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Abstract

Vocalizations convey information about an individual’s motivational, internal, and social status.
As circumstances change, individuals respond by adjusting vocal behavior accordingly. In
European starlings, a male that acquires a nest site socially dominates other males and
dramatically increases courtship song. Although circulating testosterone is associated with social
status and vocal production it is possible that steroid receptors fine-tune status-appropriate
changes in behavior. Here we explored a possible role for androgen receptors. Male starlings that
acquired nest sites produced high rates of courtship song. For a subset of males this occurred even
in the absence of elevated circulating testosterone. Immunolabeling for androgen receptors (ARir)
was highest in the medial preoptic nucleus (POM) in males with both a nest site and elevated
testosterone. For HVC, ARir was higher in dominant males with high testosterone (males that
sang longer songs) than dominant males with low testosterone (males that sang shorter songs).
ARIir in the dorsal medial portion of the nucleus intercollicularis (DM) was elevated in males with
high testosterone irrespective of dominance status. Song bout length related positively to ARir in
POM, HVC and DM, and testosterone concentrations related positively to ARir in POM and DM.
Results suggest the role of testosterone in vocal behavior differs across brain regions and support
the hypothesis that testosterone in POM underlies motivation, testosterone in HVC relates to song
quality, and testosterone in DM stimulates vocalizations. Our data also suggest that singing may
influence AR independent of testosterone and that alternative androgen-independent pathways
regulate status-appropriate singing behavior.
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Vocalizations allow an individual to convey information about current motivational state
(e.g., fear, hunger or intention to breed), resource availability (e.g., food or territory) and
social status (Bradbury and VVehrencamp, 1998). This information changes as circumstances
change, and individuals respond by adjusting vocal behavior accordingly. For example, it is
common for individuals that gain a territory or become socially dominant to increase the
production of agonistic or courtship vocalizations (e.g., Boseret et al. (2006); Eens et al.
(1993); Riters et al. (2004); Sartor and Ball (2005); Wiley et al. (1993)). While the steroid
hormone testosterone (T) is known to facilitate seasonal, large scale changes in behavior
(e.g., in seasonally breeding birds (Ball et al., 2004; Catchpole and Slater, 2008)), other
factors such as steroid receptors may fine-tune changes in behavior to better reflect an
individual’s current circumstances. Androgen receptors (ARs) within brain regions involved
in sexual motivation and vocal production increase in association with seasonal increases in
courtship singing and mating behavior (Gahr and Metzdorf, 1997; Pouso et al., 2010; Soma
et al., 1999; Wacker et al., 2010). However, the role played by ARs in status-appropriate
vocal production has not been well studied. The goal of the present study was to begin to fill
this knowledge gap.

Male European starlings (Sturnus vulgaris) provide an excellent system in which to explore
mechanisms underlying status-appropriate vocal behavior. In male starlings the acquisition
of a nest site (or nest box in many studies) is an important first step in initiating breeding
(Feare, 1984; Gwinner et al., 2002; Kessel, 1957). Prior to nest site acquisition males appear
to ignore females and to tolerate other males (Feare, 1984; Kessel, 1957). However, once
males acquire nest sites they respond to females with high rates of sexually-motivated song
(Riters et al., 2000) and socially dominate other males (Sartor and Ball, 2005). Males that
obtain nest boxes have higher concentrations of T than males without nest boxes (Riters et
al., 2000), and castration eliminates both nest box occupancy and the production of sexually-
motivated song (Pinxten et al., 2002). Male starlings with higher T are more likely to
acquire a nest box and to show a secondary increase in T after acquiring a box (Gwinner and
Gwinner, 1994; Gwinner et al., 2002). Furthermore, contact with a nest box alone is
sufficient to cause a rise in T and luteinizing hormone (Gwinner et al., 2002).

A site in which T or its metabolites act(s) to modify sexually-motivated behavior is the
medial preoptic nucleus, an AR-rich region that is central to male sexual behavior across
vertebrates ((Ball and Balthazart, 2010; Balthazart and Ball, 2007; Crews, 2005; Hull and
Dominguez, 2007); often referred to as POM in birds). Lesions to the POM in male starlings
suppress sexually-motivated singing behavior but increase nonsexually-motivated song,
highlighting a role for this region in adjusting song to match a specific social context (Alger
et al., 2009; Alger and Riters, 2006; Riters and Ball, 1999). The volume of the POM is T
sensitive (Balthazart et al., 2010), T implants in this area stimulate singing behavior in male
canaries (Alward et al., 2013), and multiple studies link the POM to nest box ownership and
sexually-motivated singing behavior in male starlings (Heimovics and Riters, 2005; Kelm et
al., 2011; Kelm-Nelson et al., 2013; Riters et al., 2000).

In the POM, both T and its metabolite estradiol are implicated in the regulation of sexually-
motivated behaviors (Balthazart and Surlemont, 1990; Christensen and Clemens, 1975;
Clancy et al., 2000; Riters et al., 1998; Watson and Adkins-Regan, 1989), suggesting that
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androgens and/or estrogens may underlie changes in status-appropriate vocal behavior. We
focus here on ARs because they are present at high densities in the POM (Balthazart et al.,
1998; Smith et al., 1996), and past work in California mice shows that repeatedly winning
territorial competitions (similar to a starling acquiring and defending a nest box) is tied to
both a pulse of T and upregulation of AR in brain regions implicated in motivation
(Fuxjager et al., 2010).

Circulating androgens increase AR expression in multiple brain regions (Kemppainen et al.,
1992; Meek et al., 1997; Syms et al., 1985). This suggests that dynamic changes in
testosterone (induced by the onset of the breeding season, agonistic or sexual interactions, or
a change in dominance status) may modify activity in the POM (and a male’s associated
motivational state) to promote status-appropriate vocal production. Pre-existing differences
in AR may also underlie differences observed across individuals in singing behavior.
Positive correlations have been found between AR mRNA and aggressive behavior in male
and female dark-eyed juncos and between AR mRNA and T concentrations in males
(Rosvall et al., 2012). However AR mRNA and T did not correlate in females suggesting
that the two can be dissociated. Past studies also suggest that increases in AR following
territorial competition may be brain region specific, may vary based on the behavioral
context, or occur independent of circulating T (Fuxjager et al., 2010).

Our hypothesis was that the acquisition of dominance status and associated high T
upregulates AR activity in the POM to promote sexually-motivated courtship singing
(Figure LA—-C). Our data also allowed us to consider the additional (hot mutually exclusive)
possibilities that behavior influences AR activity independent of T and that alternative
androgen-independent pathways may regulate status-appropriate singing behavior (Figure
1D and E). To begin to test these hypotheses, male starlings were given the opportunity to
compete for nesting sites and behavior was observed in the presence of a female. Plasma T
was measured before and after the study, and immunolabeled AR were quantified in POM in
males with and without nest boxes. AR were also quantified in two additional AR-rich vocal
control regions with which the POM interacts (Appeltants et al., 2000; Balthazart et al.,
1992; Riters and Alger, 2004; Shaw and Kennedy, 2002; Smith et al., 1996), HVC (used as a
proper name), and the dorsomedial portion of the nucleus intercollicularis (DM).

Male (n=20) and female starlings (n=4) were captured during winter 2009-2010 on a single
farm in Madison, Wisconsin using baited fly-in traps. After capture, birds were housed
indoors in stainless steel, single sex cages (91 cm x 47cm x 47 cm) in groups of 5 birds per
cage in the University of Wisconsin’s Department of Zoology animal facilities. Food (Purina
Mills Start and Grow Sunfresh Recipe, 61S3-IGH-G) and water were provided ad libitum.
Each animal was assigned a numbered band for identification. All procedures and protocols
adhered to the guidelines of the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and a protocol approved by the University of Wisconsin Institutional
Animal Care and Use Committee.
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Housing conditions

After trapping, all birds were housed in captivity for at least one year. Prior to study
initiation (beginning January, 2011), birds were placed on artificial photoperiods of 18h
light (L):6h dark (D) for 6 weeks, followed by a photoperiod of 8L:16D for an additional 6
weeks. All birds in the study were exposed to these conditions in the same room at the same
time. These photoperiod manipulations induce photosensitivity, a condition in which male
starlings exposed to day lengths > 11h light per 24h period show increased gonad volume
and plasma T concentrations typical of the spring breeding season (Dawson, 1983; Dawson
et al., 2001). Immediately prior to releasing males into outdoor aviaries (described below),
approximately 300 pl of blood was collected from each bird via alar venipuncture into
heparin treated capillary-action centrifuge tubes and centrifuged at 3000 rpm for 20 min at
4°C. Approximately 50 ul blood plasma (supernatant) was then collected and stored at
—80°C until assayed for T (12.5 pl is needed to run the assay described below). Groups of
males were placed into one of four outdoor aviaries (five birds per aviary; aviary dimensions
2.13 m x 2.4 m x 1.98 m) with access to natural light, four nest boxes, perches, nesting
material, birdbath, food and water ad libitum. Social groups were maintained from the
beginning of light manipulations so that all individuals were familiar with their aviary-
mates. Natural day length during this time (April 11-28, 2011) was approximately 13L:11D.
Birds were allowed to habituate to aviaries for 13 days before the beginning of behavioral
observations.

Behavioral observations

Behavioral observations were collected for 20 minutes on each of 4 days prior to brain
collection for AR immunohistochemistry. Aviaries were observed in a rotating order. Four
female conspecifics were used to stimulate male courtship song during observation periods
on a daily rotating basis. On each observation day, a female conspecific was released into an
aviary, and fresh nesting material (grass clippings and green leaves) was placed on the floor
of the aviary. (A single female was used each day, rotating through all four aviaries.) After
introduction of a female to an aviary, a single observer recorded behavior for 20 minutes.
Bouts of gathering nesting material, feeding, drinking, and preening were recorded, with a
bout defined as a behavior separated by more than two seconds from a previous occurrence.
Additionally, the numbers of times males displaced others, entered a nest box, landed on a
nest box perch, and looked into a box were recorded continuously. (Displacements were
counted when a male approached to within approximately 5 cm of another and the
approached male departed.) For singing behavior, the number of songs (song rate) and
duration of each song (song bout length) in seconds were recorded. All birds were observed
continuously for the full observation period (as in Heimovics and Riters (2005, 2008); Riters
et al. (2005)). Starlings display a high level of site fidelity (remaining on and returning
frequently to a single perch), and they are not constantly in motion or singing; thus
continuous observations of multiple birds in a single flock (in some cases up to 12) are
commonly performed in our lab (referenced above) and others (e.g., Eens et al. (1990)).
After observations, the female conspecific was removed and returned to her home cage.
Males were easily categorized as nest box owners or non-owners based on persistent
proximity to the nest box.
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Tissue preparation for immunohistochemistry

Following final observations, the female was removed from the aviary and males were
sacrificed by rapid decapitation. A terminal trunk blood sample of approximately 1.5 ml was
collected and approximately 150 pl of supernatant (plasma) collected and stored as
described above for the pretest blood sample. The length and width of each testis was also
measured at this time to the nearest tenth of a mm using calipers. Brains were immediately
removed and submerged in a 5% acrolein (Sigma Aldrich Catalogue #110221) solution for
24 hours. Brains were then placed in 30% sucrose and stored at 4°C. Sucrose was replaced
every 24 hours for three days. Brains were flash frozen in dry ice and stored at —80°C until
slicing. They were then sectioned coronally at 40 um on a cryostat at —17°C in triplicate
serial sections and stored in antifreeze cryoprotectant (PBS, polyvinylpyrrolidone, sucrose
and ethylene glycol mixture) at —20°C until immunohistochemistry. Storage in a
cyroprotectant allows for the long-term storage of free-floating sections to reduce the loss of
antigenicity (Hoffman and Le, 2004).

Testosterone assay and gonad area

Plasma T in the pre-experiment and terminal blood samples was measured with a
commercial grade competitive immunoassay (EIA; Cayman Chemical, Ann Arbor, Ml,
USA, Catalog No. 582701) used in prior studies of songbirds including starlings (e.g.
McGuire et al. (2013)). Samples were run in duplicate on two plates run simultaneously
(using solutions mixed in the same batches), using the manufacturer’s protocol at a dilution
of 1.8 for a total reaction volume of 50 ul (determined in pilot studies as the optimal
concentration) in buffer solution and visualized at 405 nm with a BioTek 800 plate reader
(#7331000, ELv800™, BioTek Instruments, Inc., Winooski, VT, USA). The 1:8 dilution was
selected after pilot tests showed that this dilution made it so that samples were run on the
ideal portion of the curve. Sensitivities of the commercial EIA according to the
manufacturer’s specifications indicate a limit of detection: 80% B/By: 6 pg/ml and
sensitivity: 50% B/By: 32 pg/ml. The assay is specific (cross reactivity to 5 a-DHT is
27.4%, and to 17p-estradiol <0.01%). The intra-assay Coefficient of Variations (CV) were
12.5% and 19.7%. The inter-assay CV was 13.7%. Gonad volume was determined by the
elliptical volume equation (Volume= 4/3r (.5width2* 5length)) and averaged for both testes
for each bird (Dawson, 2005; McGuire et al., 2013).

Antibody validation for immunohistochemistry

Western blot was used to test specificity of the antibody N-20 (sc-816, Santa Cruz Biotech)
a polyclonal antibody raised against a peptide mapping at the N-terminus of AR of human
origin that has been used in zebra finches, quail and chickens (Kharwar and Haldar, 2011,
Shaw and Kennedy, 2002; Tang and Wade, 2010, 2011; Wu et al., 2010). Micropunched
tissue from starling and mouse was homogenized with ice-cold lysis buffer (1.0 mL/100 mg
of tissue) in pre-chilled centrifuge tubes. Lysis buffer consisted of 50 mM Tris—HCI, pH 7.4,
0.5% Na-deoxycholate, 1% NP-40, 0.1% SDS, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF,
protease inhibitor cocktail (P8340, Sigma, St Louis, MO, USA) and phosphatase inhibitor
cocktail (P0044, Sigma). Following tissue homogenization, samples were centrifuged at
12,000 rpm for 10 min at 4°C. The supernatant was collected, and protein concentration was
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determined using BCA Protein Assay (Pierce Chemical Co., Rockford, IL, USA). Twenty
micrograms of total protein from each bird and mouse were gel electrophoresed using a 4—
20% precast Tris—HCI gel (Bio-Rad, Hercules, CA) and transferred to a PVDF membrane.
Membranes were washed briefly in 0.1 M Tris buffered saline containing 0.05% Tween 20
(TBST) and blocked for 1 hrin 0.1 M TBST containing 5% nonfat dry milk with constant
agitation at room temperature. The membrane was incubated with a primary antibody
recognizing AR, N-20 (rabbit anti-AR, 1:200; sc-816, Santa Cruz Biotech), in TBST
containing 5% nonfat dry milk overnight at 4°C with agitation, and washed 3 times for 5
min each in TBST. Following washes, the PVDF membrane was incubated with HRP-linked
secondary antibody (goat anti-rabbit 1gG, 1:10,000 Cell Signaling Technology, Beverly,
MA, USA) for 1 hr at room temperature with agitation, and washed 3 times for 5 min each
in TBST. Immunoreactive bands were detected using a chemiluminescence kit (ECL Plus,
Amersham, Arlington Heights, IL, USA) and exposed to film (Hyperfilm-ECL, Amersham).
Films for immunoblots were developed using an AGFA CP1000 X-ray film processor
(AGFA, Nunawading, Australia). The results of the Western blot revealed a band at the
expected molecular weight of ~110kDA (Figure 2). Additional lighter bands were observed
at 75kD and 50kD. These bands may represent splice variants or a low level of nonspecific
labeling.

As a side note, prior to piloting the N-20 antibody, we tested the specificity of PG-21 (06—
680, Millipore), which has been widely used to examine AR in birds. Results of a Western
Blot using the methods detailed above, including identical concentrations of primary and
secondary antibodies, resulted in multiple bands well above and below the expected band at
110kD; therefore we did not use this antibody in the present study.

Immunohistochemistry

Immunohistochemistry was carried out using a protocol similar to Kelm et al. (2011). In
short, tissue was rinsed in phosphate buffered saline (PBS), incubated for 15 min with 0.5%
sodium borohydride, incubated for 10 min in 0.5% H»,05, blocked with 20% Normal Goat
Serum and incubated with the primary anti-androgen receptor antibody prepared in rabbit
(N-20, sc-816, Santa Cruz Biotech) at 1:500 for 24 hours. The following day tissue was
incubated with the secondary antibody (Biotinylated goat anti-rabbit at 1:1000; Vector
Laboratories, Burlingame, CA, USA). Secondary antibody was visualized using DAB as a
chromogen. Sections were mounted on gelatin-coated slides, dehydrated and cover slipped.
All tissue was run in a single batch. Some tissue was also processed without primary in
order to examine nonspecific binding of the secondary antibody. Sections lacking primary
showed no labeled neurons.

Quantification of immunolabeling

Using a Spot Camera (Diagnostic Instruments, Inc., Sterling Heights, MI, USA) connected
to a Nikon microscope and a computer, images of brain sections were acquired. METAVUE
(Fryer Company, Inc., Huntley, IL, USA) software was used to quantify androgen receptor
labeling bilaterally on three serial sections. Sections were 40 um thick and separated from
one another by 80 um. Thus sampling covered approximately 280 um per hemisphere of
each nucleus. This sampling method may produce an underestimate of total labeling density;
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however, because the same methods were used to analyze all birds, we are confident that
relative density comparisons across groups provide accurate assessments of differences
between birds in each condition. Measures were taken for each bird in the POM and two
vocal control regions to which POM has been found to project directly (DM) or indirectly
(HVC) (Appeltants et al., 2000; Riters and Alger, 2004). Labeling was not observed at high
levels in several areas of potential interest (e.g., ventral tegmental area, periaqueductal gray,
the robust nucleus of the arcopallium), thus measurements were not made in these areas. The
experimenter used METAVUE software to set a threshold highlighting material on each
section that a blind observer agreed represented labeling. A separate threshold was generated
for each brain region of interest due to differences in background labeling across regions.
The METAVUE autoscale function was used to calculate the correct exposure of each image
as a percentage of the total range of light, which further reduced the variation in background
among individuals. Pixel area total (number of pixels highlighting cells using the computer
generated threshold) provides a measure of the approximate area covered by labeled
receptors and has been previously used to measure steroid receptor immunolabeling
(Senashova et al., 2012). Cell counts were not used for analysis as stained receptors
overlapped (especially in HVC) and therefore would not be counted accurately. Measures in
POM, HVC and DM were made within boxes or ovals (POM: 0.34mm x 0.35mm; HVC:
0.58mm x 0.43mm; DM (oval): 0.58mm x 0.37mm) centered within each region of interest
(Figure 3), and measures were generated by the METAVUE software in each section in both
hemispheres for each bird. In cases of tissue damage (n=2 for POM), labeling was quantified
either on a fourth section or the individual was dropped from analysis for affected brain
areas. The mean of all sections was used for statistical analysis.

Statistical methods

Data were analyzed using the statistical software program Statistica (StatSoft 2001, Tulsa,
OK). As detailed further in the Results section, factorial ANOVAs, Student’s t-tests, and
stepwise multiple regression analyses were used to examine statistical relationships between
nest box ownership, T concentrations, androgen receptor immunoreactivity (ARir), song
(rate and bout length) and displacement behavior (the number of times a male was observed
to displace another). For analyses of T concentrations we set undetectable T values at the
limit of the assay (i.e., 6pg/ml). Homogeneity of variance and normality assumptions were
tested using Levene’s Test, and outliers were identified using externally studentized residual
plots and g-q plots. When data violated assumptions of parametric statistics, they were log
transformed ((log(x+1)) as indicated in Results). When all birds were included (including
birds with undetectable T), measures of post-experimental T were not normally distributed,
and transformation of data did not correct this problem. We thus ran nonparametric Mann-
Whitney U tests and Spearman rank correlations to analyze T data (detailed in Results).
Effect sizes for pairwise comparisons were calculated using Cohen’s d (Ray and Shadish,
1996). For interpretation of d, the range is —3 to 3 representing standard deviations; d>.8 =
strong effect; d>.5 = moderate effect; d>.2 = weak effect (Cohen, 1988). For factorial
ANOVA:s, significant main effects and interactions were analyzed using posthoc Fisher’s
Least Significant Difference Tests. Effect size for significant results of factorial ANOVAS
was calculated using eta? (n2). For interpretation of n?2, the range is 0-1 and represents the
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percentage of variance that can be accounted for by the effect tested; 12>0.14 = strong
effect, 12>0.06 is a moderate effect, and 12>0.02 is a weak effect (Cohen, 1988).

Testosterone concentrations and nest box ownership

All birds had undetectable concentrations of T (<6 pg/ml) at the beginning of the
experiment; however, after 17 days of exposure to natural light conditions (approximately
13L:11D) in outdoor aviaries, mean T concentration was 507.37 pg/ml, standard error =
156.17 pg/ml. Males could easily be categorized as nest box owners (n = 9) or non-owners
(n = 11) based on their propensity to remain near the entrance of the nest box. Although T
concentrations tended to be higher in males with nest boxes (mean [SEM] =686.44 [225.55];
median =715.50) compared to those without nest boxes (mean [SEM] = 360.85 [214.13];
median =6) the difference was not statistically significant (Mann-Whitney U; U = 34.00, ad]
z=1.23, p =0.217). Upon closer inspection we found that 3 of the 9 nest box owners did
not show detectable (>6 pg/ml as detectable by the assay) increases in T on the first
compared to the last day of the experiment (in comparisons of the pre- and post-test
measures). This was also the case for 6 of 11 non-owners. In contrast, the majority of
owners (6 of the 9) had detectable increases in T, as did 5 of 11 non-owners (values shown
in Table 1). For reference, T values reported in the males with detectable T in our study
(mean T in box owners = 1027.67 pg/ml; mean T in non-owners = 789.06 pg/ml; Table 1)
are similar to those obtained in other past studies in starlings living in stable flocks in
captivity, which range from approximately a mean of 750 to 1600 pg/ml (Gwinner et al.,
2002; Stevenson et al., 2009). A Student’s t-test was used to compare final T concentrations
between the owners and non-owners exhibiting T increases. This concentration was not
statistically different (tg=.53, p=0.61, Cohen’s d=0.47).

Although T concentrations were below the level of assay detection in several males, gonads
were fully recrudesced in all males (mean volume [SEM] for all birds = 500.17 mm3 [22.86]
min = 285.66 mm3, max = 773.26 mm3). For reference, these values are almost identical to
previous measures of gonad volume reported for breeding condition male starlings (e.g.,
mean = 502.0 mm?3 in McGuire et al. (2013) and mean = approximately 500 mm? [based on
a figure] in Stevenson et al. (2009)). While the gonads of individuals that did not display an
increase in T were slightly smaller (453.08 mms3 [23.79]) than those that did display a T
increase (538.70 mm? [33.23]), this difference was not significant (t;g = 2.01, p=0.06,
Cohen’s d=0.90). It is also important to note that the smaller testes of birds with non-
detectable T were still much larger than seasonally regressed testes (e.g. mean reported for
regressed testes =76.0 mm3 (McGuire et al., 2013), mean = approximately 12.0 mm3 [from
figure] in Stevenson et al. (2009), and mean =11.7 mm3 [0.85 SEM] in fall condition birds
in our lab (unpublished data)). Given that T concentrations change dynamically in response
to environmental and social factors (Goymann et al., 2007) and that T is known to alter AR
activity (Burgess and Handa, 1993; Holmes and Wade, 2005; Meek et al., 1997; Menard and
Harlan, 1993), we considered the presence or lack of measurable circulating T at the time of
neural tissue collection an important, biologically relevant variable and included it in
subsequent analyses.
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Behavioral results and T status

Singing behavior—A factorial ANOVA was run with ownership status (owner versus
non-owner) and T status (increased versus undetectable) entered as categorical variables and
the number of complete songs entered as a dependent variable. Song data violated
assumptions of normality and were log transformed (log(x+1)) (Lehner, 1996). Analysis
revealed a significant main effect for ownership status (F1 16= 356.82, p=2.3x10712,
12=0.45), with nest box owners singing at higher rates than non-owners (Figure 4A).
Additionally, a significant main effect was found for T status (F; 16= 5.84, p=0.028,
n2=0.007), with males that did show a rise in T singing at higher rates than males that did
not show a rise in T (Figure 4A). Finally, the ownership x T status interaction was
significant (F1 1= 11.80, p=0.003; 12=0.015). Results of significant Fisher’s LSD post hoc
analyses are reported in Figure 4A. Briefly, the number of complete songs differed
significantly between owners with and without T increases (p=0.001); between owners with
a T increase and non-owners with and without a T increase (p=2.4x1079 and p=4.6x10710
respectively); and between owners without a T increase and non-owners with and without T
increases (p=3.4x10710 and p=1.0x10710 respectively).

Song Bout Length—Because song bout length can only be calculated for birds that sing,
analysis of song bout length included only singing birds (n = 11). For this variable, the two
non-owner groups only had an n of 1, so these groups were eliminated and a Student’s t-test
was used to compare average bout length of the two groups of owners (the group with and
without a rise in T). No significant differences in average song bout length were identified
between the two groups (t;=-2.21, p=0.062, Cohen’s d=1.563), although males with a rise
in T tended to sing longer bouts than those without a rise in T (Figure 4B).

Displacement Behavior—An ANOVA was run with mean log+1 transformed (to correct
violations of assumptions of parametric statistics) displacements (the number of times a
male was observed to displace another) entered as a dependent variable and with ownership
status (owner versus non-owner) and T status (increased versus undetectable) entered as
categorical variables. Results of the ANOVA revealed a significant main effect for
ownership status (F1 16= 12.73, p=0.003; 12=0.48), with nest box owners displacing others
at higher rates than non-owners (Figure 4C). No significant main effect was observed for T
status (F1 1= 0.52, p=0.48), and no significant ownership x T status interaction was
observed (F1 16= 0.96, p=0.34). Results of significant Fisher’s LSD post hoc analyses are
reported in Figure 4C. Briefly, the number of displacements differed significantly between
owners with a T increase and non-owners without an increase in T (p=0.036); and between
owners without T increases and non-owners with and without T increases (p=0.015 and
p=0.008 respectively).

Androgen receptor label, box ownership, and T status

POM—For all POM ARir analyses, two individuals were dropped because of tissue damage
in this nucleus yielding n=18. A factorial ANOVA with ownership status (owner versus
non-owner) and T status (increased versus undetectable) entered as categorical variables and
ARIir in POM entered as a dependent variable did not reveal main effects for ownership
(F1,14= 2.10, p=0.169) or T status (F1 14= 4.51, p=0.052). However a significant ownership
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x T status interaction was observed (F1 14= 7.15, p=0.018, 12=0.09; Figure 5A; 6A). Results
of significant Fisher’s LSD post hoc analyses are reported in Figure 5A. Briefly, ARir
labeling differed significantly between owners with a T increase and non-owners without an
increase in T (p=0.006), owners with and without an increase in T (p=0.009) and between
owners and non-owners with an increase in T (p=0.005).

HVC—A factorial ANOVA with ownership status and T status entered as categorical
variables and ARir in HVC entered as a dependent variable did not reveal significant main
effects for ownership status (F1 16= 0.08, p=0.780) or T status (F1 16= 1.81, p=0.198).
However a significant ownership x T status interaction was observed (Fq 16= 5.47, p=0.033,
12=0.04; Figure 5B; 6B). Results of significant Fisher’s LSD posthoc analyses are reported
in Figure 5B. Briefly, ARir labeling differed significantly between owners with a T increase
and owners without an increase in T (p=0.028).

DM—A factorial ANOVA with ownership status and T status entered as categorical
variables and ARir in DM entered as a dependent variable did not reveal significant main
effects for ownership status (F1 16= 1.45, p=0.246); however a main effect was identified for
T status (F 16= 6.93, p=0.018, 12=0.10), with ARir higher in birds with a T increase than
those with undetectable T Figure 5C; 6C). No significant ownership x T status interaction
was observed (F1 16= 0.07, p=0.789). Results of significant Fisher’s LSD posthoc analyses
are reported in Figure 5C. Briefly, ARir labeling differed significantly between owners with
a T increase and non-owners without an increase in T (p=0.007).

Statistical contributions of nest box ownership, T, and androgen receptor label to behavior

Status-dependent behaviors—To provide insight into the hypothesis that individual
differences in androgen receptor activity fine-tune status-appropriate singing behavior
(Figure 1C), backward stepwise multiple regression analyses were used to determine the
extent to which individual differences in ARir and T contribute statistically to social-status
dependent behaviors. For each analysis, behavior was entered as a dependent variable, with
song rate, song bout length, and displacement behavior included as dependent variables in
separate analyses. Measures of T (post-experimental), gonad volume and ARir for a single
brain region (ARir in POM, HVC, or DM) were entered as independent variables (these
variables were not intercorrelated). Variables for inclusion in the model were selected based
on F values. For backward regression, the F to remove was set to 3. Measures of ARir in
POM, HVC, and DM were included as independent variables in separate analyses because
they were intercorrelated, rendering inclusion in a single analysis inappropriate. Backwards
stepwise multiple regression analyses indicated that ARir in POM, HVC, and DM
contributed significantly to variance in song bout length (Figure 7, Table 2). Neither gonad
volumes nor T concentrations reached threshold for inclusion in any of the models (Table 2).
No models were returned in analyses of song rate or displacements.

Nonspecific behaviors—We ran an additional series of backward stepwise multiple
regression analyses to provide insight into the extent to which statistical contributions of
ARIir to variance in behavior identified above were specific to status-dependent singing
behavior. The analyses were identical to those described above except that feeding, drinking,
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and preening were entered as dependent measures (in place of song rate, song bout length,
and displacement) in separate analyses. No significant models were returned for either
preening or drinking. Neither ARir nor gonad volume contributed to variance in feeding;
however, a trend was found for a positive correlation between feeding and T concentrations
(adj. R2=0.15, p = 0.053).

Statistical contributions of T to androgen receptor label

To provide insight into the hypothesis that elevations in T associated with social dominance
increase ARir (Figure 1B), we ran 3 Spearman rank correlations (one for ARir in each brain
region). T correlated positively with ARir in DM (rg = 0.62, p < 0.01; Figure 8) but not with
ARIir in POM (rg =0.37, n.s) or HVC (rs = 0.17, n.s). For POM an influential outlier was
identified (Figure 8A). As data were not normally distributed, parametric outlier
identification approaches could not be used; however, this was the only point that when
removed substantially altered results. Without this point T correlated positively with ARir in
POM (rs = 0.64, p < 0.01; Figure 8A).

Discussion

Consistent with past studies (Riters et al., 2000; Sartor et al., 2005), only males with nest
boxes produced high rates of song and dominated other males (as reflected in measures of
displacement). Unlike past studies (Gwinner et al., 1987; Riters et al., 2000), plasma T was
not significantly higher in males with compared to those without nest boxes. It is possible
that T and nest box ownership are unrelated. This appears unlikely given multiple past
studies demonstrating this link (reviewed in the introduction) and the trend in the present
study for T to be higher in birds with nest boxes. Upon closer inspection, the lack of a
significant difference was due to 3 birds that possessed nest boxes but had undetectable T
(and relatively smaller gonads). These data may be interpreted to suggest that these birds
were not in breeding condition, however this was not the case. Gonad volumes for all birds
were enlarged and typical of breeding condition starlings (see Results). Secondly, starlings
only occupy and defend nest boxes during the breeding season (Riters et al., 2000), which
was observed even in 3 birds with undetectable T.

Mismatches between T and sexually-motivated behaviors are common. For example, in a
variety of vertebrates, sexual behavior occurs even in the absence of elevated T ((Day et al.,
2007; Foerster et al., 2002; Fusani et al., 2007; Moore, 1983; Moore and Kranz, 1983; Park
et al., 2009; Park et al., 2004; Sinchak et al., 1996; Steiger et al., 2006; Wikelski et al.,
2003); reviewed in Kempenaers et al. (2008)). Here, mismatches provide an opportunity to
consider both T and dominance status independently. We found that dominant males (i.e.
males with nest boxes) produced high rates of song and agonistic behavior irrespective of
whether T concentrations were elevated or undetectable. This suggests that although T can
certainly increase sexually-motivated behaviors, the possession of a nest site alone, even in
the absence of elevated T, may also be capable of facilitating song and agonistic behaviors
(Figure 1E).
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In POM, ARIir relates to dominance, testosterone and song

ARIir in POM was elevated exclusively in males that both owned a nest box and showed a
rise in T, offering some support to the hypothesis that elevated T in association with
dominance status (Figure 1A) upregulates AR in this region (Figure 1B). The positive
correlation between ARir in POM and T concentrations further supports this hypothesis. The
analyses of AR and singing behavior suggest that both T-dependent and T-independent
pathways may contribute to status-appropriate singing behavior. The finding that ARir in
POM correlated positively with song bout length is consistent with the hypothesis that AR in
POM stimulates sexually-motivated singing behavior (Figure 1C) or alternatively (and not
mutually exclusively) that singing behavior upregulates AR in POM (Figure 1D). However,
the presence of the 3 high singing birds with low T and low densities of AR in POM
indicates that high T and high AR in POM are not necessary for an increase in the quantity
of song produced by dominant birds. It may be that status-appropriate courtship song is not
influenced by androgen activity in POM. This appears unlikely given a body of work
demonstrating T in POM to facilitate a variety of sexually-motivated behaviors (Panzica et
al., 1996; Riters et al., 1998). Furthermore, T implanted directly into the POM of castrated
male canaries increased song rate (but not quality) (Alward et al., 2013). We therefore
suggest that although singing behavior can be facilitated by T, additional androgen-
independent mechanisms also exist (Figure 1E). This hypothesis is consistent with studies
showing that although T strongly influences neural plasticity, additional T-independent
factors, including singing behavior (Alvarez-Borda and Nottebohm, 2002; Sartor and Ball,
2005), social context (Boseret et al., 2006; Tramontin et al., 1999) and photoperiod (Bernard
etal., 1997; Gulledge and Deviche, 1998) can all independently influence neural attributes.

One question is whether singing behavior differs qualitatively in dominant males with low
compared to high T and AR in POM. Although we did not analyze this extensively, it is
noteworthy that the 3 dominant males with low T tended to sing shorter songs than dominant
males with high T. Male starlings produce long songs when singing to attract females (Riters
et al., 2000), indicating that this attribute of song reflects sexual motivation. It is thus
possible that the presence of high T and AR in the POM of dominant males functions to
increase sexual motivation, which serves to promote the production of long song, perhaps by
providing information about an individual’s motivational state to song control regions.

Finally, it has been suggested that the production of sexually-motivated behaviors in the
absence of elevated AR activity can be maintained by activation of estrogen receptors
(Canoine et al., 2007), or that continued sexual or agonistic behavior in the absence of
elevated plasma T is dependent upon local steroid production within specific brain regions
(Charlier et al., 2011; Park et al., 2004; Pradhan et al., 2010; Sinchak et al., 1996; Soma et
al., 2008). An increase in neurosteroid activity may compensate for a lack of plasma T in
birds with undetectable T. Future work is needed to examine this possibility and to examine
potential roles for other non-hormonal neuromodulators.

In HVC, ARIir relates to testosterone and song in dominant males

Males with nest boxes and elevated T had significantly higher ARir in HVC than males with
nest boxes that did not show an increase in T. These data suggest that among males with
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nest boxes, a rise in T may be needed to increase AR density in HVC, providing support to
the hypothesis that elevations in T associated with dominance status (Figure 1A) upregulate
AR in HVC (Figure 1B). Androgens facilitate singing behavior and increase the volume of
HVC (Sartor et al., 2005; Tramontin et al., 2003). Furthermore, the increased volume of
HVC is enhanced by the presence of females (Boseret et al., 2006; Tramontin et al., 1999).
Our finding that ARir only related to T status in males with nest boxes suggests that
something about dominance status may modify this effect. Our findings are thus consistent
with past data showing that HVC is sensitive to both androgens and external socially-
relevant factors (in this case dominance status).

A positive correlation was also identified between mean song bout length and ARir in HVC;
HVC regulates structural aspects of song production (Margoliash, 1997). Blocking AR in
HVC in white-crowned sparrows disrupted song stereotypy but not rate, indicating that AR
in HVC influence song structure or quality but not the motivation to sing (Meitzen et al.,
2007). In starlings, females prefer males that sing long songs, which are more stereotyped
than short songs (Eens et al., 1991; Gentner and Hulse, 2000). Thus ARir in HVC may alter
the quality of song in males with nest boxes so that it is attractive to females (in agreement
with Figure 1C). Consistent with this possibility, the 3 dominant males with low T and low
ARIir in HVC tended to sing shorter songs than dominant males with high T and high ARir
in HVC. It is noteworthy that although birds with nest boxes sang at high rates and birds
without nest boxes did not, ARir in HVC not differ significantly between these groups. We
interpret this finding as consistent with data showing that T in HVC influences song quality
but is not involved in the initiation of song (Brenowitz and Lent, 2002; Meitzen et al., 2007).
Finally, the 3 high singing birds with nest boxes and low T and low AR in HVC indicate that
androgen-independent pathways exist to induce status-appropriate singing behavior (Figure
1E) and that singing behavior may upregulate AR in HVC independent of T (Figure 1D).
These possibilities are supported by past studies showing that although T induces
remarkable plasticity in HVC, HVC plasticity can also be influenced by singing behavior
and other factors independent of T (Hall and Macdougall-Shackleton, 2012; Sartor and Ball,
2005).

In DM, ARIir relates to testosterone

ARIir in DM was highest in males with elevated T, regardless of whether they owned a nest
box or not, offering support for the hypothesis that T upregulates AR in this region (Figure
1B). This hypothesis was further supported by a positive correlation between T and ARir in
DM. ARir in DM additionally correlated positively with average song bout length,
supporting the hypothesis that AR in this region stimulate production of courtship song
(Figure 1C), and alternatively that singing upregulates AR in this region (Figure 1D). The
former idea is also supported by a past study showing that T implants in the intercollicular
nucleus (of which DM is a part) stimulate courtship vocalizations, but not other courtship
behaviors, in male ring doves (Cohen and Cheng, 1982). The finding that ARir in DM were
elevated in birds with high T irrespective of dominance status differed from what was
observed for POM and HVC. The meaning of this is not clear, but it may reflect differences
in the sensitivity of DM to external factors compared to POM or HVC or differences in the
function of AR in each of these regions.
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Issues in the interpretation of steroid receptor immunolabeling data

ARs are traditionally thought to be located in the cytoplasm of a cell until they are driven
into the nucleus by androgen binding. T increases ARir in several brain regions (Freeman et
al., 1995; Lynch and Story, 2000; Meek et al., 1997; Smith et al., 1996; Soma et al., 1999).
ARIir in the present study may thus reflect either increased numbers of receptors or an
increased level of bound AR present in the nucleus (which may be more easily visualized).
Future studies are needed to distinguish between these possibilities. However, ARir was not
uniformly higher in males with elevated T compared to males with undetectable T, and ARir
measures did not correlate positively with T uniformly across brain regions, therefore,
changes in nuclear translocation of AR may contribute to but are unlikely to explain all of
the findings reported here. Finally, T increases the volume of the POM and song control
nuclei (Charlier et al., 2008; Johnson and Bottjer, 1993). We did not collect tissue for Nissl
staining and volume reconstruction and were unable to take this into account in our analysis.
It is thus possible that T-dependent differences in the volume of nuclei influenced our
measures of AR. However, one would predict that higher T would lead to larger nuclei and
that expansion of a nucleus would cause labeling to “spread out” thereby reducing ARir
measures so that males with the highest T would have the lowest measures of ARir. This
was not the case, indicating that although this may have been a factor it was not solely
contributing to the differences we observed in ARir.

Conclusions

The present findings are consistent with past studies indicating that the role of T in vocal
behavior may differ across brain regions (Ball et al., 2004; Ball et al., 2002), with T in POM
underlying the motivation to sing, T in HVC adjusting song quality, and T in DM
stimulating vocal output. The data also suggest that social status may activate neural
mechanisms both dependent and independent of T and AR to promote singing behavior and
the possibility that singing behavior upregulates AR independent of T.
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Schematic model of the hypotheses being tested. Our experiment was designed to provide insight into the hypothesis that A) the

Figure 1.
acquisition of dominance status and associated high T (variables that can influence each other reciprocally) B) upregulates AR
in the POM and possibly HVC and DM C) to promote courtship singing. Our data also allowed us to consider the additional (hot
mutually exclusive) possibilities that D) behavior influences AR activity independent of T and that E) alternative androgen-
independent pathways regulate status-appropriate singing behavior.

Horm Behav. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuey Joyiny vd-HIN

Cordes et al. Page 22

_
—

"
bk b

Figure 2.
Western blot results for antibody N-20 (Santa Cruz Biotech). Mouse tissue was run alongside starling tissue as a positive

control. Expected band for AR is at molecular weight 110kD.
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POM , |HVC

Box size: 34mm x 35mm Box size: S8mm x 43mm Box size: S8mm x 37mm

Figure 3.
Approximate positions and sizes of boxes for label measurements in POM, HVC, and DM in illustrations of one hemisphere of

coronal brain sections. Abbreviations: A, arcopallium; APH, area parahippocampalis, Ch: cerebellum, CO, optic chiasm; DM,
dorsomedial portion of nucleus intercollicularis; GLV, Nucleus geniculatus lateralis, pars ventralis; HV, hyperstriatum ventral;
ICo, nucleus intercollicularis, LS, lateral septum; MLd: nucleus mesencephalicus lateralis, pars dorsalis; MS, medial septum; N,
nidopallium; NC, caudal nidopallium, NI, third cranial nerve; PA, paleostriatum augmentatum; PAG, periaqueductal gray; pp,
paleostriatum primitivum; POM, medial preoptic nucleus; RA, robust nucleus of the arcopallium; Rt, nucleus rotundus; ThA,
nucleus taeniae of the amygdala; VTA, ventral tegmental area.
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Figure 4.
Differences in behavior in males with and without nest boxes (referred to as Owners and Non-owners, respectively), and with

and without T increases. A) Log (Complete Songs+1), a measure of song rate. B) Average Bout Length, a measure of song
quality only available for singing birds. For this analysis, only owners with and without T increases were compared (using
Student’s T test) due to low sample sizes in other groups. C) Log (Displacements+1), a measure of agonistic/territorial behavior.
Mean + SEM. * indicates p values of <.05 for post hoc comparisons run after significant main effects or interactions were
identified. See text for main effects and exact p values.
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AR labeling in males with and without nest boxes (referred to as Owners and Non-owners, respectively), and with and without T
increases. Mean Pixel Area Total +SEM. A) POM B) HVC C) DM. Mean + SEM. * indicates p values of <.05 for post hoc
comparisons run after significant main effects or interactions were identified. See text for main effects and exact p values.

Horm Behav. Author manuscript; available in PMC 2015 April 01.



Cordes et al. Page 26

Figure 6.
Photomicrographs showing representative AR immunolabeling in POM, DM and HVC at 20X. A) POM staining in a non-owner

with no T increase and an owner with a T increase. B) DM staining in a bird with no T increase and bird with a T increase. C)
POM staining in an owner with no T increase and an owner with a T increase. Scale bar is indicated in the top left panel.
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Figure 7.

Scatterplots showing relationships between AR immunolabeling and average song bout length (seconds). A) POM B) HVC C)
DM. Each point represents data from an individual. Presence of regression lines indicates significant correlations (p < 0.05).
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Figure 8.
Scatterplots showing relationships between AR immunolabeling and final T concentrations. A) POM B) DM. Each point

represents data from an individual. Presence of line indicates a significant correlation (p < 0.05). Diamond in bottom right
corner of POM figure, denotes an influential point that when included rendered the correlation nonsignificant. See text for
additional details.
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Groups of birds

Table 1

Groups as determined by ownership status and T concentration

Starting [T] Final [T] Gonad Volume
Category n | pg/ml[sem] pg/ml [sem] mm?3 [sem]
Non-Owners without T increase | 6 <6 pg/ml <6 pg/ml 452.37 [40.98]
Owners without T increase 3 <6 pg/ml <6 pg/ml 454.50 [57.96]
Non-Owners with T increase 5 <6 pg/ml 789.06 [410.06] 549.06 [44.89]
Owners with T increase 6 <6 pg/ml 1027.67 [228.54] | 530.07 [40.98]
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