral sides (Nissl:
F125=0.042, p=0.838; DCX: F427=0.182, p=0.673) and no interaction between these
factors (Nissl: F225=0.912, p=0.415; DCX: F,27,=0.788, p=0.465).

Interestingly, the volumes of HVC as measured in Nissl or DCX-ir stained

sections were significantly correlated both on the ipsi and contra lateral sides, even if
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this correlation was not perfect (see Figure 7; ipsi: r=0.520, p=0.005; contra: r=0.717,

p<0.001).

Insert figure 7 about here

Neurogenesis (DCX)

Despite the absence of global effect of the treatments on the volume of HVC, we
asked whether steroids implanted in POM had affected the rate of neurogenesis in
this nucleus. Fusiform and multipolar DCX-ir cells were therefore quantified
separately in HVC and, as a control, in two equivalent areas, one just ventral and one
just lateral to the nucleus (Figure 8).

Two-way GLM mixed-effect analysis of the number of DCX-ir cells in HVC (3
treatments as independent factor and two sides, ipsi vs. contra lateral, as repeated
factor) identified a statistical trend suggesting an effect of the treatments on fusiform
(fusiform: F,27=2.527, p=0.099) and a significant effect of treatments on multipolar
(F227=3.658, p=0.039) DCX-ir cells (Fig. 8A-B). There was no effect of brain side
(fusiform: F127=1.208, p=0.281; multipolar: F127=0.737, p=0.399) and no interaction
between brain side and treatment (fusiform: F;27,=0.825, p=0.449; multipolar:
F227=0.024, p= 0.976). The overall treatment effect of multipolar cells was associated
in the Tukey post hoc tests with a significant difference between the T and E2 group
(p=0.049) but the T vs. Out difference failed to reach statistical significance (p=0.164).

Note that in the data reduction section, we had noticed that females with a T
implant in the right POM had more multipolar DCX-ir cells in HVC. Given however
that identical numbers of birds had an implant in the left and in the right POM this

difference based on side of implantation has no impact on the results presented here.
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There was actually no average difference in numbers of cells between the ipsi- and
contralateral sides of the brain with respect to the implant.

Similar analyses of DCX-ir cells densities counted in an equivalent area just
ventral or just lateral to HVC (Fig. 8C-F) identified no effect of treatments (p=0.141),
of the side of the brain (p=0.273) and of their interaction (p=0.672, except for the
multipolar DCX-ir cells in ventral position where p=0.070 but this effect does not
seem to be associated with an interpretable effect of the steroids; detailed statistics

not shown).

Insert figure 8 about here

Perineuronal nets
This experiment was also providing an occasion to probe the mechanisms underlying
the testosterone-induced expression of PNN in the song control system. Previous
work in male canaries demonstrated that systemic treatment with exogenous
testosterone increases the density of PNN in HVC (Cornez et al., 2017a). Given that
this treatment simultaneously activated an intense singing activity, it was impossible
in this situation to determine whether the increased PNN expression results from a
direct action of testosterone on HVC or indirectly from the increased neuronal activity
in this nucleus. Females receiving a testosterone implant in POM potentially allowed

us to discriminate between these two possibilities.

Insert figure 9 about here
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The density of PNN (number per mm?) in HVC was not affected by the
treatments (F226=0.947, p=0.401), side of the brain (F126=0.489, p=0.490) or their
interaction (F226=2,678, p=0.087; Figure 9A). Since most PNN form around PV-
positive cells, this type of cells was also quantified but this identified no significant
effect (treatments: F,26=1.301, p=0.289; side: F126=1.285, p=0.267; interaction:
F226=0.019, p=0.980). The density of PV-positive cells associated to PNN was
similarly not affected (treatments: F,5,=0.203, p=0.817; side: F45,=0.438, p=0.511;
interaction: F,5=0.895, p=0.415) and this was also the case of the percentage of
PNN associated with PV cells (treatments: F;5,=0.260 p=0.778; side: F45,=0.051,

p=0.821; interaction: F,5,=1.844, p=0.168).

Discussion

This experiment demonstrates that, as shown previously in males (Alward et al.,
2013; Alward et al., 2016), implantation of testosterone in the medial preoptic nucleus
(POM) increases vocal production in female canaries. This behavioral effect was
accompanied by changes in aromatase expression in the POM and also by a
bilateral increase in neurogenesis in HVC. No change in PNN expression, which is
usually associated with song crystallization in both canaries and zebra finches, was
however observed in HVC. Because effects of testosterone on singing are thought to
be induced at least in part by the action of its estrogenic metabolites at the cellular
level (Fusani and Gahr, 2006; Fusani et al., 2003), we also implanted some females
with estradiol (E2) in the POM and demonstrate that this resulted in relatively similar
behavioral effects, but there were no statistically significant effects when one
examined the neural measures. No significant difference between treatment groups

could be detected in body mass, the size of the cloacal protrusion (an androgen-
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dependent structure), the mass of the syrinx (androgen-dependent also) or of the
ovary. The syrinx mass in particular was roughly similar to what was previously
observed in females that are not systemically treated with sex steroids (Shevchouk et
al., 2017b). These data suggest that there was little or no leakage of steroids from
the brain implants to the periphery and at any rate that this leakage was not
differential between the 3 groups of subjects and thus cannot explain differences
among treatment groups. This conclusion is also supported by the observation that T
implants increased POM volume on the ipsi- but not on the contra-lateral side of the
brain, indicating that steroid diffusion did not even reach his adjacent location. These
results allow us to draw a number of general conclusions but also raise a number of

questions that need to be considered.

Singing Activity
In the large number of subjects that received a T or E2 implant in the POM, a clear
increase in singing activity was detected. This was reflected in the production of a
larger number of vocalizations and, in some subjects, an increase in their duration,
but this latter effect was too variable to be significant. The percentage of time spent
singing that reflects both the number and duration of these vocalizations was also
markedly increased by both T and E2 implants, when located in the POM as
compared to birds in which the implant had missed its target.

Post-hoc tests indicated that a significant effect of T acting in the POM on
singing behavior was observed earlier after treatment than for E2 (day 14 versus 28),
while the reverse would be expected if all effects of T are mediated after its
conversion to E2. This observation could thus support the idea that T itself is

implicated in the activation of singing, but the average difference between these two
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groups was small and could simply reflect slightly different localizations of the
implants, a differential diffusion of the steroid in brain tissue or even the lower
statistical power of the experiment for the E2 group (7 E2 in POM vs. 14 T in POM
females).

The quality of the songs produced by these females remained very poor as
compared to male-typical songs. Their average duration barely increased, with only a
few females producing songs lasting longer than one and even more rarely two
seconds. No significant effect of treatments on maximum frequency, bandwidth,
entropy, or average entropy could be observed. This pattern corresponds to a large
extent to what was observed in males, where implantation of T in the POM increased
the song rate, but did not modify the quality of the vocalizations (Alward et al., 2013;
Alward et al., 2016).

Songs in females with T or E2 in POM were however of much poorer quality
than in similarly treated males. Average song duration in males with T in POM was
indeed around 4 seconds (Alward et al., 2013), while it barely reached 0.6 seconds in
females. Furthermore, female songs usually consisted of the repetition of 2 or 3
syllables that were not fully crystallized (no sharp definition in sonograms, variability
from one rendition to the next), while more diversity in syllable usage was observed
in males with T in POM even if a large degree of variability between successive
renditions was also present.

Overall, the female songs observed here had a distribution of energy that
showed a higher degree of general disorder than fully crystallized male songs. In two
independent unpublished experiments performed in our laboratory on the same

breed of canaries, we indeed observed that the average entropy of male songs in the
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spring is around 2.5, while entropy measured here was equal to or greater than 3
(Cornez et al. 2018a; Cornez and Balthazart, unpublished data).

The origins of these sex differences in response to hormone treatment are
difficult to identify at this stage. It is however likely that it reflects a rather fundamental
difference between males and females since even when treated systemically with T
for 3 weeks males and females still sing songs that are qualitatively different
(Madison et al., 2015). It is unlikely that the difference between songs observed here
in females and those previously observed in similarly treated males (Alward et al.,
2013; Alward et al., 2016) simply reflects a difference in hormonal activation. The
size and position of implants used here are indeed similar to those used and
observed in the male experiments. One possible reason for this difference is that the
females receiving these POM implants have not experienced as robust a process of
sensory-motor song learning as the males experienced. It is known that female
songbirds can learn to recognize the songs of their conspecific males (Catchpole and
Slater 2008; Gentner and Hulse, 2000; Nowicki and Searcy, 2014). However, it is
reasonable to assume that the hormonal activation of song in an individual who has
robustly experienced sensory-motor learning would be less effective than in an
individual who has. This sex difference could of course also reflect more fundamental
genetic sex differences related to song production in canaries, but this could only be
determined by ontogenetic experiments investigating the development of song in
males and females exposed to identical endocrine conditions.

It should also be noted that a number of song features significantly changed
over the course of the experiment, but in a similar manner in the three groups of
subjects (no effect of treatments and no interaction of time with treatment). This is the

case for the maximum frequency and the three measures of song amplitude
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(maximum, peak and RMS) that are not reported here. These changes presumably
reflect the transfer from short to long days (from 8 to 16 hours of light per day) of the
birds at the beginning of the experimental phase that should have promoted a limited

increase in ovarian activity and consequently in circulating E2 concentrations.

The POM as identified by aromatase immunohistochemistry
The position of implants was mapped in sections stained for Nissl material but also
stained by immunohistochemistry for aromatase, which provides a clearer and easier
identification of the POM. It was shown previously that a systemic treatment with T
increases within a few days aromatase expression and the related POM volume as
assessed by the dense cluster of ARO-ir cells in female (Shevchouk et al., 2017b)
and male (Shevchouk et al., 2018a) canaries.

A significantly larger volume of the ARO-ir cell group defining POM was
observed here on the side ipsilateral to the brain implant in the T group, but a similar
effect was not observed after implantation of E2. This increase specifically observed
in the ispilateral side of T birds confirms the local efficacy of the steroid implants in
the present design and, as already mentioned, their action limited to the immediate
surrounding of the implant tip. It has previously been shown in several avian species
that E2 largely mimics the effects of T in the induction of aromatase (Harada et al.,
1993; Hutchison et al., 1989; Hutchison and Steimer, 1986). Why this was not the
case here remains unexplained and can only be ascribed at this point to the dose or

diffusion of the steroid.

HVC volume and neurogenesis
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It was previously observed that unilateral implantation of T in the POM of males
significantly increases HVC volume on both sides of the brain (Alward et al., 2013;
Alward et al., 2016), but this effect was not replicated here in females. Volumes
measured both in Nissl-stained sections and based on the dense DCX-ir cell group
identified no treatment effect and no treatment by side interaction, although these two
sets of measures were very significantly correlated suggesting that the two labels
identify the same structure.

In males with a T implant in POM, analysis of the relationship between HVC
volume and singing activity had suggested that the increased volume is in part
activity-dependent, although local actions of T also participate to the increase in HVC
volume as observed in birds which additionally had a T implant near HVC (Alward et
al., 2016). Since the amount of T implanted here was similar to the amount implanted
in the published male experiments, it can be suspected that the singing activity
induced here in females was not intense enough to promote a detectable growth of
HVC. Accordingly in this experiment, in contrast to what was observed before in
males, no correlation was detected between the number of songs or percentage time
spent singing and the measures of HVC volumes (ipsi- or contralateral side, Nissl-
stained or DCX-ir cell group; -0.270 < R <0.034; p=0.157 for the largest negative
value, p=0.812 otherwise). This growth might alternatively be slower in females than
in males and a longer exposure to the steroids may have produced significant effects.

Surprisingly, however, a significant increase in multipolar DCX-ir cells was
observed in the HVC of T birds, while no difference was detected ventral or lateral to
HVC. These cellular changes were obviously not sufficient to modify the overall
volume of HVC, but they clearly demonstrate that steroid implantation in POM

affected the dynamics of neurogenesis in a brain area relevant to song control. Given
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that effects were bilateral, while T or E2 implants were unilateral, these
neuroanatomical effects are likely to be activity-dependent although the numbers of
multipolar DCX-ir cells in HVC did not correlate with the measures of song that were
affected by the treatments, namely the number of songs and the percentage of time
spent singing (all p=0.141). Interestingly also, the effect was limited to HVC and not
seen in two adjacent areas thus stressing again that, as observed before (Balthazart
et al., 2008), neurogenesis and recruitment of new neurons is controlled in a specific
manner within this song control nucleus.

Interestingly, although E2 implanted in POM produced nearly identical effects
on vocal behavior, this treatment did not affect DCX-ir multipolar cells in HVC. This
differential effect of T and E2 might reflect a differential time-course of action so that
the new neurons would have been sampled at a different latency after their final
mitotic division in T and E2 birds. This difference affecting DCX-ir cells may indeed
relate to the fact already discussed before that the maximal effects of T on song were
observed on day 14 but only on day 28 in E2 birds. All these data clearly point to the

fact that we would need more studies on the time-course of neurogenesis in HVC.

Perineuronal nets and PV-ir neurons
Although PNN density and/or total numbers in HVC are increased by systemic T
treatment in adult male canaries (Cornez et al.,, 2017a), no change was detected
here after implantation of T or E2 in the POM. The increase of PNN density in HVC
has been hypothesized to play a key role in song crystallization of song by stabilizing
synaptic connections of specific subsets of neurons (Balmer et al., 2009; Cornez et
al., 2018b; Cornez et al., 2017b). However, no study to date has attempted to

determine whether this increase in PNN density is due to a direct effect of T on HVC
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or is, like neurogenesis, driven at least in part by the singing activity itself. Females
bearing a T or E2 implant in POM displayed here an increase in vocalizations, but no
change in PNN expression. This observation might be construed to conclude that the
PNN expression is not activity-dependent, but is rather controlled by a direct action of
steroids in HVC. A major limitation to this conclusion is however that the vocal activity
induced here by steroids was quite limited both in quantity and quality. The songs
produced by these females also never showed the features of crystalized song so
that it makes sense that PNN expression was not increased and actually remained at
a very low level comparable to what is observed in females not treated with T
(Cornez et al.,, 2017a) and much below what is seen in sexually mature males
(Cornez et al.,, 2018a) or castrated males treated with exogenous testosterone
(Cornez et al., 2017a). Additional studies independently manipulating direct action of
T in HVC and singing activity would be needed to reach formal conclusions on this

question.

In conclusion, the present study indicates that as observed in males, sex steroids
increase the motivation to sing in female canaries by acting in the medial preoptic
area and they correlatively increase neurogenesis in HVC. However, as observed
after systemic treatments with T, female songs do not reach the same level of quality
and are not produced as frequently as male songs. Future research should
investigate whether longer treatments or treatments with higher doses of T might be
able to overcome this sex difference or if it relates to organizational effects of early
exposure to sex steroids or even to direct genetic effects independent of gonadal

steroid hormone action.
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Variable T out E2 out Tvs E2 Days Interaction
MeanzSEM (n) :VI;:antSEM F,p F,p F,p
n
Number of songs D7 | 27.7+17.6 (4) 122+57 (5)
D14 | 37.5+30.8 (4) 83.8+38.9 (5)
D28 | 31.7+12.3 (4) 17.0£11.9 (5) F=1.204, F=1.783, | F=1.961,
p=0.308 p=0.216 p=0.177
Song duration D7 | 0.34+0.11 (4) 0.28+0.12 (5)
D14 | 0.35+1.12 (4) 0.39+0.10 (5)
D28 | 0.44+0.02 (4) 0.284£0.11 (5) F=0.245, F=0.303, | F=0.809,
p=0.629 p=0.674 p=0.465
% Time singing D7 | 0.41+0.22 (4) 1.61+0.77 (5)
D14 | 0.53+0.38 (4) 1.13+0.52 (5)
D28 | 0.40+0.17 (4) 0.22+0.15 (5) F=1.123, F=2.013, | F=1.792,
p=0.324 p=0.187 p=0.203
Max. Frequency D7 | 35534328 (3) 40954239 (3)
D14 | 35804342 (3) 37274439 (4)
D28 | 39724403 (4) 4176213 (3) F=0.189, F=0.682, | F=0.519,
p=0.678 p=0.484 p=0.614
Bandwidth D7 | 1104+167 (3) 1885+834 (3)
D14 | 1128497(3) 215611185 (4)
D28 | 947+141 (4) 12681329 (3) F=1.036, F=0.499, | F=0.349,
p=0.348 p=0.612 p=0.715
Mean entropy D7 | 2.98+0.21 (3) 3.29+0.39 (3)
D14 | 2.85+0.24 (3) 2.93+0.15 (4)
D28 | 2.74+0.16 (4) 2.92+0.10 (3) F=0.524, F=4.037, | F=1.875,
p=0.496 p=0.128 p=0.245
Variable T out E2 out Tvs E2 Ipsi- Interaction
Contra
POM Volume Ipsi | 0.06+0.01 (4) 0.02+0.02 (3) F=3.022, F=0.811 F=0.227,
Contra | 0.05+0.01 (4) 0.02+0.01 (3) p=0.142 p =0.408 | p=0.653
HVC Volume Nissl Ipsi | 0.10+0.02 (4) 0.14+0.02 (4) F=0.810 F=0.516, | F=1.507,
Contra | 0.11+0.02 (4) 0.12+0.02 (4) p=0.403 p =0.499 | p=0.265
HVC Vol. DCX Ipsi | 0.11£0.03 (4) 0.10£0.02 (5) F=0.053, F=1.032, | F=0.002,
Contra | 0.10+0.02 (4) 0.10+0.01 (5) p=0.824 p =0.343 | p=0.967
Fusif. DCXin HVC Ipsi | 86.2+12.3 (4) 56.0+6.9 (5) F=3.559, F=5.143, | F=3.302,
Contra | 64.5+£10.7 (4) 53.614.6 (5) p=0.101 p =0.058 | p=0.112
Multi. DCX in HVC Ipsi | 152.0+35.2 (4) 151.4+9.7 (5) F=0.001, F=1.715 F=0.053,
Contra | 142.0+30.7 (4) 144.4+8.0 (5) p=0.976 p =0.232 | p=0.824
Fusif. DCX vtr. HVC Ipsi | 11.2+3.1 (4) 7.8+0.8 (5) F=1.099, F=0.110, | F=0.110,
Contra | 10.0+2.6 (4) 7.8+2.6 (5) p=0.329 p =0.750 | p=0.750
Multi. DCX vtr. HVC Ipsi | 19.0+£3.8 (4) 23.0+2.8 (5) F=1.255, F=0.161, | F=0.044,
Contra | 18.5+2.6 (4) 21.4+2.1 (5) p=0.300 p =0.700 | p=0.839
Fusif. DCX lat. HVC Ipsi | 13.0+3.5 (4) 7.4+0.7 (5) F=1.848, F=1.401, | F=1.043,
Contra | 13.2+2.5 (4) 10.8+2.4 (5) p=0.216 p =0.275 | p=0.341
Multi. DCX lat. HVC Ipsi | 8.0£1.3 (4) 7.8+1.5 (5) F=0.369, F=0.123, | F=1.332,
Contra | 6.5£1.0 (4) 8.6+1.3 (5) p=0.562 p =0.736 | p=0.286
PNN density Ipsi | 36.7+7.0 (3) 34.8+20.4 (5) F=0.070, F=0.835, | F=0.072,
Contra | 58.0+22.1(3) 46.4+22.6 (5) p=0.800 p =0.396 | p=0.796
PV-ir density Ipsi | 106.3+17.1 (3) 116.6+17.6 (5) | F=1.289, F=0.308, | F=0.439,
Contra | 104.0+0.0 (3) 143.0+25.7 (5) | p=0.278 p =0.589 | p=0.520
PV+PNN density Ipsi | 6.0+3.5 (3) 7.616.4 (5) F=0.003, F=0.618, | F=0.059,
Contra | 11.3£3.9 (3) 10.4+4.6 (5) p=0.957 p =0.462 | p=0.815
% PNN with PV Ipsi | 21.3+14.9 (3) 2.242.2 (5) F=0.006, F=1.744, | F=1.537,
Contra | 22.745.4 (3) 44.4+23.1 (5) p=0.938 p =0.213 | p=0.238

Table 1. Mean + SEM and number of observations for each separate set of OUT data (T and E2 birds),
and results of the two-way ANOVAs of these data (F and associated probabilities).
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Figure legends

Figure 1: Semi-schematic maps illustrating the implant locations and their content.
Panels A through D are presented in a rostral to caudal order. The inset shows the
content of the implants (T or E2) and whether they were considered to be located in
or out of POM. One E2 implant associated with an asterisk was considered in POM,
but was located in a plane caudal to the plane illustrated in D. Panels E and F
present photomicrographs of two brain sections immunostained for aromatase, one
with an implant outside (dorsal) to POM (E) and one with an implant within the
boundaries of the nucleus (F). The asterisk indicates the tip of the implant and the
magnification bar is 1 mm in both cases. The induction of aromatase in the POM by T
is clearly visible at the tip of the implant in F. Abbreviations-Ill: third nerve (nervus
oculomotorius); CoA: commissura anterior; DSD: decussatio supraoptica dorsalis;
DSV: decussatio supraoptica ventralis; GLV: nucleus geniculatus lateralis, pars
ventralis; LA: nucleus lateralis anterior thalami; POM: medial preoptic nucleus
(nucleus preopticus medialis); Rt: nucleus rotundus; TSM: tractus septopallio-
mesencephalicus.

Figure Contributions: Laura Vandries, Samar Ghorbanpoor and Gilles Cornez

performed the experiment, Laura Vandries and Jacques Balthazart analyzed the data.

Figure 2: Mean + SEM of all morphological measures collected in the 3 groups of

females at the end of the experiment. No significant difference could be detected

among the 3 groups except for syrinx mass, but this difference disappears when two
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outliers in the Out group are removed (Hatched bar; see text). The number of
available data points is indicated in each case at the bottom of the corresponding bar.
Figure Contributions: Laura Vandries, Samar Ghorbanpoor, Gilles Cornez and
Olesya Shevchouk performed the experiment, Laura Vandries and Jacques

Balthazart analyzed the data.

Figure 3: Representative sonograms illustrating the songs produced by females
treated with T or E2 implanted in or out of POM. Birds in the Out group only produced
very short songs, usually consisting in the repetition of a single syllable (panels A, B).
E2 (panels C-E) or T (panels F-H) implanted in POM increased the duration of some
but not all songs that consisted in some cases of multiple syllables. Panel H illustrate
one of the most complex songs seen in the T in POM groups.

Figure Contributions: Laura Vandries, Gilles Cornez and Jacques Balthazart

analyzed the data.

Figure 4: Summary of all measures of songs produced during 2 hours of recording
on days (d) 7, 14 and 28 after implantation of the steroids in the brain. Data were
analyzed by two-way ANOVA with the 3 groups as independent factor and the 3
recording days as repeated factor and the results are schematically reported above
each graph (Trt= treatment; Time= time after implantation, Int= Interaction; *=p<0.05).
Significant effects were followed by post hoc Tukey tests whose results are indicated
by letters above the bars (a=p<0.05 compared to the corresponding Out group). The
asterisk above a bar refers to time effects and indicates a significant difference with
the D7 point. The number of available data points is indicated in each case at the

bottom of the corresponding bar.
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Figure Contributions: Laura Vandries and Jacques Balthazart analyzed the data.

Figure 5: Mean (+ SEM) volumes of the POM as identified by the dense cluster of
aromatase-immunoreactive cells (A), and of nucleus HVC as identified in Nissl-
stained sections (B) and by the dense cluster of doublecortin (DCX)-immunoreactive
cells (C) in females treated with T or E2 implanted in or out of POM on the ipsi (left
bar in each pair) or contra (right bar in each pair) lateral side. Data were analyzed by
two-way ANOVA with the 3 groups as independent and the 2 sides of the brain as
repeated factor and the results are schematically reported above each graph (TRT=
treatment; SIDE= brain side with respect to the implant, INT= Interaction; **=p<0.01,
***=p<0.001). Results of Tukey post hoc tests comparing the 3 groups on each brain
side are indicated by letters (a, b= p<0.05 compared to the Out and E2 group
respectively on the same brain side). The number of available data points is indicated
in each case at the bottom of the corresponding bar.

Figure Contributions: Laura Vandries, Samar Ghorbanpoor, and Olesya Shevchouk

performed the experiment, Laura Vandries and Jacques Balthazart analyzed the data.

Figure 6: Representative photomicrographs of the preoptic area (A, B) or of the song
control nucleus HVC (C, D) illustrating the main experimental effects. Panels in the
top row show the preoptic area stained for aromatase in a female with a T implant on
the right side showing the aromatase induction (A) or in a female of the Out group
showing basal aromatase expression (B). Panels in the bottom row show nucleus
HVC stained for doublecortin in a female with a T implant in POM (C) and an Out bird

(D) illustrating the increase by T in POM of the density of DCX-ir cells in HVC.
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Magnification bars are 500 ym in both cases and refer to both panels on the same
row.
Figure Contributions: Laura Vandries and Samar Ghorbanpoor performed the

experiment, Laura Vandries and Jacques Balthazart analyzed the data.

Figure 7: Correlation between the volumes of HVC as measured in Nissl-stained
sections (B) and by the dense cluster of doublecortin (DCX)-immunoreactive cells.
Data were separately analyzed for volumes measured on the side ipsi- or contra-
lateral side to the steroid implants. The graph illustrates the significant regression line
and the 95% confidence intervals.

Figure Contributions: Laura Vandries and Jacques Balthazart analyzed the data.

Figure 8: Mean (+ SEM) densities (numbers/mm?®) of fusiform (A, C, E) and
multipolar (B, D, F) DCX-ir cells in HVC (A, B) and in area directly ventral (C, D) or
lateral (E, F) to this nucleus in the 3 experimental groups on the brain side ipsi- and
contra-lateral to the steroid implants. Data were analyzed by two-way ANOVA with
the 3 groups as independent and the 2 sides of the brain as repeated factor and the
results are schematically reported above each graph (TRT= treatment; SIDE= brain
side relative to implant, INT= Interaction; *=p<0.05). Significant effects of treatments
were followed by Tukey post-hoc tests whose results are expressed as follows: b=
p<0.05 by comparison with the E2 group. The number of available data points is
indicated in each case at the bottom of the corresponding bar.

Figure Contributions: Laura Vandries, Samar Ghorbanpoor and Olesya Shevchouk

performed the experiment, Laura Vandries and Jacques Balthazart analyzed the data.
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Figure 9: Mean (+ SEM) densities (numbers/mm?®) of PNN (A), of PV-ir cells (B), of
PV-ir cells surrounded by PNN (C) and percentage of PNN present around PV-ir cells
(D) in the 3 experimental groups on the side ipsi- and contra-lateral side to the
steroid implants. Data were analyzed by two-way ANOVA with the 3 groups as
independent and the 2 sides of the brain as repeated factor and the results are
schematically reported above each graph (TRT= treatment; SIDE= brain side relative
to implant, INT= Interaction). No significant effect was detected. The number of
available data points is indicated in each case at the bottom of the corresponding bar.
Figure Contributions: Laura Vandries and Gilles Cornez performed the experiment,

Laura Vandries and Jacques Balthazart analyzed the data.
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