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Dehydroepiandrosterone (DHEA) is a testosterone/oestrogen precursor and known modulator of
vertebrate aggression. Male song sparrows (Melospiza melodia morphna) show high aggression
during breeding and nonbreeding life-history stages when circulating DHEA levels are high, and
low aggression during molt when DHEA levels are low. We previously showed that androgen
receptor and aromatase mRNA expression are higher during breeding and/or nonbreeding in
brain regions associated with reproductive and aggressive behaviour, although the potential role
of DHEA in mediating these seasonal changes remained unclear. In the present study, nonbreed-
ing male song sparrows were captured and held in the laboratory under short days (8 : 16 h
light/dark cycle) and implanted with s.c. DHEA-filled or empty (control) implants for 14 days.
DHEA implants increased aggression in a laboratory-based simulated territorial intrusion. Brains
of DHEA-implanted birds showed higher aromatase mRNA expression in the preoptic area (POA)
and higher androgen receptor mRNA expression in the periventricular nucleus of the medial
striatum (pvMSt) and ventromedial nucleus of the hypothalamus. The DHEA-induced increases
in aromatase expression in the POA and androgen receptor expression in the pvMSt are consis-
tent with previously reported seasonal increases in these markers associated with naturally ele-
vated DHEA levels. This suggests that DHEA facilitates seasonal increases in aggression in
nonbreeding male song sparrows by up-regulating steroid signalling/synthesis machinery in a
brain region-specific fashion.
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Dehydroepiandrosterone (DHEA) is an androgen produced in the
cortical cells of the adrenal gland, the testes, as well as de novo in
the brain (1-3). It is a known modulator of neurophysiology and
behaviour, including aggression (2,4,5). Regardless of whether it is
of adrenal or neural origin, once in the brain, DHEA can be readily
transformed into more bioactive androgens (e.g. testosterone and
5a-dihydrotestosterone) and oestrogens (e.g. 17B-oestradiol). These
steroids may then regulate changes in behaviour (6-9). DHEA and/
or its sulphate ester, DHEA-S may also exert direct effects on beha-
viour because they bind a variety of receptors, including oestrogen
receptor B, the androgen receptor, the sigma-1 receptor and the

GABA, receptor (10-13). Whether DHEA can directly modulate
nuclear sex steroid receptors at physiologically and behaviourally
relevant concentrations is still debatable (10,13-15).

DHEA is produced in a variety of vertebrates, including birds (3), mam-
mals (16) and humans (17). It is also utilised as an over-the-counter sup-
plement and multiple health and therapeutic benefits have been reported
(18,19). DHEA is classified as a performance enhancing drug and is listed
as a banned substance by the World Anti-Doping Agency, partly as a
result of concerns about the potential role of exogenous androgens in
facilitating aggression (20). Exogenous DHEA has been shown to increase
aggression in animal studies (4,5), although its potential role as a
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modulator of human aggression is less clear. Circulating DHEA levels are
higher in imprisoned criminals than healthy nonconvicts, although
whether this difference has more to do with criminality or imprisonment
is debatable (21). Elevated levels of DHEA-S, the dominant form of DHEA
in human plasma, are associated with childhood conduct disorder, a con-
dition linked with adult antisocial behaviour (22,23). DHEA-S levels are
positively correlated with the ‘intensity of aggression and delinquency’
(23) and 'disturbance-to-others' (22) in these human studies.

The Pacific Northwest Song Sparrow (Melospiza melodia mor-
phna) is an excellent model for better understanding the mecha-
nisms underlying DHEA-induced vertebrate aggression. Male song
sparrows are territorial and show varying, yet predictable levels of
aggression throughout the year (24). Seasonal increases in male
song sparrow aggression are associated with concomitant increases
in circulating DHEA (3) and administration of DHEA increases song
sparrow aggression in both laboratory and field settings (4,5). DHEA
likely acts via both acute and longer-term mechanisms to alter
aggressive territoriality in the male song sparrow. Previous work
has demonstrated that DHEA can be rapidly converted to bioactive
androgens in response to an aggressive conspecific challenge (7)
and seasonal changes in DHEA profiles are associated with alter-
ations in the brain-region specific expression of androgen receptor
and aromatase mRNA (25). The effects of exogenous DHEA and its
metabolites on neural steroid signalling and synthesis machinery, as
well as how these changes may relate to aggression, have yet to be
examined thoroughly.

In the present study, we assessed changes in aggression and neural
androgen receptor, as well as aromatase mRNA expression, in the
brains of nonbreeding male song sparrows given a chronic (14 days)
administration of DHEA. Previous studies suggest that heightened
endogenous DHEA and testosterone levels are associated with
increases in neural androgen receptor andfor aromatase mRNA
expression in specific brain regions in Emberizid sparrows (25,26).
Specifically, nonbreeding and/or breeding male song sparrows (high
DHEA) had higher androgen receptor mRNA levels than molting males
(low DHEA) in the pre-optic area (POA) and periventricular nucleus of
the medial striatum (pvMSt) and higher aromatase expression
in the POA, medial preoptic area/medial division of the bed nucleus of
the stria terminalis (mPOA/BSTM) and ventromedial nucleus of the
hypothalamus (VMH) (25). Fraley et al. (26) reported that administra-
tion of testosterone to captive Gambel's white-crowned sparrows
(Zonotrichia leucophrys gambelii), held under long days indicative of
their breeding season, led to increases in androgen receptor mRNA
expression in the lateral division of the bed nucleus of the stria termi-
nalis (BSTL). Therefore, we predicted that DHEA administration would
increase androgen receptor andf/or aromatase mRNA expression in
these brain regions, and also that these changes would be concomi-
tant with increases in aggressive behaviour.

Materials and methods

Animals and housing

All procedures were performed in accordance with University of Washington
Animal Care and Use Committee guidelines and the National Institutes of

© 2016 The Authors. Journal of Neuroendocrinology published by
John Wiley & Sons Ltd on behalf of British Society for Neuroendocrinology

Health Guide for the Care and Use of Laboratory Animals. Nonbreeding male
song sparrows were captured in the autumn at multiple sites in Western
Washington State. Each bird was lured into a mist net with playback of con-
specific song within its territory. Birds were group housed in outdoor avi-
aries, then placed in individual cages (35 x 40 x 42 cm) and held under
short days (8: 16 h light/dark cycle; 8L : 16D) at 20 °C for the duration of
the experiment. Each bird was separated from its closest neighbors by
opaque partitions.

DHEA administration

Administration of DHEA was conducted as described by Wacker et al. (5).
Briefly, male song sparrows were anaesthetised with a mixture of isoflurane
and oxygen gases. An empty (n = 6) or DHEA-filled (n = 6) (D4000; Sigma,
St Louis, MO, USA) silastic implant (Baxter Healthcare, Deerfield, IL, USA;
effective length 7 mm; diameter 1.65 mm inner/0.76 mm outer), sealed on
both ends with silicone, was implanted s.c. on the left flank of each animal.
Previous work has demonstrated that this procedure elevates circulating
DHEA to high but physiologically relevant levels, which leads to increases in
aggressive behaviour in nonbreeding male song sparrows (4,5).

Behavioural testing and tissue collection

Aggression was assessed after 14 days of implantation utilising a labora-
tory-based simulated territorial intrusion (STI) (5,27). Briefly, each male in
its home cage was moved into a behavioural testing chamber and placed
next to a caged, novel, nonbreeding male song sparrow; cages were ini-
tially separated by a curtain. Each focal bird was allowed to equilibrate for
10 min. At the start of the laboratory-based STI, the curtain was raised,
exposing the live decoy to the focal bird. At the same time, playback of
recorded conspecific male song was initiated through a speaker located on
the far side of the decoy bird's cage. Audio and video of the focal bird's
reaction was recorded for analysis. Video was taken through a one-way
glass window, where the observer was not observable by either the focal
or decoy bird. Video was analysed on a second-by-second basis by an
observer who was blind to treatment, and aggressive behaviours and the
latency to the first aggressive response were recorded for each bird.
A total aggression score was calculated by scoring aggressive postures,
movements and vocalisations, and then summing these scores over the
10-min testing period (5,28). At the end of each laboratory-based ST, the
focal bird was immediately deeply anaesthetised with an i.m. injection of
pentobarbital (Nembutal Sodium Solution; Abbot Laboratories, Abbot Park,
IL, USA; 50 mg/ml) and decapitated. Blood was collected for subsequent
radioimmunoassay and the brain was removed, flash-frozen on dry ice
and stored at —80 °C.

In situ hybridisation

In situ hybridisation protocols were exactly as described by Wacker et al.
(25). Briefly, brains were sectioned coronally on a cryostat to 15 um and
thaw-mounted onto RNase-free poly-L-lysine-coated glass slides. A synthetic
oligoprobe (cDNA) for aromatase was created (GeneDetect, Bradenton, FL,
USA) from a published zebra finch (Taeniopygia guttata) aromatase 3188-bp
sequence. The probe hybridises to nucleotides 688-735 located within the
coding sequence of ZA1 (GenBank L81143.1) (29). This oligoprobe was previ-
ously used to successfully label aromatase mRNA in song sparrows (25). The
probe was 3'-labelled with 35S-dATP using terminal deoxynucleotidyl trans-
ferase and then purified with spin columns (QIAquick nucleotide removal kit;
Qiagen, Crawley, West Sussex, UK). Sections were hybridised with radiola-
belled oligoprobe overnight at 37 °C in humidified chambers, rinsed and
allowed to air dry.

Journal of Neuroendocrinology, 2016, 28, 10.1111/jne.12443
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A 363-bp fragment encoding the parts of the hinge and ligand-binding
domains of the white-crowned sparrow (Zonotrichia leucophrys) androgen
receptor (30) was used to construct a cDNA, which was subcloned into
pBSK. This riboprobe was previously used to successfully label androgen
receptor mRNA in song sparrows (25). The 35S |abelled antisense or sense
riboprobe was then applied at a concentration of 106 cpm/slide in standard
riboprobe hybridisation buffer and incubated for 16-18 h at 55 °C in
humidified chambers. Slides were incubated in ribonuclease A rinsed, and
dehydrated in a graded ethanol series containing ammonium acetate.

Following hybridisation, all slides were dipped in liquid autoradiographic
emulsion (Kodak type NTB-3; Anachem, Bedfordshire, UK), dried, and stored
with desiccant in light-proof boxes at 4 °C for 4 weeks for aromatase
mRNA and 6 weeks for androgen receptor mRNA. Slides were developed
(D19; Eastman Kodak, Rochester, NY, USA), counterstained with haema-
toxylin and eosin (H&E) and mounted using DPX (Merck-BDH; Lutterworth,
Leicestershire, UK). There was no detectable hybridisation signal with any of
the sense probes or after RNase A (30 mg/ml) pretreatment.

Quantification of relative silver grain density

Brain regions were defined employing a canary brain atlas (31) corrected for
current avian brain nomenclature (32), as well as published aromatase and
androgen receptor mRNA distributions in multiple avian species (8,25,26,33-
35) (Fig. 1). HE&E co-staining revealed neuroanatomical landmarks, allowing
for the consistent and accurate delineation of boundaries for each brain
region examined. Delineation of each brain region was performed as
described previously by Wacker et al. (25) with certain differences. We
observed two mostly separate bilateral bands of aromatase mRNA expression
in the POA, with one band running along the midline and another ventro-
medial to the septopalliomesencephalic tract (TSM; formerly septomesen-
cephalic tract, TrSM) (Fig. 2). These subregions of POA were therefore
assessed separately for aromatase mRNA in the present study. The mPOA
includes regions ventral to the anterior commissure. After the anterior com-
missure disappears caudally, the mPOA and BSTM combine to form a con-
tinuous band of aromatase and androgen receptor mRNA expressing cells.
In the present study, we refer to these areas collectively as mPOA. Areas of
hybridisation dorsal to the anterior commissure, ventral to the lateral

septum and ventromedial to the BSTL are defined as BSTM. The BSTL lies
along the lateroventral edge of the ventricle opposite of the lateral septum,
whereas the pvMSt (26) is both distinct and separate and lies dorsal to what
is traditionally identified as BSTL (Fig. 3).

Hybridisation densities were quantified under dark field as described previ-
ously (25). Briefly, images were taken using a DS-Qi1Mc (Nikon Instruments
Inc., Melville, NY, USA) digital camera attached to an Eclipse 80-i microscope
(Nikon Instruments Inc.) at x 40 or x 100 magnification. Photomicrographs
were captured and the silver grain density was quantified by measuring the
mean pixel density in a sampled area in each brain region using NIS-ELEMENTS BR
(Nikon Instruments Inc). Sampling areas for each nucleus were chosen
such that at least 95% of the region of interest was included in each
measurement, and these sampling areas were kept consistent for each
brain region across all individuals. Each measurement was divided by the
background pixel density of a control area that lacked positive hybridisa-
tion within the same section. A value of 1 was subtracted from this
value to calculate the proportion of pixel density in the region of interest
over background pixel density, such that, when the signal equaled back-
ground, a value of 0% would be reported. This number was multiplied by
100 to vyield relative silver grain density (percentage over background).

Hormone assays

Hormone assays were conducted as described by Soma and Wingfield 2001
(3) and Wacker et al. (5). Briefly, steroids were extracted from plasma sam-
ples with dichloromethane, and DHEA and testosterone were separated
under nitrogen pressure on diatomaceous earth/glycol columns and mea-
sured via radioimmunoassay, using [*H]-DHEA (catalogue number
NET814250UC; Perkin Elmer, Waltham, MA, USA) or [°H]-testosterone (cata-
logue number NET553250UC; Perkin Elmer), respectively (3,5). All samples
were run in duplicate, using polyclonal rabbit anti-DHEA (catalogue number
20-DR86; Fitzgerald, Acton, MA, USA) or polyclonal rabbit anti-testosterone
(catalogue number 20R-TROT8W; Fitzgerald) antisera, respectively. The lower
detection limits were 0.15 ng/ml for DHEA and 0.29 ng/ml for testosterone.
One control value for DHEA and one control value for testosterone were
lower than their respective detection limits, and so were assigned the detec-
tion limit as their value for calculation of the mean & SE, as well as for

/\J pvMSt

E— mPOA

VMH

(8)

Fig. 1. Diagrams of brain regions sampled, based on the canary atlas of Stokes et al. (31) with modifications based on the differences in the song sparrow
brain as outlined in Wacker et al. (25). Rostral-caudal approximations are as follows (though brain regions extend into adjacent sections): (s) ~A2.6 includes
the preoptic area (POA). Aromatase mRNA expression was observed in two distinct regions: one running along the septopalliomesencephalic tract (TSM) and
another along the midline. Androgen receptor mRNA expression was more ubiquitous across the whole area. (8) ~A1.2 includes the lateral part of the bed
nucleus of the stria terminalis (BSTL), medial part of the bed nucleus of the stria terminalis (BSTM), medial preoptic area (mPOA), ventromedial nucleus of the

hypothalamus (VMH) and periventricular nucleus of the medial striatum (pvMSt).
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Fig. 2. Aromatase mRNA expression in the preoptic area. Expression was
observed in two distinct regions: one running medial to the septopalliomes-
encephalic tract (TSM) and another, more ventrally, along the midline (dot-
ted line). Scale bar = 250 pm.

-.,BSTL v
9 *

Fig. 3. Androgen receptor mRNA expression in the periventricular nucleus
of the medial striatum (pvMSt) of nonbreeding male song sparrows with
dehydroepiandrosterone (DHEA) (a, bright field; ¢, dark field) or control/
empty implants (8, bright field; o, dark field). Note the relative lack of andro-
gen receptor mRNA in what is considered the lateral part of the avian bed
nucleus of the stria terminalis (BSTL) in both DHEA-implanted and control
birds. LS, lateral septum. Scale bar = 100 pm.

© 2016 The Authors. Journal of Neuroendocrinology published by
John Wiley & Sons Ltd on behalf of British Society for Neuroendocrinology

subsequent statistical comparisons. Intra-assay variations were 169% for
DHEA and 9% for testosterone.

Statistical analysis

Because DHEA implants have previously been shown to increase both circu-
lating DHEA and testosterone levels, one-tailed t-tests were used to examine
the effects of the DHEA implants on these hormone levels. Because DHEA
implants have been previously shown to increase nonbreeding song sparrow
aggression in laboratory-based STls, one-tailed t-tests were used to examine
the effects of DHEA on both the total aggression score and latency to
aggression (5).

In brain regions where seasonally elevated DHEA levels are associated
with higher androgen receptor andfor aromatase mRNA expression (25), we
utilised one-tailed t tests to assess our predictions that exogenous DHEA
would increase aromatase mRNA expression in the POA, VMH and mPOA, as
well as increase androgen receptor mRNA expression in the POA and pvMSt.
Two-tailed tests were used to assess DHEA effects on aromatase mRNA
expression in the BSTL and BSTM, as well as androgen receptor expression
in the BSTM and VMH, because these brain areas were either not previously
examined (BSTL, BSTM) or seasonal changes were not previously detected
(androgen receptor expression in VMH).

When values were not normally distributed (Shapiro-Wilk W test) and/or
when variances across groups were heterogeneous (0'Brien test), natural log
transformations were used to achieve normality and homogeneous variances
across groups (36). All values are reported as the mean =+ SE.

Results

DHEA implants increase circulating DHEA and testosterone
levels

DHEA, implanted for 14 days, significantly increased both circulating
DHEA [In(DHEA) to0s(1),10 = 8.96; P < 0.0001] and testosterone levels
[toos(1),10 = 5.75; P < 0.0001] in nonbreeding male song sparrows.
DHEA levels for DHEA-implanted birds were 2.17 + 0.45 ng/ml com-
pared to 0.22 + 0.03 for control birds. Testosterone levels for DHEA-
implanted birds were 2.06 4+ 0.26 ng/ml compared to 0.48 +
0.09 ng/ml for control birds.

Exogenous DHEA increases aggression

DHEA significantly increased total aggression scores in nonbreeding
male song sparrows [In(total aggression score) toos(1)10 = 2.50;
P <0.05] (Fig. 4). Average total aggression scores for DHEA-
implanted birds were 27 £ 11 compared to 7 £ 3 for control
birds. DHEA administration also decreased the latency to the first
instance of an aggressive behaviour in these tests [In(response
latency) toos(,10 = —3.95; P < 0.005] (Fig. 4). Average latencies to
aggression for DHEA-implanted birds were 55 + 25 s compared to
310 4 62 s for control birds.

Exogenous DHEA alters aromatase mRNA expression in a
brain-region specific fashion

DHEA significantly increased aromatase mRNA expression in the
subdivision of POA ventromedial to the TSM [toosa)10 = 2.04;

Journal of Neuroendocrinology, 2016, 28, 10.1111/jne.12443
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Fig. 4. Dehydroepiandrosterone (DHEA) administration increases aggression in male song sparrows. Nonbreeding male songs sparrows, held under short days
(8L : 16D) implanted with DHEA-filled silastic implants for 14 days showed higher total aggression scores and a shorter latency to show an aggressive beha-
viour than birds with empty implants. DHEA, n = 6; Control, n = 6. Asterisks denote significant differences at P < 0.05.

P <005] but not in the subdivision of the POA along the
midline [toos(1)7 = 0.44; P = 0.34] (Fig. 5). DHEA administration did
not alter aromatase mRNA  expression in the BSTL
[t0.05(2],10 = —0.80; P =0.44], BSTM [t0<05(2],10 =0.39; P=0.70],
mPOA  [toos(yi0 = 1.15; P =0.14] or VMH [toosu)10 = 0.42;
P =0.34].

Exogenous DHEA alters androgen receptor mRNA
expression in a brain-region specific fashion

DHEA significantly increased androgen receptor mRNA expression in
the pvMSt [toos),10 = 3.08; P < 0.01] and VMH [toos(),10 = 2.52;
P < 0.05] (Fig. 6). Apart from expression in the nearby pvMSt, there
was little to no androgen receptor mRNA in the BSTL in DHEA or

04 .

30

Relative silver grain density
(% over background)

control birds, so this region was not analysed. DHEA administration
did not alter androgen receptor expression in the subdivision of the
POA just ventral to the TSM [In(POArsw) toos()s = 0.72; P = 0.25],
or the subdivision of the POA along the midline [toos(ne = 0.03;
P =049], BSTM [toos@,10 = 0.45; P =0.66] or mPOA [toos
@10 = —0.50; P = 0.63].

Discussion

DHEA is an important modulator of social behaviours, including
aggression, in many vertebrates, including in humans (3,5,22,23).
Interestingly, circulating DHEA/DHEAS levels are relatively low in
laboratory mice and rats (37). Male song sparrows provide an ideal
alternative model for the study of DHEA-induced effects on

[ Control
[C1DHEA

aliel

POA POA VMH mPOA BSTI BSTm
(TSM) (midline)

Fig. 5. Dehydroepiandrosterone (DHEA) led to significantly higher aromatase mRNA expression along the septopalliomesencephalic tract (TSM), but not along
the midline, in the preoptic area (POA). DHEA did not alter aromatase mRNA expression in any other brain region examined. POA (TSM), ventromedial nucleus
of the hypothalamus (VMH), medial preoptic area (mPOA), lateral part of the bed nucleus of the stria terminalis (BSTL), medial part of the bed nucleus of the
stria terminalis (BSTM): DHEA, n = 6; control, n = 6; POA (midline): DHEA, n = 4; Control, n = 5. Graphs depict the mean 4 SEM. Asterisks denote significant
differences at P < 0.05.
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Fig. 6. Dehydroepiandrosterone (DHEA) led to significantly higher androgen receptor mRNA expression in ventromedial nucleus of the hypothalamus (VMH)
and periventricular nucleus of the medial striatum (pvMSt), but not in other brain regions examined. Graphs depict the mean 4 SEM. Asterisks denote
significant differences at P < 0.05. Preoptic area along the septopalliomesencephalic tract (POA TSM), POA (midline): DHEA, n = 5; control, n = 5; VMH, medial
pre-optic area (mPOA), pvMSt, medial part of the bed nucleus of the stria terminalis (BSTM): DHEA, n = 6; control, n = 6. Graphs depict the mean + SEM.

Asterisks denote significant differences at P < 0.05.

vertebrate brain and behaviour. Male song sparrows have higher
circulating levels of DHEA during both their breeding and non-
breeding life-history stages when aggression is high compared to
their molt when aggression is low (3,24). Seasonally changing
androgen levels in male song sparrows are concomitant with alter-
ations in androgen receptor and aromatase mRNA expression in
brain regions that regulate vertebrate sexual behaviour and aggres-
sion (25,38,39), and administration of DHEA facilitates aggressive
behaviours such as territorial song and threatening postures in this
species (4,5). In this study, we demonstrate that administration of
exogenous DHEA increases aggression in nonbreeding male song
sparrows, while simultaneously increasing androgen receptor and
aromatase mRNA expression in brain regions of the social decision-
making network, a set of interconnected brain regions that modu-
late a myriad of critical vertebrate social behaviours (38,39). This
suggests that increases in aggression associated with exogenous
DHEA are mediated, at least in part, by alteration of steroid synthe-
sis and signalling pathways in this neural network.

Previous work has demonstrated that 3B-hydroxysteroid dehy-
drogenase (3B-HSD), the enzyme that converts DHEA to
androstenedione, can be rapidly activated in the brains of non-
breeding male song sparrows stimulated by an aggressive encoun-
ter (7). This activation can ultimately lead to the production of
more bioactive sex steroids, such as testosterone and 17-oestra-
diol, which can bind to androgen and oestrogen receptors, respec-
tively, allowing a bird to quickly respond to social challenge. This
binding may be to nuclear sex steroid receptors, such as the andro-
gen receptor or oestrogen receptor o or f, and/or to nongenomic
oestrogen receptors, which may affect nonbreeding male aggression
in song sparrows (40). Such activational effects, however, do not
preclude potential longer-term effects of DHEA on seasonal
changes in aggression.

Because circulating DHEA levels, 33-HSD and aromatase activity,
and aromatase and androgen receptor mRNA expression all show
longer-term seasonal change in male song sparrows, the potential

© 2016 The Authors. Journal of Neuroendocrinology published by
John Wiley & Sons Ltd on behalf of British Society for Neuroendocrinology

for seasonally-organised steroidal effects on behaviour cannot be
overlooked (3,8,25). Although the phrase 'organisational effects of
steroids' is often used to describe permanent developmental alter-
ations of anatomy and physiology, life-history changes in neural
steroid signalling machinery, such as those described in Wacker
et al. (25), may remain relatively static across a particular season,
and so do not fit a strict definition of activational effects. DHEA
can rapidly activate these DHEA-organised circuits during specific
social interactions, such as territorial disputes, thus having both
activational and seasonally-organised effects. This is consistent with
the observation that heightened DHEAS levels are associated with
an increased proclivity towards aggression in some humans (22,23).
In the present study, we show that exogenous DHEA can re-orga-
nise components of neural networks that modulate social behaviour
in male song sparrows. This opens up the possibility that exogenous
DHEA andfor DHEAS may induce longer-term changes to neural
signalling pathways affecting social behaviours in humans. This is
of particular clinical interest because DHEA is readily available as
an over-the-counter supplement and prescribed to both men and
women for a variety of reasons (15,18,19).

In the present study, chronic administration of DHEA to non-
breeding song sparrows elevated androgen receptor and aromatase
mRNA expression in some of the same brain regions where sea-
sonal differences were previously detected (25). DHEA levels are
highest during breeding and nonbreeding versus molt in male song
sparrows (3) and androgen receptor mRNA expression is highest
during breeding in the POA and pvMSt (25). In the present study,
administration of DHEA increased androgen receptor expression in
the pvMSt but not in the POA. Interestingly, exogenous DHEA also
increased androgen receptor expression in the VMH, where a sea-
sonal difference was not detected. Aromatase mRNA expression is
highest during breeding in the POA and mPOA/BSTM, and equally
high in the VMH during breeding and nonbreeding (versus molt
where it is lower) (25). In the present study, DHEA induced
increased aromatase expression in the POA but not in mPOA, BSTM
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or VMH. The finding that there were some differences between the
results of the present study and our previous seasonal comparison
is not unexpected. In the present study, we only altered one vari-
able, DHEA, whereas the seasonal movement through a series of
life-history stages involves changes to a myriad of morphological,
physiological and behavioural attributes (41). Also, DHEA levels were
not measured in our seasonal comparison (25), and so it is not
possible to compare levels of this hormone across these studies.
We previously demonstrated that very small changes in circulating
androgen levels correlate with an up-regulation of both aromatase
and androgen receptor expression in a variety of brain regions (25).
Thus, it is possible that the effects observed in the present study
are at least partially mediated by increased testosterone derived
from the metabolic conversion of administered DHEA. This is con-
sistent with the prediction that DHEA would elicit at least some of
its effects indirectly after conversion to more bioactive androgens
or oestrogens.

The consistencies in androgen receptor and aromatase mRNA
expression associated with naturally elevated DHEA levels and those
induced by exogenous DHEA are perhaps more interesting than the
differences. Increased androgen receptor expression in pvMSt and
aromatase expression in POA are associated with both seasonally
elevated endogenous and experimentally elevated exogenous DHEA
levels (25). That the DHEA-induced changes in pvMSt and POA were
concomitant with increases in aggressive behaviour suggests that
these brain regions are involved in the sex steroid-dependent mod-
ulation of aggression in this species. The lack of a difference in aro-
matase mRNA expression in VMH in the present study is not
unexpected because breeding and nonbreeding levels of this marker
are equivalent and DHEA levels are equally high in both of these
life-history stages (3,25). The finding of increased androgen recep-
tor expression in VMH was unexpected but, as with the seasonal
findings, it points to this brain region as a target for future exami-
nation.

The paucity of androgen receptor mRNA expression in BSTL
was curious because most subdivisions of the rat BST are rich in
androgen receptor message (42). We observed a high level of
hybridisation in a region dorsal to that commonly considered the
BSTL (31,32), in an area we previously termed the pvMSt (25)
(Fig. 3). Androgen receptor mRNA has been detected in this area
in both zebra finches (35) and juncos (Junco hyemalis) (43).
Although Satre et al. (43) also noted the location of this hybridis-
ation as being dorsal to what is commonly considered the BST,
Fraley et al. (26) identified this area as BSTL in white-crowned
sparrows. Many avian studies only divide the BST into lateral
(BSTL) and medial (BSTM) parts (32), although other subdivisions
of BST have been suggested more recently for nonsongbirds (44).
The rat BST has been divided into fifteen subdivisions, all positive
for androgen receptor mRNA expression (42). The pvMSt is possi-
bly homologous to a subdivision of the BST that has vyet to be
properly characterised in birds, although subsequent studies are
needed to validate this hypothesis. Such a finding would not be
unexpected because BST is involved in the regulation of a variety
of vertebrate social behaviours, including reproductive behaviour
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and aggression (45,46), and androgen regulation of such beha-
viour would be predicted.

Another intriguing possibility is that cells expressing androgen
receptor mRNA in the pvMSt represent newly born neurones
bound for incorporation into the hippocampus or song control
nuclei. The pvMSt is located within the larger lateral ventricular
zone where neurogenesis is initiated (47-49) and both the hip-
pocampus and HVC are rich in androgen receptors and comprise
sites of seasonal incorporation of new neurones (49,50).
Although androgen receptor mRNA expression is not detected in
HVC until 9-11 days after hatch in the zebra finch, during both
embryonic development and on posthatch day 1, androgen
receptor mRNA is already expressed in the lateral ventricular
zone (35,51). Although it remains unclear whether new neurones
express androgen receptor in the proliferative zone of adult birds,
these findings obtained in developing animals suggest that such
expression is possible. Furthermore, it was recently shown that
DHEA increases the number of bromodeoxyuridine positive (i.e.
proliferating) cells in the song sparrow brain (49), which, along
with our data, suggests that DHEA might facilitate the seasonal
proliferation of androgen sensitive cells. Although circulating
DHEA levels are no different during breeding and nonbreeding
(3), brain-region specific differences in DHEA utilisation may
facilitate such changes.

In the present study, we show that chronic administration of
DHEA increases circulating DHEA and testosterone levels, androgen
receptor and aromatase mRNA expression in a brain region-specific
fashion, and aggression in nonbreeding male song sparrows. To our
knowledge, the present study is the first to link exogenous DHEA
administration with both changes in neural architecture and con-
comitant increases in vertebrate aggression.

Acknowledgements

We thank Gang Wang and Sara O'Brien for help in the field, as well as Val-
erie Bishop, Jesse Krause, and Lynn Erckmann for assistance in the labora-
tory. JCW acknowledges a grant from the National Science Foundation
(NSF), IBN-0317141. SLM acknowledges Roslin Institute strategic grant fund-
ing from the Biotechnology and Biological Sciences Research Council (BB/
J004316/1 and BB/J004332/1). DWW acknowledges support from a Society
for Comparative and Integrative Biology (SICB) Grant-in-Aid of Research, a
NSF Research Coordination Network (E-BIRD-USA) grant and a NSF Gradu-
ate Research Fellowship.

Received 25 August 2016,
revised 4 October 2016,
accepted 30 October 2016

References

1 Nieschlag E, Loriaux DL, Ruder HJ, Zucker IR, Kirschner MA, Lipsett MB.
The secretion of dehydroepiandrosterone and dehydroepiandrosterone
sulphate in man. J Endocrinol 1973; 57: 123-134.

2 Perez-Neri |, Montes S, Ojeda-Lopez C, Ramirez-Bermudez J, Rios C.
Modulation of neurotransmitter systems by dehydroepiandrosterone
and dehydroepiandrosterone sulfate: mechanism of action and

© 2016 The Authors. Journal of Neuroendocrinology published by
John Wiley & Sons Ltd on behalf of British Society for Neuroendocrinology



8 of 9

D. W. Wacker et al.

20

relevance to psychiatric disorders. Prog Neuropsychopharmacol Biol
Psychiatry 2008; 32: 1118-1130.

Soma KK, Wingfield JC. Dehydroepiandrosterone in songbird plasma:
seasonal regulation and relationship to territorial aggression. Gen Comp
Endocrinol 2001; 123: 144-155.

Soma KK, Wissman AM, Brenowitz EA, Wingfield JC. Dehydroepiandros-
terone (DHEA) increases territorial song and the size of an associated
brain region in a male songbird. Horm Behav 2002; 41: 203-212.
Wacker DW, Schlinger BA, Wingfield JC. Combined effects of DHEA and
fadrozole on aggression and neural VIP immunoreactivity in the non-
breeding male song sparrow. Horm Behav 2008; 53: 287-294.

Hojo Y, Hattori T-a, Enami T, Furukawa A, Suzuki K, Ishii H-t, Mukai H,
Morrison JH, Janssen WG, Kominami S. Adult male rat hippocampus
synthesizes estradiol from pregnenolone by cytochromes P45017a and
P450 aromatase localized in neurons. Proc Nat/ Acad Sci USA 2004;
101: 865-870.

Pradhan DS, Newman AE, Wacker DW, Wingfield JC, Schlinger BA, Soma
KK. Aggressive interactions rapidly increase androgen synthesis in the
brain during the non-breeding season. Horm Behav 2010; 57: 381-389.
Soma KK, Schlinger BA, Wingfield JC, Saldanha CJ. Brain aromatase, 5o
reductase, and 5B-reductase change seasonally in wild male song spar-
rows: relationship to aggressive and sexual behavior. J Neurobiol 2003;
56: 209-221.

Heimovics SA, Prior NH, Ma C, Soma KK. Rapid effects of an aggressive
interaction on dehydroepiandrosterone, testosterone and oestradiol
levels in the male song sparrow brain: a seasonal comparison. J Neu-
roendocrinol 2016; 28: 12345,

Chen F, Knecht K, Birzin E, Fisher J, Wilkinson H, Mojena M, Moreno CT,
Schmidt A, Harada S, Freedman LP, Reszka AA. Direct agonist/antagonist
functions of dehydroepiandrosterone. Endocrinology 2005; 146: 4568-
4576.

Maurice T, Su TP. The pharmacology of sigma-1 receptors. Pharmacol
Ther 2009; 124: 195-206.

Sousa A, Ticku MK. Interactions of the neurosteroid dehydroepiandros-
terone sulfate with the GABAA receptor complex reveals that it may act
via the picrotoxin site. J Pharmacol Exp Ther 1997; 282: 827-833.

Mo Q, Lu S-f, Simon NG. Dehydroepiandrosterone and its metabolites:
differential effects on androgen receptor trafficking and transcriptional
activity. J Steroid Biochem Mol Biol 2006; 99: 50-58.

Matthews J, Celius T, Halgren R, Zacharewski T. Differential estrogen
receptor binding of estrogenic substances: a species comparison. J Ster-
oid Biochem Mol Biol 2000; 74: 223-234.

Webb SJ, Geoghegan TE, Prough RA, Michael Miller KK. The biological
actions of dehydroepiandrosterone involves multiple receptors. Drug
Metab Rev 2006; 38: 89-116.

Boonstra R, Lane JE, Boutin S, Bradley A, Desantis L, Newman AE, Soma
KK. Plasma DHEA levels in wild, territorial red squirrels: seasonal varia-
tion and effect of ACTH. Gen Comp Endocrinol 2008; 158: 61-67.
Hopper BR, Yen SS. Circulating concentrations of dehydroepiandros-
terone and dehydroepiandrosterone sulfate during puberty. J Clin Endo-
crinol Metab 1975; 40: 458-461.

Maninger N, Wolkowitz OM, Reus VI, Epel ES, Mellon SH. Neurobiologi-
cal and neuropsychiatric effects of dehydroepiandrosterone (DHEA) and
DHEA sulfate (DHEAS). Front Neuroendocrinol 2009; 30: 65-91.

Li J, Yuan H, Chen Y, Wu H, Wu H, Li L. A meta-analysis of dehy-
droepiandrosterone supplementation among women with diminished
ovarian reserve undergoing in vitro fertilization or intracytoplasmic
sperm injection. Int J Gynaecol Obstet 2015; 131: 240-245.

World Anti-Doping Agency. The 2015 Prohibited List. http://www.
usada.org/wp-content/uploads/wada-2015-prohibited-list-en.pdf [accessed
on 9 October 2015]

© 2016 The Authors. Journal of Neuroendocrinology published by
John Wiley & Sons Ltd on behalf of British Society for Neuroendocrinology

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36
37

38

39

Gavrilova V, Ivanova S, Gusev S, Trofimova M, Bokhan N. Neurosteroids
dehydroepiandrosterone and its sulfate in individuals with personality
disorders convicted of serious violent crimes. Bull Exp Biol Med 2012;
154: 89-91.

Dmitrieva TN, Oades RD, Hauffa BP, Eggers C. Dehydroepiandrosterone
sulphate and corticotropin levels are high in young male patients with
conduct disorder: comparisons for growth factors, thyroid and gonadal
hormones. Neuropsychobiology 2001; 43: 134-140.

van Goozen SH, Matthys W, Cohen-Kettenis PT, Thijssen JH, van
Engeland H. Adrenal androgens and aggression in conduct disorder
prepubertal boys and normal controls. Biol Psychiatry 1998; 43: 156-
158.

Wingfield JC, Hahn TP. Testosterone and territorial behaviour in seden-
tary and migratory sparrows. Anim Behav 1994; 47: 77-89.

Wacker DW, Wingfield JC, Davis JE, Meddle SL. Seasonal changes in aro-
matase and androgen receptor, but not estrogen receptor mRNA expres-
sion in the brain of the free-living male song sparrow, Melospiza
melodia morphna. J Comp Neurol 2010; 518: 3819-3835.

Fraley GS, Steiner RA, Lent KL, Brenowitz EA. Seasonal changes in
androgen receptor mRNA in the brain of the white-crowned sparrow.
Gen Comp Endocrinol 2010; 166: 66-71.

Sperry TS, Thompson CK, Wingfield JC. Effects of acute treatment with
8-OH-DPAT and fluoxetine on aggressive behaviour in male song spar-
rows (Melospiza melodia morphna). J Neuroendocrinol 2003; 15: 150~
160.

Sperry TS, Wacker DW, Wingfield JC. The role of androgen receptors in
requlating territorial aggression in male song sparrows. Horm Behav
2010; 57: 86-95.

Shen P, Campagnoni CW, Kampf K, Schlinger BA, Arnold AP, Cam-
pagnoni AT. Isolation and characterization of a zebra finch aromatase
cDNA: in situ hybridization reveals high aromatase expression in brain.
Brain Res Mol Brain Res 1994; 24: 227-237.

Bennu DAN. Molecular Techniques and Avian Reproductive Biology:
Integrating Field and Laboratory Investigations. Seattle, WA: University
of Washington, 2002.

Stokes TM, Leonard CM, Nottebohm F. The telencephalon, diencephalon,
and mesencephalon of the canary, Serinus canaria, in stereotaxic coordi-
nates. J Comp Neurol 1974; 156: 337-374.

Reiner A, Perkel DJ, Bruce LL, Butler AB, Csillag A, Kuenzel W, Medina L,
Paxinos G, Shimizu T, Striedter G. Revised nomenclature for avian telen-
cephalon and some related brainstem nuclei. J Comp Neurol 2004; 473:
377-414.

Aste N, Panzica G, Viglietti-Panzica C, Harada N, Balthazart J. Distribu-
tion and effects of testosterone on aromatase mRNA in the quail fore-
brain: a non-radioactive in situ hybridization study. J Chem Neuroanat
1998; 14: 103-115.

Metzdorf R, Gahr M, Fusani L. Distribution of aromatase, estrogen
receptor, and androgen receptor mRNA in the forebrain of songbirds
and nonsongbirds. J Comp Neurol 1999; 407: 115-129.

Kim YH, Perlman WR, Arnold AP. Expression of androgen receptor mRNA
in zebra finch song system: developmental regulation by estrogen.
J Comp Neurol 2004; 469: 535-547.

SAS Institute. JMP 10 Basic Analysis and Graphing SAS Institute, 2012.
Soma KK, Rendon NM, Boonstra R, Albers HE, Demas GE. DHEA effects
on brain and behavior: insights from comparative studies of aggression.
J Steroid Biochem Mol Biol 2015; 145: 261-272.

Goodson JL. The vertebrate social behavior network: evolutionary themes
and variations. Horm Behav 2005; 48: 11-22.

Q'Connell LA, Hofmann HA. The vertebrate mesolimbic reward system
and social behavior network: a comparative synthesis. J Comp Neurol
2011; 519: 3599-3639.

Journal of Neuroendocrinology, 2016, 28, 10.1111/jne.12443


http://www.usada.org/wp-content/uploads/wada-2015-prohibited-list-en.pdf
http://www.usada.org/wp-content/uploads/wada-2015-prohibited-list-en.pdf

DHEA increases androgen receptor and aromatase mRNA and aggression

9 0of 9

40

41

42

43

44

45

Heimovics SA, Ferris JK, Soma KK. Non-invasive administration of 17f-
estradiol rapidly increases aggressive behavior in non-breeding, but not
breeding, male song sparrows. Horm Behav 2015; 69: 31-38.

Wingfield JC. Organization of vertebrate annual cycles: implications for
control mechanisms. Philos Trans R Soc Lond B Biol Sci 2008; 363:
425-441.

Simerly RB, Chang C, Muramatsu M, Swanson LW. Distribution of
androgen and estrogen receptor mRNA-containing cells in the rat
brain: an in situ hybridization study. J Comp Neurol 1990; 294: 76-
95.

Satre D, Kim Y-H, Corbitt C. Androgen receptor location in the dark-eyed
junco using a probe for in situ hybridization histochemistry generated
from zebra finch cDNA. J Neurosci Methods 2011; 201: 180-184.
Vicario A, Abellan A, Desfilis E, Medina L. Genetic identification of the
central nucleus and other components of the central extended amyg-
dala in chicken during development. Front Neuroanat 2014; 8: 90.

Been LE, Petrulis A. Lesions of the posterior bed nucleus of the stria ter-
minalis eliminate opposite-sex odor preference and delay copulation in
male Syrian hamsters: role of odor volatility and sexual experience. Eur
J Neurosci 2010; 32: 483-493.

Journal of Neuroendocrinology, 2016, 28, 10.1111/jne.12443

46

47

48

49

50

51

Veenema AH, Beiderbeck DI, Lukas M, Neumann ID. Distinct correlations
of vasopressin release within the lateral septum and the bed nucleus of
the stria terminalis with the display of intermale aggression. Horm
Behav 2010; 58: 273-281.

Alvarez-Buylla A, Theelen M, Nottebohm F. Proliferation, 'hot spots' in
adult avian ventricular zone reveal radial cell division. Neuron 1990; 5:
101-109.

Katz A, Mirzatoni A, Zhen Y, Schlinger BA. Sex differences in cell prolif-
eration and glucocorticoid responsiveness in the zebra finch brain. Eur J
Neurosci 2008; 28: 99-106.

Newman AE, MacDougall-Shackleton SA, An YS, Kriengwatana B, Soma
KK. Corticosterone and dehydroepiandrosterone have opposing effects
on adult neuroplasticity in the avian song control system. J Comp Neu-
rol 2010; 518: 3662-3678.

Soma KK, Hartman VN, Wingfield JC, Brenowitz EA. Seasonal changes in
androgen receptor immunoreactivity in the song nucleus HVc of a wild
bird. J Comp Neurol 1999; 409: 224-236.

Perlman WR, Ramachandran B, Arnold AP. Expression of androgen
receptor mRNA in the late embryonic and early posthatch zebra finch
brain. J Comp Neurol 2003; 455: 513-530.

© 2016 The Authors. Journal of Neuroendocrinology published by
John Wiley & Sons Ltd on behalf of British Society for Neuroendocrinology



