1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

/ HHS Public Access

Author manuscript

ﬁ Horm Behav. Author manuscript; available in PMC 2021 May 01.

Published in final edited form as:
Horm Behav. 2020 May ; 121: 104716. doi:10.1016/j.yhbeh.2020.104716.

Testosterone synthesis in the female songbird brain

Catherine de Bournonville?1, Aiden McGrath?, Luke Remage-Healey?
aCenter for Neuroendocrine Studies, University of Massachusetts, Amherst, MA 01003.

Abstract

Decades of work have established the brain as a source of steroid hormones, termed
‘neurosteroids’. The neurosteroid neuroestradiol is produced in discrete brain areas and influences
cognition, sensory processing, reproduction, neurotransmission, and disease. A prevailing research
focus on neuroestradiol has essentially ignored whether its immediate synthesis precursor - the
androgen testosterone - is also dynamically regulated within the brain. Testosterone itself can
rapidly influence neurophysiology and behavior, and there is indirect evidence that the female
brain may synthesize significant quantities of testosterone to regulate cognition, reproduction, and
behavior. In songbirds, acoustic communication is regulated by neuroestrogens. Neuroestrogens
are rapidly synthetized in the caudomedial nidopallium (NCM) of the auditory cortex of zebra
finches in response to song and can influence auditory processing and song discrimination. Here,
we examined the /n vivo dynamics of NCM levels of the neuroestrogen synthesis precursor,
testosterone. Unlike estradiol, testosterone did not appear to fluctuate in the female NCM during
song exposure. However, a substantial song-induced elevation of testosterone was revealed in the
left hemisphere NCM of females when local aromatization (i.e., conversion to estrogens) was
locally blocked. This elevation was eliminated when local androgen synthesis was concomitantly
blocked. Further, no parallel elevation was observed in the circulation in response to song
playback, consistent with a local, neural origin of testosterone synthesis. To our knowledge, this
study provides the first direct demonstration that testosterone fluctuates rapidly in the brain in
response to socially-relevant environmental stimuli. Our findings suggest therefore that locally-
derived ‘neuroandrogens’ can dynamically influence brain function and behavior.
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Introduction

Methods

Animals

Studies on rapid regulation of neurosteroids have focused almost exclusively on the potent
estrogen 17p-estradiol (Ey). E; is produced via the local aromatization of testosterone within
many brain regions, and influences major functions and behaviors including social
communication (Ball and Balthazart, 2010; Balthazart et al., 2009; Garcia-Segura, 2008;
Hull and Dominguez, 2015; Yoder and Vicario, 2012). The local dynamics and acute actions
of E, on social communication are most evident in songbirds.

One region of songbird secondary auditory cortex (caudomedial nidopallium; NCM) is
enriched with estrogen receptors and aromatase (Metzdorf et al., 1999; Yoder and Vicario,
2012). Both male and female zebra finches exhibit a rapid elevation in NCM E; in social and
auditory contexts (Remage-Healey et al., 2012, 2008). Increases in local E; also directly
enhance the auditory-evoked activity of NCM neurons (Remage-Healey et al., 2010;
Remage-Healey and Joshi, 2012; Tremere et al., 2009; Tremere and Pinaud, 2011), while
infusion of fadrozole, a potent and selective aromatase inhibitor, causes acute decreases in
the auditory-evoked activity of NCM neurons and the behavioral preference for familiar
songs (Remage-Healey et al., 2010). Therefore, local E; acts as a neuromodulator to directly
influence both local neuronal response properties and downstream sensorimotor integration
(Remage-Healey et al., 2013; Vahaba and Remage-Healey, 2018). The rapid fluctuations in
local E5 levels in the songbird brain predict that upstream precursors like testosterone also
exhibit dynamic regulation.

Theoretically, song-induced elevations in NCM E, can depend on three related mechanisms,
including (a) a rapid increase of aromatase activity, (b) a rise of the precursor testosterone in
the plasma and diffusion into the brain and/or (c) a direct local testosterone synthesis
independent from the periphery. Rapid changes in aromatase activity have been well
demonstrated in the avian brain (Balthazart et al., 2006; Cornil and de Bournonville, 2017)
including the telencephalon of zebra finches (Remage-Healey et al., 2009). Instead, this
study focused specifically on the substrate fluctuation/synthesis hypotheses. This current
work was conducted using female zebra finches for three reasons. First, females have lower
peripheral testosterone levels than do males (Kabelik et al., 2011; Prior et al., 2014). Second,
the key enzymes responsible for testosterone synthesis, 3-hydroxysteroid-dehydrogenase
(3p-HSD) and 17p-hydroxysteroid-dehydrogenase (17p-HSD), are expressed and active in
the female NCM, exceeding that in males (London et al., 2006, 2003; Soma et al., 2004;
Tomaszycki and Dzubur, 2013). Third, this high androgenic enzymatic activity is rapidly
regulated during stress in females but not males (Soma et al., 2004). Therefore, testosterone
synthesis in the female NCM could have a functional behavioral role in addition to
providing a substrate for fast conversion to estrogens.

Females zebra finches (adults > 105 dph) were used for this study. Protocols were approved
by the Institutional Animal Care and Use Committee at the University of Massachusetts. All
animals were raised from our colony or came from a commercial supplier.

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

de Bournonville et al. Page 3

General procedures

Three main experiments were performed using in vivo microdialysis or blood measurements
for steroids according to previously published protocols (Remage-Healey et al., 2012, 2008).
All animals were housed in acoustically isolated chambers one day before experiments
began. For experiments involving acoustic playback, a subset of females was recorded in
order to evaluate whether female behaviors were associated with the steroid fluctuations
observed in NCM (see the behavioral analysis section).

Cannula implantation and microdialysis

For in vivo microdialysis experiments, a cannula (CMA Microdialysis) was implanted either
in the left or in the right hemisphere NCM. On the day of the surgery, animals were
anesthetized with an intramuscular injection of Equithesin (3.2 ml/Kg), and lidocaine (10-15
ul) was applied under the scalp. The skull was opened and a CMA-7 microdialysis guide
cannula was lowered using stereotaxic coordinates that have been previously validated to
target the most medial and caudal part of NCM (1.1 mm rostral and 0.7 mm lateral relative
to the bifurcation of the midsagittal sinus, 1.4 mm from the surface of the brain). Dental
cement and cyanoacrylate were used to fix the cannula to the skull. Meloxicam (1 pl/g
weight; 0.1 mg/ml) was orally administered as an analgesic. Birds were then placed in sound
attenuation chambers (Eckel Industries) with a female companion for at least 3 days until the
experiment began. All animals were housed in acoustically isolated chambers one day
before experiments began. The microdialysis probe (CMA-7; OD 0.24 mm; shaft length 7.0
mm; membrane length 1.0 mm) was inserted in the cannula the day before the first sample
collection and was perfused overnight at a flow rate of 2 ul/min with artificial cerebrospinal
fluid (aCSF; 199 mM NaCl, 26.2 mM NaHCO3, 2.5 mM KCI, 1 mM NaH2P0O4, 1.3 mM
MgS0O4, 2.5 mM CaCl, 11 mM glucose, and 1% BSA, pH = 7.4) previously filtered through
0.2 umHT syringe filters (Acrodisc 25-mm filters; Pall Life Sciences). This overnight period
of acclimation before sample collection was carried out to avoid implantation-induced
neurochemical contamination. The probe was connected to FEP tubing (CMA
Microdialysis) and the outflow terminated in a microcentrifuge tube for sample collection.
Perfusion fluid (aCSF as above) was infused at a rate of 2 ul/min for all experiments and
samples collected every 30 minutes were immediately frozen at =20 °C.

Specific protocols

Specific protocols are described in Figure 1. The first experiment was set up to measure both
testosterone and E, fluctuations in NCM during acoustic playback of auditory stimuli,
according to a previously published result for E, alone (Remage-Healey et al., 2008).
Dialysate samples were collected every 30 minutes during three experimental periods of
time (see Figure 1): a baseline period (BL; 2 x 30 min) where females where not exposed to
any acoustic stimulus, a playback period where females were exposed to songs (PB; 1 x 30
min) and a post-treatment silent period after the stimulus was over (POST; 2 x 30 min). The
playback stimuli were identical in amplitude, duration, and repetition rate to that used in
previously published studies (Remage-Healey et al., 2012, 2008). For a subset of animals (n
= 13), both E, and testosterone measurements were performed on the same dialysate
samples using a serial assay design, for other subjects (n = 6) only testosterone was
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measured. Dialysates from some animals in the first subset were used for troubleshooting of
the testosterone measurements resulting in the following sample sizes: 13 females were used
to measure NCM E; levels during playback while 12 females were used to measure NCM
testosterone levels during playback.

The second experiment aimed to determine whether the rise of E; observed in NCM in
response to song could be mediated by a rise of testosterone derived from the periphery. For
30 minutes, females were exposed to either acoustic playback (n = 10) or silence (n = 10).
At the end of the stimulus, they were rapidly removed from the isolation chamber and a
blood sample was collected from the brachial vein. Blood samples were centrifuged for 10
minutes at 10.000g to obtain serum, which was stored at =20 °C until testosterone assay.
Two or three days later, the same experimental protocol was performed on the same subjects
with the stimulus that they were not exposed to on the first trial (silence or song playback)
and again, a blood sample was collected immediately after the end of the stimulus
presentation and was processed for testosterone assay. Serum was extracted using a C18 SPE
column (see steroids measurements below) before further ELISA analysis.

In a third experiment we aimed to assess the pattern of testosterone fluctuation during
playback coupled with the blockade of selected neurosteroidogenic enzymes (see Figure 1).
Specifically, fadrozole (100uM diluted in aCSF, stock solution 20mM in dH20) was used in
a first set of animals to inhibit E synthesis (Wade et al., 1994) while trilostane (15nM
diluted in aCSF, stock solution 1.5mM in DMSO) was used to inhibit testosterone synthesis
(Potts et al., 1978). Fadrozole only was used in 13 animals while a combination of trilostane
and fadrozole was used in 7 animals. As reported in mammalian systems, the 1C50 of
fadrozole is 4.5 nM for aromatase and of trilostane is 4.1 pM for 3p-HSD (Browne et al.,
1991; Coirini et al., 2003). Samples were collected every 30 minutes during the following
experimental periods: After a baseline period (BL; 2 x 30 min) of aCSF perfusion, drugs
were retrodialyzed under silent conditions (Fadrozole (FAD) or Trilostane and fadrozole
(TRIFAD); 2 x 30 min), then during the playback (FAD+PB or TRIFAD+PB; 1 x 30 min),
then again after the end of the stimulus (FAD or TRIFAD; 2 x 30 min). Thus, drug
retrodialysis started an hour before the song stimulus was played and lasted another hour
after the end of it. Perfusion fluid was finally switched back to aCSF for six more samples
(POST). Since fadrozole and trilostane showed modest cross-reactivity with the testosterone
ELISA Kit, in vitro experiments were performed to evaluate the time-course interference of
these drugs in order to correct the in vivo data (Figure 2 D-E). An extra validation was also
performed to test whether natural testosterone fluctuations were still detectable and linearly
displaced along the standard curve despite drug interferences (Figure 2 C). E, as well as
testosterone were measured in the same samples for 9 subjects in experiment 3 while only
testosterone was assayed in the remaining subjects (n = 4).

Behavioral analysis

For a subset of females in each experiment, video recordings were taken during the playback
exposure. The camera was placed outside of the sound-attenuation chamber, facing the
animal through a one-way glass partition window. The video duration was 30 minutes and
included 15 minutes immediately prior to song exposure (baseline) and the first 15 minutes
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of song exposure (playback). Ten minutes of each period (baseline and playback) were then
analyzed by a blind experimenter using JWatcher software (1.0) to quantify the frequency of
the following behaviors: Head tilts, head orientation towards the speaker, head orientation
away from the speaker, movement in the direction of the speaker, movement in the direction
away from the speaker, eating, and drinking. The first three were combined in a composite
measure of total head tilt frequency while the first five behaviors were combined in a
composite measure of total activity in order to assess locomotor activity of females. Finally,
eating, drinking and flying behaviors were combined and expressed as negative behaviors
since they were used previously as a measure of inattention to the tutor in juvenile zebra
finches (Chen et al., 2016). Other typical measures of female approaches (e.g. using perches
close to or far away from the speaker; Howell and Derryberry, 2019) were not possible due
to the microdialysis set up.

Brain histology

Females from in vivo microdialysis experiments (experiment 1 and 3) were Killed by rapid
decapitation and the brains were collected to determine the probe placement. Brains were
dissected, immersed in a 20% sucrose in 10% formalin solution for 2-3 days until freezing
and sectioning. Parasagittal sections of 45um, performed on a cryostat, were thaw-mounted
onto gelatin-subbed slides (Fisher superfrost) and were stored at 4 °C. Sections were
dehydrated, stained with thionin and cover-slipped before viewing under a light microscope
(Zeiss) to identify probe placement. Brain histology revealed that most probes were located
inside NCM (Figure 3A). More specifically, a few animals were found with a probe located
outside of NCM in experiment 1 (E, measurement during playback) while all further
experiments had probes confirmed within NCM. Thus for experiment 1 with E, measures
only, we divided the set of data so that animals with a probe located outside of NCM were
analyzed as an independent group.

Steroid measurements

E, levels were measured in dialysates as previously validated (Remage-Healey et al., 2012,
2008) using commercially available enzyme immunoassays kits (Cayman Chemical;
Antibodies, mouse monoclonal anti-rabbit 1gG and specific antiserum to Estradiol;
Sensitivity 2.6 pg/ml). Briefly, 50uL of dialysate was directly pipetted on the 96-well plate
and antiserum and E» tracer were added to the wells. After one-hour of incubation, wells
were washed, and the amount of linked conjugated E, was measured via the colorimetric
reaction induced by Ellman’s Reagent provided by the kit. Absorbance of dialysate E,
concentration were compared to the standard curve made with aCSF spiked with known
increasing concentrations of E,. Dialysate concentrations were largely distributed
throughout the linear portion of the ELISA standard curve. When samples showed
undetectable E; level, their value was fixed to zero. A background value from
unmanipulated aCSF was automatically subtracted from sample’s values since the standard
curve was prepared in aCSF.

At first, the goal of this study was to measure both E, and testosterone in every sample using
a serial assay (see next paragraph). However, when looking at individual data in experiment
1 (Figure 3B inset), we realized that only 3 animals out of the 13 with a probe correctly
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located, showed the expected increase (> 5 pg/ml) during playback. Others showed a minor
increase or had low/undetectable E, levels compared to the work previously published in our
lab (Remage-Healey et al., 2012). These observations together with other troubleshooting
experiments led to the conclusion that either the kit used for these measurements has
changed (new antibody, etc) or the probes and the technique to collect the dialysates became
inefficient to detect estrogens. Given the fact that another steroid, testosterone, was detected
in higher amount in the same samples (see figure 4), the latter hypothesis is unlikely. For the
remainder of the study, therefore we concentrated on testosterone only since it was reliably
detectable using these methods.

A serial assay design providing quantification of both E, and testosterone from the same
samples was processed on a subset of samples (see the specific protocols section). In this
case, the mix containing dialysates, antiserum and E, tracer was collected from the wells
before the washing step in the ELISA for E, and were frozen at =20 °C until testosterone
assay.

Testosterone was measured in sera and brain dialysates as previously described (Remage-
Healey et al., 2008). Blood sera were extracted for steroids (Newman et al., 2008) using a
solidphase extraction. Diluted samples were eluted through C18 columns under vacuum
pressure and washed with ddH20 to elute hydrophilic polar compounds. Hydrophobic
compounds, including steroids, were then eluted using 100% methanol washes followed by
evaporation under air in a 50 °C water bath. Dried samples were suspended in EIA buffer
and testosterone content was assayed using a commercial ELISA kit (Cayman Chemical,
Antibodies, mouse monoclonal anti-rabbit IgG and specific antiserum to Testosterone;
Sensitivity 1.95 pg/ml). Dialysates were also measured for testosterone using the same Kits.
In samples where only testosterone was assayed, 50uL of dialysate was directly pipetted on
the 96-well plate and antiserum and testosterone tracer were added to the wells. After a two-
hour incubation, wells were washed, and the amount of linked conjugated testosterone was
measured via the colorimetric reaction induced by Ellman’s Reagent provided by the kit.
Dialysate testosterone concentrations were compared to the standard curve made with aCSF
spiked with known increasing amount of testosterone. Each plate of testosterone ELISA
contained a sample with fadrozole and/or fadrozole plus trilostane perfusion fluid in order to
assess the total interference of the drug. The drug interference was removed from sample’s
raw data as explained in figure 2D-E. In samples where both E, and testosterone were
assayed, 50 uL of the mix containing dialysate coming from the E, plate was directly
pipetted on the 96-well plate. For these samples, testosterone concentrations were
extrapolated from a specific standard curve that was made by adding known increasing
amount of testosterone in the mix containing aCSF from the E, assay. Again, a background
value from unmanipulated aCSF was automatically subtracted from sample’s values since
the standard curve was prepared in aCSF or in mix containing aCSF from the E, assay. For
each plate, the intra-assay coefficient of variation was always less than 5%.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 6.01. Standard curves were
analyzed using a linear regression model assessing whether slopes were statistically
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different. Non-parametrical statistics were used to analyze microdialysis data since they
were not normally distributed. Friedman tests were used to determine the fluctuation of E,
and testosterone over time. Independent Friedman tests were used for every separate group
of subjects (i.e. left hemisphere, right hemisphere or inside NCM, outside NCM). When
statistically significant changes over time were detected, the playback effect was assessed
using the Dunn’s multiple comparisons test or the Wilcoxon Matched-pairs Signed-ranks
test to directly compare the value of the sample collected during playback with the previous
one. Plasma testosterone content was analyzed using a two-way ANOVA with the type of
stimulus (playback or silence) as an independent factor and the sequence (playback first or
silence first) as a repeated measure factor. Finally, behavioral data were analyzed using non-
parametrical statistics given the low number of animals. Mann-Whitney U tests were used to
compare behavior frequency between two experiments while Kruskal-Wallis tests were used
when the comparison involved more than two groups. Independent Wilcoxon Matched-pairs
Signed-ranks tests with Bonferroni correction were used to identify possible changes in
behavior. When significant differences were observed, effect sizes were reported as eta
squared for Wilcoxon tests.

Validations of the testosterone assay on NCM dialysates

Testosterone was measured in NCM dialysates per previously published protocols (Remage-
Healey et al., 2008). Here we used sequential assays of both steroids in the same samples
and drugs that can interfere with these measurements, five validation steps were thus
necessary.

First, the fidelity of both the testosterone-only and the sequential assays were compared.
Increasing concentrations of testosterone were added to control aCSF or to the mix that
came from the previous E, assay. This mix contained aCSF, as well as tracer and antiserum
that was used for E; measurement. These increasing testosterone concentrations were then
assayed via a testosterone ELISA. Results showed that the different concentrations of
testosterone were accurately detected regardless of the solution in which they were prepared.
Indeed, following linear regression model, standard curves from aCSF or from the mix were
statistically indistinguishable (Figure 2A; F(1 45) = 1.79, p = 0.187), confirming that both
techniques (testosterone-only or sequential assays) were sufficient to measure testosterone.

Second, we assessed whether our assay was sensitive enough to detect testosterone
fluctuations in the brain. NCM dialysates (aCSF perfusion through the probe) were collected
before and after an intramuscular injection of testosterone (100ul of a 2.75mM solution
made in sesame oil; n = 4 females). Results showed significant changes in local NCM
testosterone over time (Figure 2B; Friedman X2,-4 = 26.82, p = 0.0004). More specifically,
a substantial increase in NCM testosterone levels occurred immediately after the injection
compared to baseline (p = 0.001, Dunn’s multiple comparison test). Testosterone levels were
still high one hour after the injection (p = 0.011) before gradually returning to basal levels (p
>0.099).
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Third, we quantified assay interference induced by retrodialyzed drugs and tested whether
natural testosterone fluctuations were still detectable despite the assay interference of
steroidogenic enzyme inhibitors. Increasing concentrations of testosterone were thus added
to either control aCSF (n = 4 replicates), fadrozole (100uM, n = 4 replicates) or to both
fadrozole and trilostane (100uM and 15nM respectively, n = 4 replicates), and each
concentration was then assayed. Results from the ELISA showed that the different
concentrations of testosterone were clearly detectable regardless of the presence of the
drugs. Indeed, a linear regression model confirmed that the three standard curves were
statistically indistinguishable (Figure 2C; F(2 40y = 1.77, p = 0.184).

Fourth, in order to accurately quantified the drug interference, probes immersed in aCSF
bath were perfused sequentially with regular aCSF for 60 minutes, with drugs (fadrozole
100uM, n = 3 probes or a combination of fadrozole 100uM and trilostane 15nM, n = 9
probes) for 150 minutes, then with regular aCSF again for 180 minutes. Samples were
collected every 30 minutes and testosterone content was measured using ELISA. Specific
assay interference for fadrozole-only or the combination of trilostane and fadrozole are
shown in figure 2D. Once quantified, the interference of both drugs was converted into a
time-dependent percentage of total interference. This percentage was then used to account
for assay interference for every subject. Specifically, before perfusion, an aliquot of the drug
used for each animal was saved and stored in the freezer with other samples. On the day of
the ELISA, the total assay interference of the drugs was quantified for every subject. Data
from each animal were then corrected using its specific total interference and the percentage
of the established interference for that drug. Final data for each animal were expressed as the
subtraction of the over-time interference from the raw testosterone data (Figure 2E).
Together, these experiments validated the detection and quantification of testosterone in
dialysates.

Finally, the effect of fadrozole infusion on NCM testosterone levels was assessed. Nine
animals were placed in the microdialysis set up and samples were collected during a
baseline period (BL; 1 x 30 min), during fadrozole infusion (FAD; 1 x 30 min) and during a
post-treatment period (POST1 to 6; 6 x 30 min). Importantly, these animals did not receive
any song stimulation during the whole collection period. Testosterone was assayed in these
dialysates and revealed that fadrozole infusion alone within NCM did not induce
fluctuations in local testosterone levels (Friedman X2,-g = 2.81, p = 0.90; MEAN % SEM,
BL 30.0 pg/ml + 15.5, FAD 33.8 pg/ml £ 26.9, POST1 31.0 pg/ml £ 13.5, POST2 31.3
pg/ml +£12.0, POST3 4.1 pg/ml £ 1.3, POST4 20.1 pg/ml + 10.0, POST5 8.1 pg/ml £ 3.8,
POST6 47.2 pg/ml £+ 24.1).

Experiment 1 — NCM E» and testosterone levels fluctuate during acoustic playback

We first replicated a prior result that local E, levels are rapidly elevated in the NCM of
females in response to a potent sensory stimulus, male song (Remage-Healey et al., 2012).
This was observed in animals with a probe within NCM (Figure 3; IN Friedman X2,-13 =
11.23, p = 0.024; E, levels comparing baseline to playback p = 0.055 Wilcoxon, n? = 5.07)
but not in animals with a probe positioned outside NCM (Figure 3 OUT; Friedman X2,-5 =
2.09, p = 0.718). However, once split, the time course analyses for each hemisphere became

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

de Bournonville et al.

Page 9

non-significant (Right, Friedman X2,-¢ = 5.32, p = 0.256; Left, Friedman X2,-; = 6.62, p =
0.158), probably due to low statistical power and detectability issues (see methods).

A parallel experiment revealed that testosterone levels in NCM did not change in response to
song playback, unlike E,. Despite a qualitative decrease in almost every subject during
playback compared to baseline (Figure 4 inset), we did not detect statistically significant
changes over time (Figure 4; Friedman X%,-15 = 4.56, p = 0.336). These findings were
consistent across both hemispheres (Right, Friedman X%,-4 = 1.63, p = 0.85; Left, Friedman
X2n=g = 4.9, p = 0.298). Interestingly, all animals implanted in the right NCM showed low
basal levels of testosterone (average level of 1.85 pg/ml) as compared to animals with a
probe in the left NCM (average level of 83.95 pg/ml) although this difference did not reach
statistical significance (MannWhitney Up=4 n=g = 6.5; p = 0.121, n? = 0.22).

Experiment 2 — Playback and peripheral testosterone levels

The rapid elevations in local E; levels in NCM could in principle originate from a rise the
precursor testosterone from peripheral endocrine glands such as the gonads and adrenals
(Soma et al., 2015) and be locally converted by NCM aromatase. In experiment 3, blood
testosterone levels were assessed in a separate set of females exposed to either song or
silence for 30 minutes. Results showed no significant effect of the stimulus on plasma T
levels (Table 1; paired t1g = 0.46, p = 0.657).

Because we counterbalanced the stimulus presentation order by day, we examined the effect
of the sequence of stimuli, but did not observe an effect on testosterone levels (Sequence
F(,9)=0.04, p=0.838; Stimulus F(; 9) = 0.2, p = 0.664; Interaction F(; gy = 0.29, p = 0.867).
Levels of testosterone found in female plasma were low in accordance with previously
published data (Kabelik et al., 2011). Therefore, these findings are consistent with a neural
origin of testosterone detected in NCM in our microdialysis experiments.

Experiment 3 — Playback induces NCM testosterone changes during neurosteroid
synthesis blockade

Since a rapid elevation of testosterone in response to song did not occur nor in NCM nor in
the periphery, we reasoned that rapid increases in local E, in NCM were either due to rapid
changes in aromatase Kinetics or the acute local synthesis of testosterone. This latter
mechanism was directly tested in experiment 3 in a new set of animals exposed to song
playback as in experiment 1. In this case, either neuro-E, or neuro-testosterone synthesis
was blocked pharmacologically by retrodialysis of the selective synthesis inhibitors
fadrozole and trilostane, respectively (Potts et al., 1978; Soma et al., 2004; Wade et al.,
1994). When E, synthesis was locally inhibited, we observed rapid increases in local
testosterone levels that were markedly different in the left vs. right NCM. Specifically,
testosterone levels substantially increased in the left NCM (Friedman X2,-g = 10.86, p =
0.028) while there was no significant change in the right NCM (Figure 5A; Friedman X2,5
= 3.81, p = 0.432). This substantial (~ 770%) increase in local testosterone occurred
specifically at the moment of the playback in the left NCM but not the right NCM (p = 0.031
Wilcoxon, n? = 3.23). Testosterone levels also tended to be higher than baseline 60 minutes
after the end of the stimulus, also in the left hemisphere (p = 0.078 Wilcoxon, n? = 4.72).
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If testosterone is locally synthesized in NCM, but only detectable when rapid conversion to
estrogens via aromatase is blocked, we reasoned that combined blockade of local androgen
and estrogen synthesis within NCM would directly test our hypothesis. Consistent with this
hypothesis, in a separate set of animals, when local synthesis of both neuro-E; and
testosterone were blocked specifically in the left NCM, no significant changes in local
testosterone levels were observed in response to playback (Figure 5A; Friedman X2,-5 =
7.6, p = 0.47). The same experimental design was also run in two animals implanted in the
right hemisphere as a negative control since no rise was observed in T in this hemisphere
during FAD infusion and song playback. A schematic representation of these findings is
presented in Figure 5B.

Behavioral data

We analyzed several behaviors displayed by females in order to ensure that the microdialysis
set up (tether, attached tubing, etc.) did not interfere with the expression of common
speciestypical behaviors in the laboratory. Behaviors displayed under silent conditions
(baseline period) was compared to behaviors in animals receiving aCSF infusion in the
microdialysis chamber (tethered females from experiment 1) and animals put in the same
test chamber without being tethered (untethered females from experiment 2). The same
behavioral analysis was also performed in animals placed in the microdialysis set up and
exposed to either aCSF (control females, from experiment 1) fadrozole or both fadrozole and
trilostane (females from experiment 3) in order to test whether steroidogenic enzyme
inhibitors alone caused overt behavioral changes. Locomotor activity as measure by the total
activity of the female (see methods) were not affected by the use of a tether (Untethered
females vs. tethered females Mann-Whitney Un1=10 n2=5 = 18.00, p = 0.422) or by drug
treatment (Kruskal-Wallis H = 1.85, p = 0.413).

Negative behaviors recorded during playback (considered representative of attention Chen et
al., 2016) did not differ between tethered females compared to untethered females (Mann-
Whitney Uni=10, N2=5 = 18.00, p = 0.401) or between treatment groups (Kruskal-Wallis H =
0.54, p = 0.775). Therefore, the use of a tether did not interfere with the display of typical
female behavior and the infusion of steroidogenic enzyme inhibitors did not alter overt
behaviors like locomotor activity.

Interestingly, among all the behaviors recorded, head tilts (an indication of stimulus
attending) increased during playback only when estrogen synthesis was blocked (W=7 =
28, p = 0.016, n? = 3.20; Figure 6). This behavior was not increased during playback when
testosterone synthesis was inhibited (W=7 = 8, p = 0.563) or when animals were infused
with control aCSF (Wp=5 = 28, p = 0.625). Thus, head tilts increased during playback
concurrent with the increased production of testosterone observed in left NCM. A tendency
in the same direction was observed for total activity, with an increased activity in response to
song during fadrozole infusion (Wy=7 = 22, p = 0.078) while no song-induced changes were
observed during aCSF (Wy=5 = 3, p = 0.813) or both fadrozole and trilostane infusions
(Wn=7 =4, p = 0.813). Negative behaviors did not change in response to song playback
during any treatment (Wpn=5 = 4, p = 0.625 for aCSF; W=7 = 1, p = 0.999 for fadrozole;
W= = 0, p = 0.999 for both trilostane and fadrozole retrodialyses). Together these findings
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suggest that testosterone in NCM could rapidly affect song-induced female behaviors,
although this possibility remains to be directly tested.

Discussion

To our knowledge, this study provides the first evidence that testosterone is locally
synthesized in the brain, /n vivo. Our findings also clarify rapid neuroestrogen fluctuations
in the forebrain. Neuroestrogens can fluctuate in several species, including within the
hippocampus and hypothalamus (Kenealy et al., 2013; Sato and Woolley, 2016). Our
findings replicated a song induced-elevation in local neuroestrogen levels that was
previously observed in the NCM of male (Remage-Healey et al., 2008) and female
(Remage-Healey et al., 2012) zebra finches. We further demonstrate that this rise in local E,
occurs specifically in NCM and that probes positioned outside the nucleus did not report
such changes (experiment 1). Next, we find that acute song-driven neuroestrogen increases
are mediated by an increase in the androgenic substrate, testosterone, in the left hemisphere
NCM. Implications about the origin, function, timing, and lateralization of testosterone
fluctuations within the brain itself are discussed below.

Synthesis of testosterone in the NCM of females during song

Unlike Ey, local testosterone levels did not increase within NCM of females when they were
hearing male song. Instead, NCM testosterone was elevated during playback during local E;
synthesis blockade. Interestingly, peripheral testosterone did not fluctuate in response to
playback, indicating that acute changes occur within the brain itself. Furthermore,
testosterone elevations were completely abolished when the neural enzymatic production of
testosterone was also blocked. Androgen synthesis in the brain has been suggested in other
systems, especially in the avian brain where all the enzymes necessary are present and active
(Tsutsui, 2011). Local androgen production has been evident in brain explant studies
(Mensah-Nyagan et al., 1996; Mukai et al., 2006; Pradhan et al., 2010; Soma et al., 2004;
Tam and Schlinger, 2007). We build on these findings to directly show that testosterone
synthesis occurs rapidly in the female brain in response to socially-relevant stimuli.

Our evidence for local brain testosterone production raises the question of its functional
significance. Brain aromatization is required for the acute regulation of many responses and
behaviors, including male sexual behavior, nociception, neuroprotection, memory and
cognition (Balthazart et al., 2018; Garcia-Segura, 2008). Studies in birds provided important
discoveries in the rapid regulation of aromatase kinetics related to such responses (Cornil
and de Bournonville, 2017; Saldanha et al., 2011). Importantly, rapid changes in aromatase
activity could mediate the song-induced elevation of estrogens observed in males, as it has
been shown that the enzymatic activity is elevated in the NCM of singers compared to non-
singers (Remage-Healey et al., 2009). The current study highlights the key-role of local
aromatization in auditory processing in females since the data show increased testosterone
levels only when the local aromatase is blocked.

Besides being the substrate to neuroestrogens, this study also raises the possibility of direct
effects of androgens in the female brain. This question is somewhat unexpected, since
testosterone has been traditionally viewed as a male-typical hormone. Neuromodulators,
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including neuroestrogens, are synthesized within the brain to rapidly control local neural
circuits and behavior (Remage-Healey, 2014; Saldanha et al., 2011). Testosterone has been
suggested to control important functions such as female sexual desire in humans (Alexander
et al., 2006; Davison and Davis, 2011, 2003; Pluchino et al., 2013) and women often report
an increased sexual desire when they are treated with testosterone (Arlt et al., 1999; Tuiten
et al., 2000; VVan Goozen et al., 1997) despite concurrent aromatase inhibition (Dahir and
Travers-Gustafson, 2014). Cognitive performance has also been linked to androgens in
women (Davison and Davis, 2003; Pluchino et al., 2015), and testosterone can affect
attention, emotion processing and memory within a few hours of treatment (Aleman et al.,
2004; Bos et al., 2016; Postma et al., 2000), consistent with a direct neural site-of-action. In
nonhuman animals testosterone can regulate neural circuits and behaviors within short time-
scales, including anxiety-like behavior (Aikey et al., 2002), social vocalizations (Fernandez-
Vargas, 2017; Remage-Healey and Bass, 2004), lordosis behavior (Gladue et al., 1978) and
aggression (Ardia et al., 2010). In this study, the changes in head movements in the group of
females experiencing a significant peak of testosterone in NCM suggests similarly rapid
effects of neuroandrogens. However, the lack of difference between the control aCSF and the
fadrozole infused animals coupled to the low number of animals in which these behavioral
measures were recorded significantly constrain these conclusions. Still, these findings
provide a basis for further in-depth investigations.

The hypothesis that neuroandrogens could act on behavior directly, independent of
aromatization, is bolstered by dense expression of androgen receptors in songbird NCM
(Fusani et al., 2000; Metzdorf et al., 1999; Tomaszycki and Dzubur, 2013). However, the
direct and local action of testosterone within NCM on song processing and related behaviors
still need to be tested. Testosterone could rise in NCM then act somewhere else in the brain
or even in the periphery to affect behavior. This study presents evidence for brain
testosterone synthesis but its local action (either by androgen receptor activation or by its
conversion and eventual estrogen receptor activation) still need to be determined by local
infusion of androgen/estrogen receptor antagonists and/or by measures of blood testosterone
levels under trilostane and/or fadrozole retrodialyses.

There is considerable evidence supporting rapid, non-genomic actions mediated by
membraneassociated androgen receptors in many species (Bennett et al., 2010; Foradori et
al., 2008; Li et al., 2018; Revelli et al., 1998; Shihan et al., 2015, 2014; Vicencio et al.,
2011; Walker, 2010). Whether androgenic effects take place through direct action of
testosterone on androgen receptors or via its active metabolites such as 5a.-
dihydrotestosterone is also of great interest. In any case, the current evidence that
testosterone can fluctuate in a local and dynamic manner is consistent with the emerging
view that androgens are neuromodulators, similar to recent considerations of neuroestrogens.

The current findings suggest that neuro-testosterone locally synthesized within NCM could
regulate song processing and sensorimotor integration, perhaps influencing downstream
vocal production (Remage-Healey and Joshi, 2012). Rapid actions of androgens in sensory
areas have received little attention to date but a few studies seem to support it. Indeed, the
androgen receptor antagonist flutamide showed antinociceptive effects within 30 min in rats
(Nayebi and Rezazadeh, 2004). Another study in rats showed that inhibiting androgen
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synthesis influences the acoustic startle reflex within minutes after drugs infusions, although
these effects seem to occur independently of AR activation (Frau et al., 2014). In human and
birds, testosterone appears to be able to modify acoustic parameters of voice/songs such as
lowering fundamental frequency (Abitbol et al., 1999; Beani et al., 1995; Cynx et al., 2005),
and rapid actions of androgens have been identified on important features of vocalizations in
several vertebrates (Fernandez-Vargas, 2017; Pultorak et al., 2015; Remage-Healey and
Bass, 2004; Yazaki et al., 1998). These effects likely take place in motor regions controlling
vocalizations but could also be a consequence of steroid actions on sensory integration
regions, although this last hypothesis has never been studied directly. Thus, androgens
and/or their estrogen metabolites rapidly modulate several key aspects of social
communication. Now that neuroandrogen fluctuations have been established, the dynamics
of concurrent fluctuating neuro-androgens and -estrogens in the context of social
communication becomes of increasing interest.

Time course of neurotestosterone fluctuations

Our findings reveal that one mechanism governing acute increases of neuroestrogen in
response to song is via an increase in the substrate, testosterone. This acute elevation likely
provides substrate for rapid conversion to estrogens by the enzyme aromatase. In our
experiment, the magnitude of T changes is larger than the magnitude of E, changes. This
discrepancy could be due to sensitivity differences in the two assays employed. Additionally,
although 17-beta-estradiol has been shown to regulate auditory processing in zebra finch
NCM (Remage-Healey et al., 2010; Remage-Healey and Joshi, 2012; Tremere et al., 2009;
Tremere and Pinaud, 2011), other estrogens (estrone, estriol) could also contribute to rapid
regulation of auditory functions and could themselves be dependent on the increased song-
induced testosterone rise we observe here in NCM. The activity of the enzyme aromatase
has been shown to be rapidly regulated within timeframes of 2 to 30 minutes in behavioral
contexts such as sexual interactions (Cornil et al., 2005; de Bournonville et al., 2017, 2013a)
stress (Dickens et al., 2014, 2011), and aggressive interactions (Schlinger and Callard,
1989). Interestingly, forebrain synaptic aromatase activity is elevated in singing male zebra
finches compared to non-singers (Remage-Healey et al., 2009). Thus it is likely that, within
the 30 minutes of playback, a rapid change in aromatase activity occurs in parallel with a
change in the androgenic substrate, leading to acute neuroestrogen elevations in female
NCM.

Interestingly, when E; synthesis was blocked, testosterone levels tended to remain elevated
for the next 60 minutes after the playback (experiment 3) while E; returned to baseline
(experiment 1 and (Remage-Healey et al., 2012)). The extended elevation of testosterone
compared to E; suggests that neuroandrogens could be involved in neural and behavioral
outcomes aside from the conversion into E», including a direct role for testosterone on
auditory processing and encoding. However, it could also be explained by a direct effect of
fadrozole on local testosterone levels. Indeed, in male zebra finches, 30 minutes of fadrozole
infusion was enough to induce a rise in NCM testosterone. On the contrary, our experiment
included two time points with fadrozole infusion preceding song playback and these values
suggest that fadrozole infusion alone does not directly affect local testosterone levels.
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However, a long-term effect of fadrozole or its accumulation provide an alternative
explanation of this later peak in testosterone and thus cannot be excluded.

Itis also likely that several steps along the steroidogenesis pathway are involved in local
testosterone elevations observed here. The central nervous system of vertebrates has the
capacity to synthesize neurosteroids de novo from cholesterol (Tsutsui, 2011) and stress
studies have identified extremely rapid changes in testosterone and upstream precursors in
the periphery (Dawson and Howe, 1983; Romero and Reed, 2005; Wingfield and Smith,
1982) and brain (Minni et al., 2012). Sensory stimuli could cause rapid synthesis of multiple
precursors upstream of testosterone (pregnenolone, DHEA) for direct action and/or
conversion (Soma et al., 2015). Similarly, the drug treatments used here are likely to
influence local levels of these other neurosteroid precursors. Direct measurement and
manipulation of these precursor molecules alongside quantification of the behavioral
consequences are now necessary in order to fully understand how the neurosteroidogenic
pathway is activated in response to social cues.

Lateralization of NCM testosterone synthesis

We observed song-induced testosterone synthesis only in the left hemisphere NCM. This
finding adds further evidence for lateralization of the auditory forebrain of songbirds and
other vocal learning species. The left hemisphere Wernicke’s area of humans is dominant for
language processing (Doupe and Kuhl, 1999; Price, 2012) and is considered a functional
analog of the songbird NCM (Bolhuis et al., 2010; Jarvis, 2004). The temporal cortex of
humans is also enriched for local neurosteroid capacity, including abundant aromatase
expression (Azcoitia et al., 2011; Yague et al., 2006). In the songbird brain, evidence for
lateralization of auditory function has accumulated from studies of immediate early gene
expression (Avey et al., 2005; Chirathivat et al., 2015; Lampen et al., 2017; Moorman et al.,
2015, 2012; Olson et al., 2016), electrophysiological recordings (Bell et al., 2015),
epigenetic markers (Phan et al., 2017), retrodialysis and behavior (Remage-Healey et al.,
2010), and neurogenesis (Tsoi et al., 2014). Concurrent with our findings, a recent FMRI
study showed that auditory-evoked activation was blunted in the NCM of male European
starlings when E, synthesis was blocked, and only in the left hemisphere (De Groof et al.,
2017). The modulation of auditory processing by steroids is therefore lateralized and the
production of testosterone within the left NCM of females in particular could be important
for auditory coding and sensorimotor integration.

Several mechanisms could mediate this lateralized steroid production in NCM, including
lateralization of enzymes for steroid synthesis. However, somal aromatase is expressed and
active at comparable levels in both hemispheres (De Groof et al., 2017; Ikeda et al., 2017,
Saldanha et al., 2000). But since aromatase contained in the synaptic terminals rather than in
the soma seem to be involved in song processing at least in male zebra finches (Remage-
Healey et al., 2009), a study of the lateral distribution of synaptic aromatase would be of
great interest. To our knowledge, hemispheric differences in the expression of
testosteronesynthesizing enzymes have not been reported (London et al., 2006, 2003). Rapid
and contextspecific changes in enzymatic activity have been reported for both aromatase
(Cornil et al., 2005; de Bournonville et al., 2017, 2013a, 2013b, Dickens et al., 2014, 2011)
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and 3p-HSD (Pradhan et al., 2010; Soma et al., 2004), and further clarification about the
lateralization of these phenomena is warranted. Other neurotransmitter systems are also
known to interact with steroid production and action. Interestingly, the left NCM contains
more fibers for tyrosine hydroxylase and dopamine beta hydroxylase fibers (Matragrano et
al., 2011). Although norepinephrine does not appear to regulate song-induced neuroestrogen
fluctuations (lkeda et al., 2015), catecholaminergic regulation of androgen synthesis remains
to be studied.

Conclusions

Our findings demonstrate that testosterone is actively synthetized in the female brain and
suggest that neuroandrogens might thus regulate brain function and behavior. These data
focus attention on reproduction and cognition for neuroandrogen actions (Davison and
Davis, 2003; Pluchino et al., 2015). It is also now important to evaluate the translational
implications of androgen synthesis in the female brain, since steroidal drugs are used by
women for sexual desire disorder and anti-cancer treatment, and future neurotherapeutics
could incorporate this ‘neuroandrogen’ perspective to help mitigate side effects such as loss
of libido or cognitive dysfunction (Ramdhan et al., 2018; Sabatini et al., 2011; Warren et al.,
2014).
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Highlights (85 characters each including space)

Estradiol (Ep) acutely increases in the female songbird auditory cortex during
song

Testosterone (T) rises in response to song when its conversion to E; is
blocked

This rise in T only happens in the left hemisphere and does not happen in the
blood

This rise is abolished when the production of T is locally blocked

The female brain thus produces T in response to socially-relevant stimuli
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Significance statement

This study demonstrates that androgen synthesis occurs rapidly /7 vivo in the brain in
response to social cues, in a lateralized manner. Specifically, testosterone synthesis
occurs within the left secondary auditory cortex when female zebra finches hear male
song. Therefore, testosterone could act as a neuromodulator to rapidly shape sensory
processing. Androgens have been linked to functions such as the control of female libido,
and many steroidal drugs used for contraception, anti-cancer treatments, and sexual
dysfunction likely influence the brain synthesis and action of testosterone. The current
findings therefore establish a clear role for androgen synthesis in the female brain with
implications for understanding neural circuit function and behavior in animals, including
humans.
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Figure 1:

Specific protocols of experiments using steroid measurements in NCM dialysates (exp.1 and
3) or in blood samples (exp.2). For each experiment, the auditory stimulus is noted as “PB”
and the time of sample collection is represented by vertical arrows. Abbreviations: aCSF,
artificial cerebrospinal fluid; FAD, fadrozole; TR, trilostane.
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Validations of the testosterone assay and control for drugs interferences. (A) Standard curves
prepared with control aCSF or with a mix collected from the previous E2 assay. Both curves
are parallel meaning that both techniques (testosterone-only, black squares; or sequential
assays, gray squares) are thus able to quantify the same kind of fluctuations. X axis,
logarithm of increasing concentration of testosterone; Y axis, logarithm of sample
absorbance divided by total absorbance. (B) Testosterone injection causes a substantial and
detectable increase in testosterone levels within NCM. Samples were collected every 30
minutes before (1.0 and —0.5) and immediately after (0.5 to 3.0 hours) the intramuscular
injection (arrow). *** p < 0.001. (C) Standard curves prepared with increasing amount of
testosterone in aCSF, in fadrozole (100uM) or in both fadrozole and trilostane (100uM and
15nM respectively). The three curves are parallel meaning that it is possible to quantify
testosterone fluctuations in an accurate way despite the presence of these interfering drugs.
X axis, logarithm of increasing concentration of testosterone; Y axis, logarithm of sample
absorbance divided by total absorbance. (D) Over-time quantification of the fadrozole and
trilostane interferences with the ELISA. ACSF alone (non-colored area; 0.5 to 1.0 and 4.0 to
6.5 hours) or ACSF with drugs (gray area; 1.5 to 3.5 hours) is perfused through probes
dipped in an ACSF bath and samples are collected every 30 minutes and assayed by ELISA.
The interference is higher when fadrozole is delivered in combination with trilostane (black
dots, max interference 40.0 pg/mL) compared to fadrozole alone (white dots, max
interference 15.4 pg/mL). (E) Example of individual data corrected for the drug interference.
Dialysates for this animal were assayed for testosterone (raw data; gray dots) then corrected
with the over-time quantification of the drug interference (white dots). All the results are
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finally expressed as the subtraction of the interference from the raw data (final value; black
dots).
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Figure 3:

Forebrain NCM E, fluctuations during song exposure. (A) Photomicrographs showing
microdialysis probes located inside NCM (medial NCM for the left picture, lateral NCM for
the right picture), with the tip of the probe targeting the caudal part of NCM enriched with
aromatase. (B) Acoustic playback (PB; gray area; 30 minutes duration centered on 1.5 hour)
induces a significant increase in E, levels within NCM. Average E; level measured in
samples collected every 30 minutes in females with a probe inside NCM (IN NCM) or
outside of the region (OUT) under silent conditions (no color) or during playback (gray area)
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(Mean £ SEM). (Inset) Individual data of E; level for animals with a probe positioned inside
NCM during baseline (BL), playback (PB) and after the end of the stimulus (POST). #p =
0.055.
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Figure 4:
NCM testosterone fluctuations during song exposure. Acoustic playback (PB; gray area; 30

minutes duration centered on 1.5 hour) induces no significant changes in testosterone levels
within NCM. Average testosterone level measured in samples collected every 30 minutes in
females NCM under silent conditions (no color) or during playback (gray area) (Mean
SEM). (Inset) Individual data of testosterone levels in NCM during baseline (BL), playback
(PB) and after the end of the stimulus (POST).
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Figure 5:

NCM song-evoked testosterone fluctuations during steroidogenesis blockade. (A) When E,
and/or testosterone syntheses are pharmacologically inhibited (light gray area, 2.5 hours
duration, from 1.5 to 3.5 hours), acoustic playback (dark gray area; 30 minutes duration
centered on 2.5 hours) induces differential changes in testosterone levels within NCM.
Testosterone (Mean = SEM) rises during playback only in the left NCM and only when E,
synthesis alone is blocked, whereas no such change occurs in the right hemisphere nor when
the upstream testosterone synthesis is blocked in either hemisphere. * p < 0.05. (B)
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Schematic view of trilostane and fadrozole actions on the steroidogenesis pathway and their
effects on left vs. right NCM testosterone levels during song playback.
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Figure 6:
Female behavior during song exposure and steroidogenesis blockade. The frequency of head

tilts increased during playback compared to silence conditions in all animals that received
fadrozole infusion (B) while it was not the case for animals that received trilostane in
combination with fadrozole (C) or control aCSF (A). Each dot represents individual data.
Crosses represent group averages. * p < 0.05.
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Table 1:

Testosterone concentrations in plasma collected from the brachial vein (Mean+SEM)

Testosterone (pg/ml)

Silence Playback exposed-females

Subgroup 1 (silence first) 19.25 + 7.06 (6) 17.89 +7.17 (6)
Subgroup 2 (playback first)  18.27 + 6.89 (5) 15.22 + 6.59 (5)
AVERAGE 18.80 +4.68 (11) 16.68 +4.72 (11)

Note: Sample sizes are in parentheses. No significant differences.
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