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Abstract

Many animal species exhibit year-round aggression, a behaviour that allows indi-
viduals to compete for limited resources in their environment (eg, food and mates).
Interestingly, this high degree of territoriality persists during the non-breeding
season, despite low levels of circulating gonadal steroids (ie, testosterone [T] and
oestradiol [E,]). Our previous work suggests that the pineal hormone melatonin me-
diates a ‘seasonal switch’ from gonadal to adrenal regulation of aggression in Siberian
hamsters (Phodopus sungorus); solitary, seasonally breeding mammals that display
increased aggression during the short, ‘winter-like’ days (SDs) of the non-breeding
season. To test the hypothesis that melatonin elevates non-breeding aggression by
increasing circulating and neural steroid metabolism, we housed female hamsters in
long days (LDs) or SDs, administered them timed or mis-timed melatonin injections
(mimic or do not mimic a SD-like signal, respectively), and measured aggression, cir-
culating hormone profiles and aromatase (ARO) immunoreactivity in brain regions
associated with aggressive or reproductive behaviours (paraventricular hypothalamic
nucleus [PVN], periaqueductal gray [PAG] and ventral tegmental area [VTA]). Females
that were responsive to SD photoperiods (SD-R) and LD females given timed mela-
tonin injections (Mel-T) exhibited gonadal regression and reduced circulating E,, but
increased aggression and circulating dehydroepiandrosterone (DHEA). Furthermore,
aggressive challenges differentially altered circulating hormone profiles across sea-
sonal phenotypes; reproductively inactive females (ie, SD-R and Mel-T females)
reduced circulating DHEA and T, but increased E, after an aggressive interaction,
whereas reproductively active females (ie, LD females, SD non-responder females
and LD females given mis-timed melatonin injections) solely increased circulating E,,.
Although no differences in neural ARO abundance were observed, LD and SD-R fe-
males showed distinct associations between ARO cell density and aggressive behav-
iour in the PVN, PAG and VTA. Taken together, these results suggest that melatonin
increases non-breeding aggression by elevating circulating steroid metabolism after
an aggressive encounter and by regulating behaviourally relevant neural circuits in a

region-specific manner.
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1 | INTRODUCTION

Animals inhabiting temperate zones experience marked variations in
climate and resource availability across the annual cycle. Such fluctu-
ations in temperature, water and food availability in the environment
require individuals to respond to temporal and spatial niches from
winter to summer. The unique demands of these extreme conditions
result in reproductive inhibition during unfavourable conditions.?
Thus, seasonally breeding animals limit reproduction to the spring
and summer, which coincide with relatively warm ambient tempera-
tures and abundant resources, and shift to reproductive quiescence
during the winter, when physiological and behavioural adaptations
tend to be geared towards survival rather than reproduction.**

As with most species that live in temperate habitats, Siberian
hamsters (Phodopus sungorus) use photoperiod (ie, day length) as
the primary environmental cue to coordinate seasonally appropriate
changes in physiology and behaviour. These animals breed during
the summer and undergo gonadal regression, a marked reduction
(> 10%) in body mass, and changes in thermoregulation during the
winter.>¢ In the wild, Siberian hamsters are solitary and occur at low
population densities (ie, one to six individuals per km?), and both
males and females defend their territories year—round.7 Thus, unlike
other species where reproduction and aggression often co-occur
during the breeding season, Siberian hamsters display increased
aggression during the short, ‘winter-like’ days of the non-breeding
season, despite gonadal regression. This increased aggression during
periods of reproductive quiescence suggests an uncoupling of ag-
gressive behaviour from gonadal hormones in both sexes.

Similarly, robust levels of aggression in the relative absence of
gonadal steroids have been shown in other vertebrates, including

8-11

song sparrows (Melospiza melodia),”™" spotted antbirds (Hylophylax

naevoides),*** beach mice (Peromyscus polionotus), deer mice

)15

(Peromyscus maniculatus)> and Syrian hamsters (Mesocricetus au-

ratus),*®

suggesting that animals have evolved alternative neuroen-
docrine mechanisms to regulate aggressive behaviour across the
seasons. The current working model in birds and mammals posits
that non-breeding aggression is facilitated by increased metabolism
of non-gonadal prohormones to biologically active androgens (ie,
testosterone [T]) and oestrogens (eg, oestradiol [E,]) via convert-
ing enzymes, particularly in brain regions that are associated with
aggressive behaviour. Our laboratory and others have shown that
adrenal dehydroepiandrosterone (DHEA) is a key hormone for main-
taining high levels of aggression during periods of reproductive qui-
escence.r’!” DHEA is an androgen and a prohormone that can be
rapidly metabolised into biologically active steroids, including T and
E,. Although DHEA is synthesised primarily by the adrenal glands,
circulating DHEA is capable of passing through the blood-brain bar-
rier and can be metabolised to biologically active steroids in brain
regions that express the appropriate steroidogenic enzymes.Zo’21
In addition to a shift in hormonal source, seasonal changes in ste-
roid synthesis and metabolism within target tissues have been re-
ported. For example, heightened steroid metabolism, including

increased expression of the enzyme aromatase, which catalyses the

conversion of T to E,, and elevated sensitivity to hormones (eg, E,),
such as increased expression of oestrogen receptors, within discrete
brain regions, have been reported as key regulators of aggression

in birds,?>?® mammals,?*2¢

and species that display a sex role re-
versal in aggression.?”?8 Collectively, these mechanisms are consis-
tent with the hypothesis that seasonal changes in aggression map
onto changes in neuroendocrine processes; however, they do not
describe, in turn, how aggression influences these processes.
Dynamic shifts in neuroendocrine mechanisms that occur on a
seasonal timeframe suggest that animals modify how they physiolog-
ically respond to social challenges. The physiological effects of social
challenges are often studied within the frameworks of the challenge
hypothesis or the winner effect.?>%° Specifically, aggressive encoun-
ters can trigger rapid and marked increases in circulating androgens;
therefore, elevated T might enable animals to aggressively defend a
territory or acquire a mate, and it may prime individuals for future
competitions.® Support for the challenge hypothesis, however, is
mixed in males.? Because the majority of studies investigating the
challenge hypothesis have used males in breeding condition, it is dif-
ficult to disassociate the individual contributions of seasonal eleva-
tions in T and socially induced changes in T.3® Furthermore, social
elevation of T in females does not appear to be a common phenom-
enon.®*® To date, most studies that have examined the challenge
hypothesis or winner effect have only measured the effects of an
aggressive challenge on circulating T. Thus, alternative mechanisms,
such as socially mediated changes in steroid synthesis (eg, DHEA to
E,), are largely unexplored, although they likely play a key role in
enabling high levels of aggression during the non-breeding season.
Although previous work has carefully demonstrated the neuro-
endocrine mechanisms underlying seasonal aggression, the role of
environmental cues, such as photoperiod, in mediating these mech-
anisms is relatively understudied. Photoperiod is translated from an
environmental cue to a biochemical signal via a multisynaptic pathway,
in which environmental light is perceived by retinal ganglion cells in
the eye, processed in the hypothalamus of the brain, and transduced
from a neural to an endocrine signal through the release of the hor-
mone melatonin by the pineal gland.%'37 Because melatonin secretion
is high at night and low during the day, the pattern and duration of
melatonin secretion closely tracks changes in photoperiod across the
annual cycle and, thus, plays a critical role in regulating seasonal re-
production. Specifically, a long duration of melatonin secretion, which
is indicative of short days (SDs) (ie, < 12.5 hours light per day), results
in reproductive quiescence; whereas a short duration of melatonin se-
cretion, which is encoded as long days (LDs), results in reproductive
functionality.*¢%” In addition, recent work from our group suggests
that melatonin mediates a ‘seasonal switch’ from gonadal regulation of
aggression during LDs to adrenal regulation of aggression during SDs
in some seasonally breeding animals, including Siberian hamsters.?"18
We have previously demonstrated that exogenous melatonin ad-
ministration elevates aggressive behaviour in LD male hamsters.1¢8
Furthermore, we have shown that timed melatonin injections, which
mimic SD patterns of melatonin secretion, increases aggression in LD

females® and that long-term timed melatonin administration induces
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gonadal regression, elevates aggressive behaviour, and produces SD-
like changes in circulating androgen profiles in LD males.*® We have also
found that administering melatonin in vitro to cultured adrenal glands
elevates adrenal DHEA output in SD, but not LD females, whereas
treating cultured ovaries with melatonin increases DHEA output in LD,
but not SD females.®” Although our findings suggest that melatonin
increases aggression during SDs by altering peripheral steroid synthe-
sis, it is unclear how melatonin acts in the brain to mediate seasonal
changes in aggression and whether melatonin modulates aggression
via neuroendocrine circuits that are independent of reproduction.

In the present study, we tested the hypothesis that melatonin me-
diates seasonal aggression by elevating steroid metabolism, both in
circulation and in brain regions associated with aggressive behaviours.
To delineate the precise manner by which melatonin acts to affect sea-
sonal aggression, we directly manipulated the melatonin signal in cir-
culation by administering a timed melatonin injection, which summates
with endogenous melatonin secretion and mimics a SD-like signal, or
a mis-timed melatonin injection, which exposes tissues to melatonin
but allows animals to remain reproductively functional. Adult female
hamsters were housed in LD or SD photoperiods and treated with ei-
ther timed melatonin, mis-timed melatonin, or control injections, and
aggressive behaviour was measured after 10 weeks of treatment.
Moreover, to assess whether melatonin regulates seasonal shifts in
peripheral and neural steroid metabolism, baseline and aggression-in-
duced levels of circulating DHEA, T and E, were measured and aro-
matase immunoreactivity was quantified in three brain regions: the
paraventricular hypothalamic nucleus (PVN) and ventral tegmental area
(VTA), which regulate reproduction and its associated behaviours*#?
and the periaqueductal gray (PAG), which has been implicated in mod-
ulating aggressive behaviour.*3** We predicted that female hamsters
given a SD-like melatonin signal (eg, via SD photoperiods or timed
melatonin injections) will exhibit gonadal regression, elevated levels
of aggression and aggression-induced increases in steroid metabolism,
both in circulation and in brain regions associated with aggressive, but
not reproductive behaviours. Conversely, we predicted that females
exhibiting a LD-like melatonin signal (eg, via either LD photoperiods or
mis-timed melatonin injections) will remain reproductively functional,
show relatively lower levels of aggression and exhibit aggression-in-
duced increases in steroid metabolism in brain regions associated with

reproductive, but not aggressive behaviours.

2 | MATERIALS AND METHODS
2.1 | Animal housing

Adult female Siberian hamsters (P. sungorus, > 60 days of age) were
reared and maintained in a breeding colony at Indiana University
under long days (16:8 hour light/dark photocycle) and group-housed
at weaning (post-natal day 18). Hamsters were given ad libitum access
to standard laboratory rodent chow (Lab Diet 5001; PMI Nutrition,
Brentwood, MO, USA) and tap water. Ambient temperature was

maintained at 20 + 2°C and relative humidity was maintained at

ot erocncocinor IR A

55 + 5%. All procedures were performed in accordance with the
National Institutes of Health (NIH) Guide for the Care and Use
of Laboratory Animals and were approved by the Bloomington
Institutional Animal Care and Use Committee (BIACUC) at Indiana
University (protocol #11-006).

2.2 | Photoperiodic manipulations and in vivo
melatonin administration

Prior to the start of photoperiodic manipulations, experimental (ie,
resident) hamsters were individually housed (n = 70) for a one-week
acclimation period on a long day (LD) (16:8 hours) photocycle. After
the acclimation period, experimental hamsters were either trans-
ferred to a room on a short-day (SD) (8:16 hours) photocycle (n = 28)
or were relocated to a new room on a LD cycle (n = 42). All hamsters
were given daily s.c. injections of melatonin (15 pg day™ dissolved
in 1:10 ethanol:saline solution; M5250; Sigma-Aldrich, St Louis, MO,
USA) or a control solution (1:10 ethanol:saline solution), as described
previously.3?*%* LD hamsters were divided into three treatment
groups and received either a timed melatonin injection (Mel-T, n = 14)
2 hours prior to lights off to extend the LD pattern of endogenous
melatonin secretion to mimic that of SD animals; a mis-timed mela-
tonin injection (Mel-M, n = 13) 8 hours prior to lights off to supple-
ment circulating melatonin, but at a time at which the injection fails to
summate with endogenous melatonin secretion; or a control injection
(LD, n = 15) (Figure 1). All SD hamsters received control injections
(SD responders, SD-R: n = 14; SD non-responders, SD-NR: n = 14).
Hamsters remained in their photoperiodic regimens and were admin-

istered melatonin or control injections for a period of 10 weeks.

2.3 | Reproductive phenotypes

Seasonal phenotypes were determined based on a priori criteria
that have been previously established for Siberian hamsters.*¢48
Throughout the study, hamsters were weighed on a weekly basis to
track changes in body mass, and coat colour was assessed to docu-
ment the transition from summer brown/grey to winter white.*48
In addition, oestrous cycles were monitored via vaginal cytology for
all experimental animals 5 days prior to behavioural trials to deter-
mine whether females were cycling, as described previously.25'47'49
Hamsters were characterised as reproductively functional if they
had functional reproductive tissues (ie, ovaries and uterine horns),
displayed no significant change in body mass (< 10%) and maintained
a brown/grey coat colour. By contrast, hamsters were characterised
as reproductively inactive if they had regressed reproductive tis-
sues, exhibited a significant decrease in body mass (> 10%) and had
a white coat colour. Moreover, the reproductively active phenotype
in SDs (SD-NR) was characterised using the same criteria described
above for LD animals. Non-responsiveness to SDs, in which hamsters
do not undergo gonadal regression or reduce body mass in response

to SD photoperiods and generally respond physiologically and
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FIGURE 1 Melatonin profiles of female hamsters that received
photoperiodic manipulations and/or melatonin injections.
Melatonin secretion is shown on the y-axis and photoperiod (ie,
day length) is shown on the x-axis (yellow lines: light phase, black
lines: dark phase). Long-day hamsters exhibit a relatively short
duration of melatonin secretion compared to short-day responders,
which have a relatively long duration of melatonin secretion.
Although short-day non-responders are housed under short-day
photoperiods, their melatonin profiles do not expand in response
to treatment. Therefore, these animals have a relatively short
duration of melatonin secretion that is indistinguishable from that
of long-day hamsters. Timed melatonin treatment summates with
endogenous melatonin secretion, expanding the melatonin profile
of these animals to mimic that of short-day responders. By contrast,
mis-timed melatonin treatment fails to summate with endogenous
melatonin secretion, resulting in a melatonin profile that mimics
that of long-day hamsters

behaviourally like LD animals, has been documented previously in

this species and affects approximately 30% of the population.3¢°%:5

2.4 | Quantification of aggressive behaviour

Same-sex aggressive encounters were conducted within the first
2 hours of the dark phase using methods described previously.3%#
Aggression was assessed using a same-sex resident-intruder para-
digm, in which an unfamiliar stimulus animal (ie, intruder) is placed
into the home cage of an experimental animal (ie, resident) and the
animals are allowed to interact for 5 minutes. Intruder hamsters
were of approximately the same age and body mass (+5%) and their
parents were different from those of the experimental animals with
which they were paired. Intruders were pair-housed with a sibling
(n = 30) and remained in LDs prior to behavioural testing and for the
duration of the study. All trials were recorded under low-illumination
red lights using a HandyCam Digital Camcorder HDR-SR7 (Sony,
Tokyo, Japan). Aggressive behaviours (ie, latency to first attack,
number and duration of attacks and chases) were scored for each
experimental animal by two trained observers using obLoc (https://
www.macropodsoftware.com). Scores from the two individuals were
averaged, and inter-rater reliability was accepted if less than 10%
variation occurred. Measures of aggression were defined according

to previous studies in male and female Siberian hamsters.%4748

2.5 | Blood sampling and tissue processing

To compare the effects of an aggressive interaction on circulating hor-
mone profiles across seasonal phenotypes, a pre-aggression and post-
aggression blood sample was collected from each experimental animal
after 10 weeks of treatment. Pre-aggression samples were drawn
24 hours prior to behavioural trials to control for circadian rhythmicity
in hormone concentrations, and post-aggression blood samples were
collected immediately (< 2 minutes) after behavioural testing. Animals
were lightly anaesthetised using isoflurane (Isothesia; Henry Schein
Animal Health, Melville, NY, USA) and blood was drawn from the retro-
orbital sinus into microcapillary tubes. Samples were allowed to clot for
1 hour, clots were removed and samples were centrifuged at 2410 g for
30 minutes at 4°C. Serum was aspirated and stored in sealable micro-
centrifuge tubes at ~20°C until enzyme immunoassay analysis.

After post-aggression blood collection, animals were deeply anaes-
thetised with 0.3 mL of a ketamine (20 mg mL?) and xylazine (4 mg mL
1y cocktail in 0.9% saline and perfused transcardially with 100 mL of
0.1 mol L't phosphate-buffered saline (PBS; pH 7.4), followed by 100 mL
of 4% paraformaldehyde in PBS (PFA). Necropsies were performed
and reproductive organs (ie, ovaries, uterine horns) were dissected,
cleaned of fat and connective tissue, and weighed to the nearest mg.
Brains were collected, post-fixed for 4 hours in PFA, cryoprotected
for 48 hours in 30% sucrose in PBS, transferred to Tissue-Tek® OCT


https://www.macropodsoftware.com
https://www.macropodsoftware.com

RENDON ET AL.

compound (Sakura, Tokyo, Japan) and stored at -80°C. Coronal sec-
tions (40 um) were cut on a sliding freezing microtome, and free-float-
ing sections were stored in an ethylene glycol-based cryoprotectant

solution®? at -80°C until processing for immunocytochemistry.

2.6 | Quantification of circulating hormones

Pre- and post-aggression levels of serum DHEA, T and E, were
quantified using commercially available enzyme immunoassay kits
that have been previously validated in this species (DHEA: assay
sensitivity = 0.108 ng mL?; ALPCO Diagnostics, Salem, NH, USA;
20-DHEHU-E01%%°3; T: assay sensitivity = 5.67 pg mL?; Assay Design,
Ann Arbor, MI, USA; 900-065°*%%; E,;: assay sensitivity = 14.0 pg mL
. Enzo Life Sciences, Farmingdale, NY, USA; ADI-900-174%%). Each
of these kits is highly specific for the hormone of interest and have
negligible or undetectable cross-reactivity with other steroid hor-
mones (DHEA kit: sulfated DHEA = 0.01%, T = 0.01%, E, = < 0.01%,
cortisol = < 0.01%,; T kit: 19-hydroxytestosterone = 14.6%, andros-
tenedione = 7.2%, DHEA = 0.7%, E, = 0.4%; E, kit: oestrone = 17.8%,
oestriol = 0.9%, T = 0.01%, DHEA = < 0.001%). Serum DHEA was
analysed neat or diluted 1:2 with assay buffer; serum T was diluted
1:3, 1:4 or 1:8 with assay buffer; and serum E, was analysed neat or
diluted 1:2 with assay buffer to ensure approximately 50% binding on a
four-parameter logistic standard curve (Microplate Manager; Bio-Rad,
Hercules, CA, USA). Samples were assayed in duplicate in accordance
with the manufacturer’s instructions and were counterbalanced across
three plates of the same kit lot for each hormone. Samples with a coef-
ficient of variability > 10% and a maximum binding < 20% or > 80%
were re-analysed. Intra-assay variability was not greater than 7.95%
(DHEA: < 7.60%, T: < 7.95%, E,: < 3.77%) and inter-assay variability
was < 5.89% for each hormone (DHEA: 5.28%, T: 5.89%, E,: 2.97%).

2.7 | Immunolabelling and
quantification of aromatase

Free-floating sections were allowed to equilibrate to room tempera-
ture and were washed 5 x 5 minutes in PBS, followed by a 1-hour in-
cubation period in blocking solution, which consisted of PBS + 10%
donkey serum (Millipore Sigma, Burlington, MA, USA) and 0.3%
Triton X-100 (VWR, Radnor, PA, USA). Sections were then incubated
for 48 hours at 4°C in rabbit anti-CYP19 (H-300, raised against the
human CYP19 protein; catalogue no. 30086, Lot # H1314; Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA) diluted 1:200 in PBS + 5%
donkey serum and 0.3% Triton X-100 (diluent). After primary anti-
body incubation, sections were washed 2 x 15 minutes in PBS, fol-
lowed by a 2 hour incubation period at room temperature in Alexa
Fluor® 594 (catalogue no. A-21207; Life Technologies, Grand Island,
NY, USA) diluted 1:200 in diluent.?>¢>7 After 3 x 10 minutes PBS
washes, sections were mounted onto chrome alum-subbed slides
and cover-slipped with Prolong Gold Antifade Reagent with DAPI

(4,6-diamidino-2-phenylindole; Life Technologies). In accordance

Bregma -2.54 mm

FIGURE 2 Representative photomicrograph of the enzyme
aromatase (red) that has been fluorescence labelled and
counterstained with DAPI (4',6-diamidino-2-phenylindole) (blue)
in the periagueductal gray of a short-day responder hamster
(scale = 100 pm). ARO-IR, aromatase-immunoreactive

with the manufacturer's instructions, the primary antibody was gen-
erated to bind to amino acids 209-503 of the C-terminus of CYP19.
Aromatase distribution in the present study is consistent with that
reported previously in other rodents.’8-6° Staining was abolished
when either the primary or secondary antibodies were omitted
(ie, —primary/+secondary or +primary/-secondary, respectively).
Samples were counterbalanced across two runs and processed with
reagents of the same lot number, and the incubation times for each
procedure were strictly controlled.

ARO-immunoreactive (-IR) neurones were quantified in the
periaqueductal gray (PAG) (Bregma -2.70 mm) (Figure 2) and the
ventral tegmental area (VTA) (Bregma -3.28 mm) of the midbrain,
as well as the paraventricular nucleus of the hypothalamus (PVN)
(Bregma -0.94 mm), which were identified using a mouse brain
atlas.®* Monochrome photomicrographs were shot for each area of
interest using an Axio Imager Microscope outfitted with a Z-drive
and optical dissector (Apotome; Carl Zeiss, Oberkochen, Germany).
Quantification was subsequently conducted from layered monochro-
mone images using pHoTosHoP csé (Adobe Systems Inc., San Jose, CA,
USA) and IMAGEJ, version 1.48 (National Institutes of Health, Bethesda,
MD, USA). Each region of interest was outlined bilaterally and the
cross-sectional area of each region was measured. Fluorescence
labelled ARO cells were then counted bilaterally in the largest
cross-sectional area for each region. To provide an unbiased estimate
of the total number of ARO-IR cells, a sampling area was determined
for each region of interest prior to counting (range 200-600 mm?) and
cells were counted in the selected area of predetermined size within
the region of interest. Cells were counted when the fluorescence
signal was 2 SDs greater than background, and when cells were ap-
proximately 7.5 pm in diameter and confirmed to be nuclear-bound.
Counts were corrected for size of region for all animals and are ex-
pressed as cells per unit area. To account for counting overestimates,

an Abercrombie correction was applied before data analysis."’2
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2.8 | Statistical analysis

All statistical analyses were performed in Jmp, version 11.0.0 (SAS
Institute Inc., Cary, NC, USA) and r, version 3.3.3 (R Foundation for
Statistical Computing, Vienna, Austria). P < 0.05 was considered sta-
tistically significant. Normality and homogeneity of variances were
assessed using Shapiro-Wilk tests and Levene's tests, respectively.
Some data (duration of attacks and chases, baseline serum T and E,
levels) were log-transformed to satisfy the assumptions of normality
and equal variances. A principal component analysis was conducted
to reduce aggression variables (ie, latency to first attack, number and
duration of attacks and chases) to a composite ‘aggression score’. All
aggression variables loaded strongly (< -=0.30 or > 0.30) onto the
first principal component (PC1), which had a high eigenvalue (> 1)
and explained 73.8% of the total variance. Because no other PCs
from this analysis explained a significant proportion of the vari-
ance (< 15%), PC1 (referred to hereafter as ‘aggression score’) was
used to examine the effect of treatment on aggressive behaviour
(see Supporting information, Table S1). One-way ANOVA was used
to compare aggression variables, reproductive physiology, baseline
(ie, pre-aggression) circulating hormone levels, aggression-induced
changes in circulating hormone levels and neural ARO-IR abundance
between treatment groups. If a statistical test reported a significant
effect of treatment, Tukey's honestly significant difference post-
hoc analyses were performed to examine pairwise comparisons.
Spearman's rank correlations with a Holm-Bonferroni correction
for multiple comparisons were conducted on untransformed data
to examine potential differences in the relationships between ag-
gressive behaviour, circulating hormone profiles and neural ARO-IR

abundance across seasonal phenotypes.

3 | RESULTS

3.1 | Timed melatonin treatment and short-day
photoperiods altered reproductive phenotypes and
elevated aggressive behaviour

After 10 weeks of treatment, females that were responsive to SD
photoperiods (SD-R) and LD females given timed melatonin injec-
tions (Mel-T) had regressed reproductive tissues (relative reproduc-
tive mass: F, ;o = 27.94, P < 0.01) (Figure 3A) and had a lower body
mass (> 10%: F, ;o = 10.92, P < 0.01) than long-day females (LD),
females that were non-responsive to SD photoperiods (SD-NR) and
LD females given mis-timed melatonin injections (Mel-M). SD-R and
Mel-T females also displayed more aggression with respect to num-
ber of attacks (F4‘69 =9.72, P < 0.01) (Figure 3B), duration of attacks
(F469 = 7.70, P < 0.01), number of chases (F, ,, = 6.68, P < 0.01),
duration of chases (F, ,, = 6.64, P < 0.01), latency to first attack
(F, 49 = 3.69, P=0.02) and composite aggression score (F, 4 = 10.46,
P < 0.01) (Figure 3C) relative to LD, SD-NR and Mel-M females.
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FIGURE 3 Short days and timed melatonin injections altered
reproductive physiology and elevated aggressive behaviour.
Relative reproductive mass (A), number of attacks (B) and
aggression scores (C) of long-day females (LD), females that were
responsive to short-day photoperiods (SD-R), females that were
non-responsive to short-day photoperiods (SD-NR), LD females
given timed melatonin injections (Mel-T) and LD females given
mis-timed melatonin injections (Mel-M). Bar heights represent
the mean + SEM (white bars: LD, grey bars: SD; LD: n = 15, SD-R:
n = 14, SD-NR: n = 14, Mel-T: n = 14, Mel-M: n = 13). *Significant
difference from LD females (one-way ANOVAs with Tukey's
honestly significant difference post-hoc analyses, P < 0.05)
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FIGURE 4 Short days and timed melatonin injections increased
serum dehydroepiandrosterone (DHEA), but decreased serum
oestradiol levels. Baseline (ie, pre-aggression) levels of serum (A)
DHEA, (B) testosterone and (C) oestradiol in long-day females (LD),
females that were responsive to short-day photoperiods (SD-R),
females that were non-responsive to short-day photoperiods (SD-
NR), LD females given timed melatonin injections (Mel-T) and LD
females given mis-timed melatonin injections (Mel-M). Bar heights
represent the mean + SEM (white bars: LD, grey bars: SD; n = 10
per treatment group). *Significant difference from LD females (one-
way ANOVAs with Tukey's honestly significant difference post-hoc
analyses, P < 0.05)
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FIGURE 5 Aggressive challenges differentially altered
circulating hormone levels across seasonal phenotypes. Aggression-
induced changes in serum (A) dehydroepiandrosterone (DHEA), (B)
testosterone and (C) oestradiol in long-day females (LD), females
that were responsive to short-day photoperiods (SD-R), females
that were non-responsive to short-day photoperiods (SD-NR),

LD females given timed melatonin injections (Mel-T) and LD
females given mis-timed melatonin injections (Mel-M). Bar heights
represent the mean + SEM (white bars: LD, grey bars: SD; n = 10
per treatment group). *Significant difference from LD females (one-
way ANOVAs with Tukey's honestly significant difference post-hoc
analyses, P < 0.05)
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3.2 | Baseline levels of circulating hormones
differed across photoperiods and in response to
melatonin treatment

SD-R and Mel-T females exhibited significant increases in baseline
(ie, pre-aggression) circulating DHEA (FM)9 = 2.25, P = 0.03) com-
pared to LD and Mel-M females, whereas SD-NR females exhibited
intermediate serum DHEA levels (Figure 4A). Conversely, there was
no significant difference in circulating T concentration between the
treatment groups (F, o = 1.87, P = 0.13) (Figure 4B). SD-R and Mel-T
females also displayed significant reductions in circulating E, levels
(F4,69 = 3.76, P < 0.01) relative to LD and SD-NR females, whereas
Mel-M females displayed intermediate serum E, levels (Figure 4C).

3.3 | An aggressive challenge differentially induced
changes in circulating DHEA, T and E, across
seasonal phenotypes

Mel-T females exhibited significant reductions in serum DHEA
(F4,69 =3.27,P=0.04) (Figure 5A) and serum T (F4,69 =2.58,P=0.02)
(Figure 5B) after an aggressive encounter. None of the other treat-
ment groups, however, showed aggression-induced changes in
circulating androgen levels. By contrast, an aggressive interaction
caused increases in serum E, concentration in SD-R, SD-NR, Mel-T
and Mel-M females, but not in LD females (F, ,, = 4.38, P = 0.01)
(Figure 5C).

3.4 | Melatonin treatment and short-day
photoperiods caused no change in neural
aromatase abundance

There was no significant difference in ARO-IR cell density in the
PVN (F, 5, = 0.09, P = 0.98) (Figure 6A), PAG (F, ,, = 0.42, P = 0.79)
(Figure 6B) or VTA (F, ,, = 0.15, P = 0.96) (Figure 6C) between the
treatment groups.

3.5 | Associations between

aggression and circulating hormone profiles
differed across photoperiods and in response to
melatonin treatment

In general, SD-R females showed the strongest associations be-
tween aggressive behaviour and baseline (ie, pre-aggression) or
aggression-induced changes in circulating hormone profiles. Both
aggression score and number of attacks were positively associ-
ated with aggression-induced changes in serum DHEA in SD-R
females (aggression score: p = 0.96, n = 7, P < 0.01; number of at-
tacks: p=0.76,n =7, P =0.05) and latency to first attack trended

towards a significant positive association with pre-aggression
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FIGURE 6 Short days and timed melatonin injections did

not alter neural aromatase abundance. Aromatase (ARO)-
immunoreactive cell density in the (A) paraventricular hypothalamic
nucleus (PVN), (B) periaqueductal gray (PAG) and (C) ventral
tegmental area (VTA) of long-day females (LD), females that were
responsive to short-day photoperiods (SD-R), females that were
non-responsive to short-day photoperiods (SD-NR), LD females
given timed melatonin injections (Mel-T) and LD females given
mis-timed melatonin injections (Mel-M). Bar heights represent
the mean + SEM (white bars: LD, grey bars: SD; LD: n = 6, SD-R:
n=5-7,SD-NR: n = 5-7, Mel-T: n = 5-7, Mel-M: n = 5-7)
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TABLE 1 Correlations between aggressive behaviour, circulating hormone profiles and neural aromatase abundance in female Siberian

hamsters
LD SD-R SD-NR Mel-T Mel-M
p P p P p P p P p P
Aggression Change in DHEA -0.31 0.54 0.96 <0.01 -0.04 0.94 -0.43 0.34 -0.14 0.76
score Changein T -0.43 0.40 -0.79 0.04 075  0.05 -0.21  0.64 025 .59
Change in E,, 0.09 0.87 0.64 0.12 061  0.15 025  0.59 075  0.05
Number of Pre-aggression E, 0.06 0.91 -0.58 0.18 0.09 0.85 0.79 0.04 -0.07 0.88
attacks Change in DHEA -0.06 0.91 0.76 005 -009 085 -036 043 -011  0.82
Change in E, 0.00 1.00 0.85 0.02 0.70 .08 0.32 048 0.82  0.02
Attack duration Pre-aggression DHEA -0.09 0.87 -0.18 0.70 -0.86 0.01 0.07 0.88 0.50 0.25
Pre-aggression E, -0.09 0.87 -0.29 0.53 -014 076 079  0.04 0.54  0.22
Change in E,, -0.09 0.87 0.71 0.07 029 0.3 032 048 071  0.07
Latency to first Pre-aggression DHEA 0.09 0.87 0.68 0.09 0.14 0.76 0.18 0.70 -0.25 .59
attack PAG ARO cell density ~ 0.03 0.96 -0.36 043  -071  0.07 047  0.28 014 076

Note: Spearman's rank correlations between aggressive behaviour, circulating hormone profiles, and neural aromatase abundance in long-day females
(LD), females that were responsive to short-day photoperiods (SD-R), females that were non-responsive to short-day photoperiods (SD-NR), LD
females given timed melatonin injections (Mel-T) and LD females given mis-timed melatonin injections (Mel-M). Correlations coefficients (p) and P-
values are shown for each analysis, which was performed within treatment groups (LD: n = 6, SD-R: n =7,SD-NR: n =7, Mel-T:n =7, Mel-M: n = 7).
Only correlations that are significant (P < 0.05, in bold) or trending towards significance (P < 0.10, in bold and italics) in at least one treatment group
are shown (for a full list of correlation analyses, see Supporting information, Table S2).

Abbreviations: ARO, aromatase; DHEA, dehydroepiandrosterone; E,, oestradiol; PAG, periaqueductal gray; T, testosterone.

serum DHEA levels in these animals (p = 0.68,n =7, P = 0.09). In
addition, SD-R and Mel-M females displayed significant positive
correlations between number of attacks and aggression-induced
changes in circulating E, (SD-R: p=0.85,n =7, P =0.02; Mel-M:
p=0.82,n=7,P=0.02) and both groups trended towards signifi-
cant positive correlations between attack duration and changes
in circulating E, (SD-R: p=0.71,n =7, P = 0.07; Mel-M: p = 0.71,
n=7,P=0.07). SD-NR females also trended towards a significant
positive association between number of attacks and aggression-
induced changes in serumE, (p=0.70,n=7,P = 0.08) and Mel-M
females trended towards a significant positive association be-
tween aggression score and changes in serum E, levels (p = 0.75,
n =7, P = 0.05). Conversely, SD-R females showed a significant
negative association between aggression score and aggression-
induced changes in circulating T (p = -0.79, n = 7, P = 0.04),
whereas SD-NR females trended towards a significant positive
association between aggression score and changes in circulating
T levels (p = 0.75, n = 7, P = 0.05). Mel-T females exhibited sig-
nificant positive correlations between number of attacks and pre-
aggression serum E, concentration (p=0.79,n=7,P=0.04) and
between attack duration and pre-aggression serum E, (p = 0.79,
n = 7, P = 0.04), whereas SD-NR females exhibited a significant
negative correlation between attack duration and pre-aggression
serum DHEA concentration (p = -0.86, n = 7, P = 0.01). There
were no significant relationships between aggressive behaviour
and circulating hormone profiles in LD females (Table 1; see also

Supporting information, Table S2).

3.6 | Seasonal phenotypes exhibited distinct
relationships between neural aromatase abundance,
aggressive behaviour and circulating steroids

LD and SD-R females exhibited distinct associations between ag-
gressive behaviour and neural ARO-IR abundance in the PVN, PAG
and VTA. Latency to first attack was significantly positively corre-
lated with ARO cell density in the PVN (p = 0.94, n = 6, P < 0.01)
(Figure 7A) and aggression score trended towards a significant posi-
tive correlation with ARO cell density in the PAG in SD-R females
(p=0.71,n =7, P =0.07) (Figure 7C), suggesting that increased ag-
gression (eg, shorter attack latency, higher aggression score) in SD-R
females is associated with lower ARO cell density in the PVN and
higher ARO cell density in the PAG. Interestingly, aggression score
was negatively associated with ARO cell density in the PVN in Mel-T
females (p = -0.60, n = 5, P = 0.28) and was positively associated
with ARO cell density in the PAG in Mel-T (p =0.46,n=7,P =0.29)
(Figure 7C) and SD-NR females (p = 0.50, n = 7, P=0.25) (Figure 7D),
although these relationships were not significant. Conversely, la-
tency to first attack was negatively correlated with ARO abundance
in the PVN in LD (p = -0.71, n = 6, P = 0.11), SD-NR (p = -0.50,
n=>5,P=0.39), MelT (p = -0.36, n = 5, P = 0.55) and Mel-M fe-
males (p =-0.80,n =5, P =0.10) (Figure 7B), although none of these
relationships were significant. SD-NR females also trended towards
a significant negative correlation between latency to first attack and
ARO cell density in the PAG (p = -0.71, n = 7, P = 0.07) (Table 1),

whereas LD females displayed a negative correlation between
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FIGURE 7 Seasonal phenotypes exhibited distinct associations between aggressive behaviour and aromatase (ARO) abundance in the
paraventricular hypothalamic nucleus (PVN), periaqueductal gray (PAG) and ventral tegmental area (VTA). (A), Latency to first attack was
positively correlated with aromatase abundance in the PVN in females that were responsive to short-day photoperiods (SD-R, dark blue).
(B), Latency to first attack or aromatase abundance in the PVN were not correlated in long-day females (LD, black), females that were non-
responsive to short-day photoperiods (SD-NR, light blue), LD females given timed melatonin injections (Mel-T, cyan) or LD females given
mis-timed melatonin injections (Mel-M, olive). (C), Aggression score was positively correlated with aromatase abundance in the PAG of

SD-R and Mel-T females. (D), Aggression score and aromatase abundance in the PAG were not correlated in LD, SD-NR or Mel-M females.

E, Aggression score was positively correlated with aromatase abundance in the VTA of LD females. F, Aggression score or aromatase
abundance in the VTA were not correlated in SD-R, SD-NR, Mel-T or Mel-M females. Regression lines were generated from Spearman's rank
correlations within treatment groups (LD: n = 6, SD-R: n = 5-7, SD-NR: n = 5-7, Mel-T: n = 5-7, Mel-M: n = 5-7)

aggression score and ARO cell density in the PAG (p = -0.54, n = 6,
P =0.27) (Figure 7D), although this relationship did not reach signifi-
cance. LD animals trended towards a significant positive association

n=6,P=0.07) (Figure 7E), whereas SD-R, SD-NR and Mel-T females
displayed negative associations between aggression score and ARO
abundance in the VTA (SD-R: p = -0.30, n = 5, P = 0.62; SD-NR:

between aggression score and ARO abundance in the VTA (p = 0.77, p=-0.57,n=7,P=0.18; Mel-T: p = -0.31, n = 6, P = 0.54). None of
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these relationships, however, were significant (Figure 7F; for a com-
plete list of pairwise comparisons, see also Supporting information,
Table S2).

Female hamsters also exhibited different associations between
neural ARO-IR cell density and circulating steroid profiles across sea-
sonal phenotypes. ARO cell density in the PVN and pre-aggression
serum DHEA levels were significantly positively correlated in SD-R
females (p = 0.83, n = 6, P = 0.04) and were negatively correlated in
LD, SD-NR and Mel-T females (LD: p = -0.60, n = 6, P = 0.21; SD-NR:
p=-0.60,n=5,P=0.28; Mel-T: p=-0.70, n = 5, P = 0.19), although
none of these relationships reached significance. ARO abundance
in the PVN was also significantly positively associated with aggres-
sion-induced changes in serum DHEA in SD-NR females (p = 0.90,
n=>5, P=0.04), although similar relationships were not observed in any
of the other treatment groups. In the PAG, ARO cell density trended
towards a significant positive correlation with aggression-induced
changes in circulating DHEA and E, in SD-R females (change in DHEA:
p=0.68,n=7P=0.09changeinE,:p=071,n=7P= 0.07) and
ARO abundance in this region was also positively correlated with ag-
gression-induced changes in circulating E, in SD-NR females (p = 0.89,
n=7,P=0.01). Although Mel-T females showed evidence of a positive
correlation between ARO abundance in the PAG and aggression-in-
duced changes in serum E, (p=0.64,n =7, P=0.12), these animals
trended towards a significant negative correlation between ARO
abundance in this region and changes in serum DHEA (p=-0.71,n=7,
P =0.07). In addition, Mel-T females trended towards a significant pos-
itive association between ARO cell density in the PAG and pre-aggres-
sion serum DHEA levels (p = 0.68,n = 7, P = 0.09). LD females showed

ISR 1 -2

a significant positive correlation between ARO abundance in the PAG
and pre-aggression serum T concentration (p = 0.89, n = 6, P = 0.02),
whereas Mel-M females exhibited a significant positive correlation
between ARO abundance in this region and pre-aggression serum E,
concentration (p = 0.79, n = 7, P = 0.04). In the VTA, ARO cell density
was significantly positively associated with pre-aggression circulating
T levels in SD-R females (p = 0.90, n = 5, P = 0.04), whereas ARO cell
density in this region tended towards a significant negative association
with pre-aggression circulating T in SD-NR females (p = -0.68,n = 7,
P = 0.09). LD females trended towards a significant negative correla-
tion between ARO abundance in the VTA and aggression-induced
changes in serum T (p = -0.77, n = 6, P = 0.07), whereas Mel-T and
Mel-M females showed positive correlations between ARO abundance
in this region and changes in serum T (Mel-T: p = 0.66, n = 6, P = 0.16;
Mel-M: p = 0.57, n = 7, P = 0.18), although neither of these relation-
ships was significant. Mel-T females also trended towards a significant
negative correlation between ARO abundance in the VTA and pre-ag-
gression serum DHEA levels (p = -0.77, n = 6, P = 0.07) (Table 2; for
a complete list of pairwise comparisons, see also Supporting informa-
tion, Table S3).

4 | DISCUSSION

In the present study, we uncoupled the primary environmental cue
(ie, ambient day length) from its biochemical signal (ie, melatonin) to
test the independent effects of these factors on aggressive behav-

iour in female Siberian hamsters. We showed that administering a

TABLE 2 Correlations between neural aromatase abundance and circulating hormone profiles in female Siberian hamsters

LD SD-R SD-NR Mel-T Mel-M

p P p P p P P P p P
PVN ARO cell Pre-aggression DHEA -0.60 0.21 0.83 004 -060 028 -070 0.19 0.50  0.39
density Pre-aggression T -0.20 0.70 0.03 0.96 -0.80 0.10 -090 004 -030 0.62
Change in DHEA 0.14 079 -049  0.33 090 0.04 0.60 0.28 010  0.87
PAG ARO cell Pre-aggression DHEA -0.20 0.70 007  0.88 0.04 094 0.68  0.09 007 088
density Pre-aggression T 0.89 0.02 0.39 0.38 -0.29 0.3 -014 076 0.50 0.25
Pre-aggression E, -0.60 021 -057 018 061 015 -011 0.82 079  0.04
Change in DHEA 0.54 0.27 0.68  0.09 000 1.00 -071 0.07 -036 043
Change inE, -0.09 0.87 0.71 0.07 0.89 0.01 0.64 012 -0.04 094
VTA ARO cell Pre-aggression DHEA -0.26 0.62 0.10 0.87 0.04 0.94 -0.77 0.07 0.18 0.70
density Pre-aggression T -0.66 0.16 0.90 0.04 -0.68  0.09 -0.20 070 -0.07 0.88
Change in DHEA -0.09 087 -0.30  0.62 039 0.38 043 040 0.04 094
Changein T -0.77 0.07 000 1.00  -0.54 0.22 0.66 0.6 0.57 0.8

Note: Spearman's rank correlations between neural aromatase abundance and circulating hormone profiles in long-day females (LD), females that
were responsive to short-day photoperiods (SD-R), females that were non-responsive to short-day photoperiods (SD-NR), LD females given timed

melatonin injections (Mel-T) and LD females given mis-timed melatonin injections (Mel-M). Correlations coefficients (p) and P-values are shown
for each analysis, which was performed within treatment groups (LD: n = 6, SD-R: n = 5-7, SD-NR: n = 5-7, Mel-T: n = 5-7, Mel-M: n = 5-7). Only
correlations that are significant (P < 0.05, in bold) or trending towards significance (P < 0.10, in bold and italics) in at least one treatment group are
shown (for a full list of correlation analyses, see Supporting information, Table S3).

Abbreviations: ARO, aromatase; DHEA, dehydroepiandrosterone; E,, oestradiol; PAG, periaqueductal gray; PVN, paraventricular hypothalamic

nucleus; T, testosterone; VTA, ventral tegmental area.
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physiologically relevant melatonin signal in the absence of SD pho-
toperiods is sufficient to increase aggression and produce SD-like
changes in circulating hormone profiles, including: (i) elevated serum
DHEA levels; (i) reduced serum E, levels; and (iii) aggression-induced
increases in circulating steroid metabolism. Furthermore, we dem-
onstrated that the timing of melatonin administration differentially
affected LD females, such that timed, but not mis-timed melatonin
injections induced gonadal regression and produced SD-like changes
in aggression and circulating hormone profiles. Finally, we found that,
although timed melatonin injections and SDs did not alter neural ARO
abundance, SD-R females showed distinct associations between ag-
gressive behaviour and ARO cell density in the PVN and PAG, and
Mel-T females showed evidence of similar relationships between
aggression and ARO cell density in these regions. Collectively, our
findings suggest that the hormone melatonin regulates increased ag-
gression during the non-breeding season, specifically by elevating
circulating hormone metabolism after an aggressive challenge and by
modulating the neuroendocrine circuits underlying SD aggression in a

region-specific manner.

4.1 | Melatonin facilitates seasonally appropriate
mechanisms of aggression

As expected, we found that LD females given timed melatonin injec-
tions, which summate with endogenous melatonin secretion to mimic
a SD-like pattern, exhibited gonadal regression, decreases in circulat-
ing E, levels and increased aggression. By contrast, LD females given
mis-timed melatonin remained reproductively functional, displayed
elevated levels of circulating E,, and showed decreased levels of ag-
gression. These data illustrate that, in the absence of an environmen-
tal cue (ie, SD photoperiods), a SD-like melatonin signal is sufficient to
induce seasonal shifts in physiology and behaviour. More importantly,
it is not the presence of melatonin per se, but the precise timing of
melatonin that is critical for allowing individuals to integrate aspects
of their environment and make seasonally appropriate adjustments in
these neuroendocrine processes. These findings are in agreement with
our previous work in male Siberian hamsters, in which we showed that
administering timed melatonin to LD males induces gonadal regres-
sion, elevates aggressive behaviour and produces SD-like changes in
circulating androgen profiles.C Itis also likely that this mode of integra-
tion for melatonin is involved in the regulation of aggression in other
vertebrate species.17,18'63-67 Together, our findings suggest that me-
latonin mediates increased aggression via an alternative, extra-gonadal
source of steroids during the non-breeding season.

In addition, we report that reproductively quiescent females
(eg, females that have low circulating E,) displayed elevated levels
of DHEA in circulation, whereas reproductively functional females
exhibited relatively low levels of circulating DHEA. These data sug-
gest that reproductively quiescent animals rely on an extra-gonadal
hormone, the adrenal androgen DHEA, to modulate non-breeding
aggression. Furthermore, these findings support our hypothesis that

some animals undergo a ‘seasonal switch’ from gonadal regulation of

aggression during the breeding season to adrenal regulation of aggres-
sion during the non-breeding season, a mechanism that appears to be
conserved, at least in part, across birds and mammals.17-19 Previously,
we have shown that short-term exogenous melatonin treatment in-
duces SD-like increases in aggression in male and female hamsters,
yet does not affect reproductive physiology or circulating gonadal
steroid levels.'®%8%? Conversely, long-term administration of mela-
tonin induces gonadal regression, elevates aggressive behaviour, and
produces SD-like changes in circulating androgen profiles in male ham-
sters*?; suggesting that melatonin may be involved in the early onset
of responding to changes in ambient day length (eg, the transition from
‘spring’ to ‘fall’). Moreover, we have shown that melatonin acts directly
on the adrenal glands to increase the release of DHEA in SD females,
whereas melatonin acts directly on the ovaries to increase the release
of DHEA in LD females.®? The present findings build on this hypoth-
esis by suggesting that a long-term, SD-like melatonin signal is critical
in allowing female hamsters to utilise an adrenal source of circulating
steroids after an initial transition to a reproductively quiescent phe-
notype, when gonadal steroids are at a seasonal nadir. Our data also
implicate melatonin as a key mediator of this ‘seasonal switch’ from

gonadal to adrenal regulation of aggression.

4.2 | Aggression-induced changes in circulating
hormone metabolism: Support for the challenge
hypothesis?

In the present study, we showed that an aggressive interaction re-
sulted in distinct changes in serum DHEA, T, and E, levels across sea-
sonal phenotypes. Mel-T females exhibited decreases in serum DHEA
and T, and both Mel-T and SD-R females displayed aggression-induced
increases in serum E,. By contrast, SD-NR and Mel-M females ex-
hibited no significant changes in circulating DHEA and T, but showed
aggression-induced increases in circulating E,. These findings sup-
port our previous work, in which we found that SD hamsters display
aggression-induced decreases in circulating DHEA and T**%%¢8 and
that timed melatonin injections cause decreases in circulating DHEA
and T in LD males after an aggressive encounter.*® Other studies
have shown that administering E, to male song sparrows (M. melodia),
white-throated sparrows (Zonotrichia albicollis), beach mice (P. poliono-
tus) and California mice (Peromyscus californicus) increases aggressive

behaviour during the non-breeding season,”?4¢7*

whereas blocking
aromatase in circulation decreases aggression in non-breeding male
song sparrows.”? Taken together, these data support the hypothesis
that DHEA, via conversion to biologically active T and/or E,, can main-
tain or increase aggressive behaviour during periods of reproductive
quiescence by compensating for low levels of circulating gonadal ster-
oids. The seasonal uncoupling of these neuroendocrine processes
suggests that natural selection has altered the mechanisms regulating
non-breeding aggression. Therefore, these compensatory mechanisms
are likely broadly applicable in the regulation of aggressive behaviour,
particularly in contexts where T does not appear to be the primary
player,11,22,27,28,34,73-75 as has been reported for males.337¢
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Dynamic increases in circulating E, after aggressive challenges
do not provide support for the challenge hypothesis, as origi-
nally described with respect to T.2° However, because E, is the
primary gonadal steroid in female hamsters, it provides support
for an extension of this hypothesis,35,77 as do reports in female
African black coucals (Centropus grillii) and Galdpagos marine igua-
nas (Amblyrhynchus cristatus).?”’* These data, along with emerging
evidence regarding socially mediated changes in circulating T in
females, suggest that this phenomenon is not as generally appli-
cable as previously assumed.34,35 For example, there is no asso-
ciation between territorial aggression and T in female California

mice,”® dark-eyed juncos (Junco hyemalis),”®

spiny damselfish
(Acanthochromis polyacanthus)78 and white-browed sparrow weav-
ers (Plocepasser mahali).”’ Moreover, consistent with observed de-
creases in circulating T for Mel-T females, female African black
coucals,?’ eastern bluebirds (Sialia sialis),80 Galapagos marine
iguanas’® and song sparrows'? all exhibit decreases in circulating T
after aggressive encounters. The diversity of hormonal responses
to social challenges reported here and elsewhere illustrate that
the complex effects of hormones on behaviour may be paralleled
by reciprocal impacts of behaviour on hormones. In addition to
circulating T, the challenge hypothesis should be tested through
inclusion of relevant hormones for the species, sex and context
in which aggression is being observed. Seasonally breeding spe-
cies that are territorial year-round provide an ecologically relevant
framework to test the confound of elevated levels of circulating
gonadal steroids during the breeding season because high levels
of aggression occur independently of reproduction (eg, when the

gonads are regressed and circulating levels of T and E, are low).

4.3 | Seasonal differences in the role of neural
aromatase in modulating aggressive behaviour

Interestingly, although we observed no differences in ARO-IR
abundance in the PVN, PAG or VTA, we found that female ham-
sters showed distinct associations between neural ARO cell den-
sity, aggression and circulating steroid profiles across seasonal
phenotypes. Although LD females exhibited a positive correlation
between aggression and ARO cell density in the VTA, SD-R females
showed opposing relationships between aggressive behaviour and
ARO cell density in the PVN and PAG, in which aggression was neg-
atively associated with ARO cell density in the PVN, but positively
associated with ARO cell density in the PAG. Mel-T females also
showed evidence of a negative correlation between aggression and
ARO cell density in the PVN and a positive correlation between ag-
gression and ARO cell density in the PAG, although these relation-
ships were not significant. Similar correlations between aggressive
behaviour and ARO cell density in the PVN, PAG and VTA, however,
were not observed in SD-NR or Mel-M females. Both the VTA and
PVN have been implicated in modulating reproductive behaviours.
The VTA contains dopaminergic neurones that project to several

forebrain regions and have been shown to regulate motivation,
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reproduction and parental behaviours.42,81,82 The PVN has a
critical role in regulating seasonal reproduction, particularly by
serving as a control center for the hypothalamic-pituitary-gonadal
(HPG) axis.1-3 Furthermore, the PVN contains neurones that syn-
thesise the neuropeptides arginine vasopressin (AVP) and oxytocin
(OXT),83,84 and changes in AVP and OXT levels within the PVN
have been associated with reproductive and sexual behaviours.41
Conversely, the PAG serves as a relay between several hypotha-
lamic nuclei associated with aggressive behaviour, including the me-
dial preoptic area and the ventromedial hypothalamus.43 Thus, the
PAG has mostly been implicated in modulating aggression.43,44
We also showed that SD-R females exhibit different relationships
between neural ARO abundance in these regions and circulating
steroids, in which aggression-induced changes in circulating DHEA
and E, were positively correlated with ARO abundance in the PAG,
whereas pre-aggression DHEA and E, levels were positively corre-
lated with ARO abundance in the PVN and VTA, respectively. Taken
together, these findings suggest that the neuroendocrine circuits
mediating reproduction and aggression are uncoupled during the
non-breeding season and that aromatase abundance in the PVN
and PAG may have opposing actions on aggressive behaviour. Our
results also suggest that these circuits are mediated, at least in part,
by melatonin.

To date, seasonal differences in neural aromatase and aggressive
behaviour have mostly been studied in birds. Male song sparrows
have elevated aromatase activity in the ventromedial telencepha-
lon (including the nucleus taeniae, a region that is homologous to
the mammalian amygdala), but decreased aromatase activity in the
diencephalon (includes the preoptic area) during the non-breeding
season.®® In male Japanese quail (Coturnix japonica), aggression is
positively associated with aromatase activity in the anterior hypo-
thalamus/preoptic area during the breeding season,®® whereas male
breeding white-crowned sparrows (Zonotrichia leucophrys) show no
association between neural aromatase activity and aggressive be-
haviour.®” Taken together, these results suggest that the relation-
ship between neural aromatase and aggression varies in a seasonal
and region-specific manner. In addition, because hormonal signalling
can be influenced by several mechanisms, including steroidogenesis,
steroid metabolism, and receptor abundance and binding affinity, it
is likely that neural oestrogen receptor abundance and/or binding
affinity may also mediate seasonal changes in aggressive behaviour.
We have shown that SD-R females exhibit increases in oestrogen
receptor alpha (ERa) abundance in brain regions associated with ag-
gression, including the PAG, lateral septum and bed nucleus of the
stria terminalis (BnST), although not in regions associated with re-
production, including the preoptic area, arcuate nucleus and antero-
ventral periventricular nucleus of the hypothalamus.?®> SD-R males
also display elevated ERa expression in brain nuclei associated with
aggression, including the BnST and medial amygdala.?® Similarly,
in male beach mice and deer mice (Peromyscus maniculatus), ERa
abundance and expression in the BnST are positively correlated
with aggressive behaviour during SDs.8 Further studies are needed

to examine how seasonal changes in neural oestrogenic signalling



RENDON ET AL.

of
2ot | wiLey-

modulate aggressive behaviour and whether melatonin may regulate
these mechanisms.

5 | CONCLUSIONS

Collectively, our findings suggest that melatonin, the biochemical
cue for photoperiod in mammals, signals the induction of a suite of
physiological modifications that drive seasonal changes in aggres-
sive behaviour. We provide support for the hypothesis that mela-
tonin mediates a ‘seasonal switch’ from gonadal to adrenal regulation
of aggression, specifically by elevating the metabolism of adrenal
prohormones into biologically active steroids in circulation follow-
ing an aggressive interaction and by regulating the neuroendocrine
circuits mediating non-breeding aggression in a region-specific man-
ner. These results enhance our understanding of how environmental
cues mediate neuroendocrine processes to regulate seasonal shifts
in social behaviour. More broadly, these findings provide insight into
the patterns and processes by which natural selection can, and has,
altered organismal responses on evolutionary, seasonal and immedi-
ate timeframes.

ACKNOWLEDGEMENTS

We are grateful to the Demas Lab, especially ED Carlton and AM
Bailey, for their assistance with respect to the execution of ex-
perimental manipulations, general animal procedures, behavioural
filming, and blood and tissue collection. In addition, we thank LR
Wright, CL Cooper and A. Thompson. This work was supported by
National Science Foundation Grant IOB-0543798 (to GED), National
Institutes of Health Grant R21MH109942 (to GED), National Science
Foundation Doctoral Dissertation Improvement Grant |0S-1406063
(to NMR and GED), National Institutes of Health Training Grant
T32HD049336 (‘Common Themes in Reproductive Diversity’ - to
NMR, CLP and KMM), a National Science Foundation Graduate
Research Fellowship (to NMR), a McNair Scholars Fellowship (to
ACA) and Indiana University.

CONFLICT OF INTERESTS

The authors declare that they have no conflicts of interest to disclose.

AUTHOR CONTRIBUTIONS

NMR and GED designed the experiments. NMR performed pho-
toperiodic treatments, administered melatonin and control injec-
tions, staged behavioural interactions, collected vaginal cytology
samples, performed blood and tissue collection, determined re-
productive phenotypes, analysed video files, and ran hormone
assays. CLP and MAK validated, optimised and performed pro-
cedures for neural aromatase histology. ACA and DLB processed
tissue prior to histological analysis, and KMM, ACA and DLB
quantified aromatase. NMR and KMM conducted statistical analy-
ses, and all authors interpreted the results. NMR, KMM and GED
wrote the manuscript, with editorial contributions from CLP, ACA,
DLB and MAK.

PEER REVIEW
The peer review history for this article is available at https://publo
ns.com/publon/10.1111/jne.12894.

DATA AVAILABILITY
Data from this study are available from the Dryad Digital Repository:
http://dx.doi.org/10.5061/dryad.jOzpc86cé.

ORCID
Kathleen M. Munley
Gregory E. Demas

https://orcid.org/0000-0002-7409-3508
https://orcid.org/0000-0003-3914-0900

REFERENCES

1. Bronson F, Heideman P. Seasonal regulation of reproduction in
mammals. In: Knobil E, Neill JD, eds. The Physiology of Reproduction,
2nd edn. New York, NY: Raven Press, Ltd.; 1994:541-584.

2. Stevenson TJ, Prendergast BJ, Nelson RJ. Mammalian seasonal
rhythms: behavior and neuroendocrine substrates. In: Pfaff
DW, Joéls M, editors. Hormones, Brain and Behavior. 1. 3rd edn:
Cambridge, MA: Academic Press; 2017:371-398.

3. Walton JC, Weil ZM, Nelson RJ. Influence of photoperiod on hor-
mones, behavior, and immune function. Front Neuroendocrinol.
2011;32:303-319.

4. Bronson FH. Mammalian Reproductive Biology. London: University
of Chicago Press; 1989.

5. Heldmaier G, Steinlechner S. Seasonal control of energy require-
ments for thermoregulation in the Djungarian hamster (Phodopus
sungorus), living in natural photoperiod. J Comp Physiol B Biochem
Mol Biol. 1981;142:429-437.

6. Garrett JW, Campbell CS. Changes in social behavior of the male
golden hamster accompanying photoperiodic changes in reproduc-
tion. Horm Behav. 1980;14:303-319.

7. Wynne-Edwards KE. From dwarf hamster to daddy: the intersec-
tion of ecology, evolution, and physiology that produces paternal
behavior. Adv Study Behav. 2003;32:207-261.

8. Wingfield JC, Lynn SE, Soma KK. Avoiding the 'costs' of testos-
terone: Ecological bases of hormone-behavior interactions. Brain
Behav Evolut. 2001;57:239-251.

9. Soma KK, Tramontin AD, Wingfield JC. Oestrogen regulates
male aggression in the non-breeding season. Proc R Soc B Biol Sci.
2000;267:1089-1096.

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

11. Elekonich MM, Wingfield JC. Seasonality and hormonal control
of territorial aggression in female song sparrows (Passeriformes:
Emberizidae: Melospiza melodia). Ethology. 2000;106:493-510.

12. Hau M, Beebe K. Plastic endocrine regulation of year-round ter-
ritorial aggression in tropical male spotted antbirds. Gen Comp
Endocrinol. 2011;172:305-313.

13. Hau M, Stoddard ST, Soma KK. Territorial aggression and hormones
during the non-breeding season in a tropical bird. Horm Behav.
2004;45:40-49.

14. Hau M, Wikelski M, Soma KK, Wingfield JC. Testosterone and year-
round territorial aggression in a tropical bird. Gen Comp Endocrinol.
2000;117:20-33.

15. Trainor BC, Martin LB, Greiwe KM, Kulhman JR, Nelson RJ.
Social and photoperiod effects on reproduction in five species of
Peromyscus. Gen Comp Endocrinol. 2006;148:252-259.

16. Jasnow AM, Huhman KL, Bartness TJ, Demas GE. Short days and
exogenous melatonin increase aggression of male Syrian hamsters
(Mesocricetus auratus). Horm Behav. 2002;42:13-20.


https://publons.com/publon/10.1111/jne.12894
https://publons.com/publon/10.1111/jne.12894
http://dx.doi.org/10.5061/dryad.j0zpc86c6
https://orcid.org/0000-0002-7409-3508
https://orcid.org/0000-0002-7409-3508
https://orcid.org/0000-0003-3914-0900
https://orcid.org/0000-0003-3914-0900

RENDON ET AL.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Munley KM, Rendon NM, Demas GE. Neural androgen synthesis
and aggression: insights from a seasonally breeding rodent. Front
Endocrinol. 2018;9:136.

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.

Soma KK, Scotti MA, Newman AE, Charlier TD, Demas GE. Novel
mechanisms for neuroendocrine regulation of aggression. Front
Neuroendocrinol. 2008;29:476-489.

Beck SG, Handa RJ. Dehydroepiandrosterone (DHEA): a mis-
understood adrenal hormone and spine-tingling neurosteroid?
Endocrinology. 2004;145:43-68.

Labrie F, Luu-The V, Bélanger A, et al. Is dehydroepiandrosterone a
hormone? J Endocrinol. 2005;187:169-196.

Canoine V, Fusani L, Schlinger B, Hau M. Low sex steroids, high
steroid receptors: increasing the sensitivity of the nonreproductive
brain. Dev Neurobiol. 2007;67:57-67.

Soma KK, Sullivan K, Wingfield J. Combined aromatase inhibitor
and antiandrogen treatment decreases territorial aggression in a
wild songbird during the nonbreeding season. Gen Comp Endocrinol.
1999;115:442-453.

Trainor BC, Lin S, Finy MS, Rowland MR, Nelson RJ. Photoperiod
reverses the effects of estrogens on male aggression via ge-
nomic and nongenomic pathways. Proc Natl Acad Sci USA.
2007;104:9840-9845.

Rendon NM, Amez AC, Proffitt MR, Bauserman ER, Demas GE.
Aggressive behaviours track transitions in seasonal phenotypes of
female Siberian hamsters. Funct Ecol. 2017;31:1071-1081.

Kramer KM, Simmons JL, Freeman DA. Photoperiod alters central
distribution of estrogen receptor « in brain regions that regulate
aggression. Horm Behav. 2008;53:358-365.

Goymann W, Wittenzellner A, Schwabl I, Makomba M. Progesterone
modulates aggression in sex-role reversed female African black
coucals. Proc R Soc London B Biol Sci. 2008;275:1053-1060.

Voigt C, Goymann W. Sex-role reversal is reflected in the
brain of African black coucals (Centropus grillii). Dev Neurobiol.
2007;67:1560-1573.

Dugatkin LA. Winner and loser effects and the structure of domi-
nance hierarchies. Behav Ecol. 1997;8:583-587.

Wingfield JC, Hegner RE, Dufty AM Jr, Ball GF. The" challenge
hypothesis": theoretical implications for patterns of testosterone
secretion, mating systems, and breeding strategies. Am Naturalist.
1990;136:829-846.

Rosvall KA, Peterson MP. Behavioral effects of social challenges
and genomic mechanisms of social priming: What'’s testosterone
got to do with it? Curr Zool. 2014;60:1-13.

Goymann W. Social modulation of androgens in male birds. Gen
Comp Endocrinol. 2009;163:149-157.

Goymann W, Landys MM, Wingfield JC. Distinguishing seasonal an-
drogen responses from male-male androgen responsiveness - re-
visiting the challenge hypothesis. Horm Behav. 2007;51:463-476.
Rosvall KA. Proximate perspectives on the evolution of female ag-
gression: good for the gander, good for the goose? Philos Trans R Soc
B Biol Sci. 2013;368:20130083.

Rosvall KA, Bentz AB, George EM. How research on female ver-
tebrates contributes to an expanded challenge hypothesis. Horm
Behav. 2019;123:104565.

Goldman BD. Mammalian photoperiodic system: formal properties
and neuroendocrine mechanisms of photoperiodic time measure-
ment. J Biol Rhythms. 2001;16:283-301.

Bartness TJ, Bradley J, Hastings MH, Bittman EL, Goldman BD. The
timed infusion paradigm for melatonin delivery: what has it taught
us about the melatonin signal, its reception, and the photoperiodic
control of seasonal responses? J Pineal Res. 1993;15:161-190.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

_ RIS

Demas GE, Polacek KM, Durazzo A, Jasnow AM. Adrenal hormones
mediate melatonin-induced increases in aggression in male Siberian
hamsters (Phodopus sungorus). Horm Behav. 2004;46:582-591.
Rendon NM, Rudolph LM, Sengelaub DR, Demas GE. The agonistic
adrenal: melatonin elicits female aggression via regulation of adre-
nal androgens. Proc R Soc B Biol Sci. 2015;282:20152080.

Munley KM, Deyoe JE, Ren CC, Demas GE. Melatonin mediates sea-
sonal transitions in aggressive behavior and circulating androgen
profiles in male Siberian hamsters. Horm Behav. 2020;117:104608.
Veenema AH, Neumann ID. Central vasopressin and oxytocin re-
lease: regulation of complex social behaviours. Prog Brain Res.
2008;170:261-276.

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

Hashikawa K, Hashikawa Y, Falkner A, Lin D. The neural cir-
cuits of mating and fighting in male mice. Curr Opin Neurobiol.
2016;38:27-37.

Nelson RJ, Trainor BC. Neural mechanisms of aggression. Nat Rev
Neurosci. 2007;8:536-546.

Stetson MH, Tay DE. Time course of sensitivity of golden ham-
sters to melatonin injections throughout the day. Biol Reprod.
1983;29:432-438.

Jasnow AM, Huhman KL, Bartness TJ, Demas GE. Short-day in-
creases in aggression are inversely related to circulating testoster-
one concentrations in male Siberian hamsters (Phodopus sungorus).
Horm Behav. 2000;38:102-110.

Rendon NM, Soini HA, Scotti M-AL, Weigel ER, Novotny MV,
Demas GE. Photoperiod and aggression induce changes in ven-
tral gland compounds exclusively in male Siberian hamsters. Horm
Behav. 2016;81:1-11.

Scotti M-AL, Place NJ, Demas GE. Short-day increases in aggression
are independent of circulating gonadal steroids in female Siberian
hamsters (Phodopus sungorus). Horm Behav. 2007;52:183-190.
Moffatt-Blue CS, Sury JJ, Young KA. Short photoperiod-induced
ovarian regression is mediated by apoptosis in Siberian hamsters
(Phodopus sungorus). Reproduction. 2006;131:771-782.

Gorman MR, Zucker I. Testicular regression and recrudescence
without subsequent photorefractoriness in Siberian hamsters. Am
J Physiol Regul Integr Comp Physiol. 1995;269:R800-R806.

Lynch GR, Lynch CB, Kliman RM. Genetic analyses of photorespon-
siveness in the Djungarian hamster, Phodopus sungorus. J Comp
Physiol A Neuroethol Sens Neural Behav Physiol. 1989;164:475-481.
Watson RE Jr, Wiegand SJ, Clough RW, Hoffman GE. Use of cryo-
protectant to maintain long-term peptide immunoreactivity and
tissue morphology. Peptides. 1986;7:155-159.

Rendon NM, Demas GE. Bi-directional actions of dehydroepi-
androsterone and aggression in female Siberian hamsters. J Exp Zool
A Ecol Genet Physiol. 2016;325A:116-121.

Rendon NM, Keesom SM, Amadi C, Hurley LM, Demas GE.
Vocalizations convey sex, seasonal phenotype, and aggression in a
seasonal mammal. Physiol Behav. 2015;152:143-150.

Bedrosian TA, Fonken LK, Demas GE, Nelson RJ. Photoperiod-
dependent effects of neuronal nitric oxide synthase inhibition on
aggression in Siberian hamsters. Horm Behav. 2012;61:176-180.
Bharati IS, Goodson JL. Fos responses of dopamine neurons
to sociosexual stimuli in male zebra finches. Neuroscience.
2006;143:661-670.

Goodson JL, Kabelik D, Kelly AM, Rinaldi J, Klatt JD. Midbrain
dopamine neurons reflect affiliation phenotypes in finches
and are tightly coupled to courtship. Proc Natl Acad Sci.
2009;106:8737-8742.

Wu MV, Manoli DS, Fraser EJ, et al. Estrogen masculinizes neural
pathways and sex-specific behaviors. Cell. 2009;139:61-72.



of
101 | wiLey-

59.
60.

61.
62.

63.
64.

65.
66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

RENDON ET AL.

Roselli CE, Abdelgadir SE, Rgnnekleiv O, Klosterman SA. Anatomic
distribution and regulation of aromatase gene expression in the rat
brain. Biol Reprod. 1998;58:79-87.

Balthazart J, Foidart A, Surlemont C, Harada N. Distribution of
aromatase-immunoreactive cells in the mouse forebrain. Cell Tissue
Res. 1991;263:71-79.

Paxinos G, Franklin KB. The mouse brain in stereotaxic coordinates,
2nd edn. San Diego, CA: Academic Press; 2001.

Abercrombie M. Estimation of nuclear population from microtome
sections. Anat Rec. 1946;94:239-247.

Howard CM, Lutterschmidt DI. The effects of melatonin on
brain arginine vasotocin: Relationship to sex and seasonal differ-
ences in MT1 in green treefrogs (Hyla cinerea). J Neuroendocrinol.
2015;27:670-679.

Lutterschmidt DI, Mason RT. Endocrine mechanisms medi-
ating temperature-induced reproductive behavior in red-
sided garter snakes (Thamnophis sirtalis parietalis). J Exp Biol.
2009;212:3108-3118.

Underwood H. Effects of pinealectomy and melatonin on the pho-
toperiodic gonadal response of the male lizard Anolis carolinensis. J
Exp Zool. 1981;217:417-422.

Badura LL, Nunez AA. Photoperiodic modulation of sexual and ag-
gressive behavior in female golden hamsters (Mesocricetus Auratus)
- role of the pineal gland. Horm Behav. 1989;23:27-42.

Fleming AS, Phillips A, Rydall A, Levesque L. Effects of photo-
period, the pineal gland and the gonads on agonistic behavior in
female golden hamsters (Mesocricetus auratus). Physiol Behav.
1988;44:227-234.

Scotti M-AL, Schmidt KL, Newman AEM, Bonu T, Soma KK, Demas
GE. Aggressive encounters differentially affect serum dehydroe-
piandrosterone and testosterone concentrations in male Siberian
hamsters (Phodopus sungorus). Horm Behav. 2009;56:376-381.
Trainor BC, Finy MS, Nelson RJ. Rapid effects of estradiol on male
aggression depend on photoperiod in reproductively non-respon-
sive mice. Horm Behav. 2008;53:192-199.

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

Merritt JR, Davis MT, Jalabert C, et al. Rapid effects of estradiol
on aggression depend on genotype in a species with an estrogen
receptor polymorphism. Horm Behav. 2018;98:210-218.

Soma KK, Sullivan KA, Tramontin AD, Saldanha CJ, Schlinger BA,
Wingfield JC. Acute and chronic effects of an aromatase inhibitor
on territorial aggression in breeding and nonbreeding male song
sparrows. J Comp Physiol A. 2000;186:759-769.

Davis ES, Marler CA. The progesterone challenge: steroid hor-
mone changes following a simulated territorial intrusion in female
Peromyscus californicus. Horm Behav. 2003;44:185-198.

Rubenstein DR, Wikelski M. Steroid hormones and aggression in
female Galapagos marine iguanas. Horm Behav. 2005;48:329-341.
Jawor JM, Young R, Ketterson ED. Females competing to repro-
duce: dominance matters but testosterone may not. Horm Behav.
2006;49:362-368.

Landys MM, Goymann W, Raess M, Slagsvold T. Hormonal re-
sponses to male-male social challenge in the blue tit Cyanistes

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

caeruleus: single-broodedness as an explanatory variable. Physiol
Biochem Zool. 2007;80:228-240.

Moore IT. Advancing the challenge hypothesis. Horm Behav.
2007;51:461-462.

Hay A, Pankhurst NW. Effect of paired encounters on plasma
androgens and behaviour in males and females of the spiny dam-
selfish Acanthochromis polyacanthus. Mar Freshw Behav Physiol.
2005;38:127-138.

Wingfield JC, Lewis DM. Hormonal and behavioural responses
to simulated territorial intrusion in the cooperatively breeding
white-browed sparrow weaver, Plocepasser mahali. Anim Behav.
1993;45:1-11.

Navara K, Siefferman L, Hill G, Mendonca M. Yolk androgens vary
inversely to maternal androgens in eastern bluebirds: an experi-
mental study. Funct Ecol. 2006;20:449-456.

Hansen S, Harthon C, Wallin E, Loéfberg L, Svensson K.
Mesotelencephalic dopamine system and reproductive behavior
in the female rat: effects of ventral tegmental 6-hydroxydopamine
lesions on maternal and sexual responsiveness. Behav Neurosci.
1991;105:588-598.

Brackett NL, Edwards DA. Medial preoptic connections with the
midbrain tegmentum are essential for male sexual behavior. Physiol
Behav. 1984;32:79-84.

Buijs RM, De Vries GJ, Van Leeuwen FW, Swaab DF. Vasopressin
and oxytocin: distribution and putative functions in the brain. Prog
Brain Res. 1983;60:115-122.

Landgraf R, Neumann ID. Vasopressin and oxytocin release within
the brain: a dynamic concept of multiple and variable modes of neu-
ropeptide communication. Front Neuroendocrinol. 2004;25:150-176.
Soma KK, Schlinger BA, Wingfield JC, Saldanha CJ. Brain aro-
matase, 5a-reductase, and 5p-reductase change seasonally in wild
male song sparrows: relationship to aggressive and sexual behavior.
J Neurobiol. 2003;56:209-221.

Schlinger BA, Callard GV. Aromatase activity in quail brain: correla-
tion with aggressiveness. Endocrinology. 1989;124:437-443.
Charlier TD, Newman AE, Heimovics SA, Po KW, Saldanha CJ, Soma
KK. Rapid effects of aggressive interactions on aromatase activity
and oestradiol in discrete brain regions of wild male white-crowned
sparrows. J Neuroendocrinol. 2011;23:742-753.

Trainor BC, Rowland MR, Nelson RJ. Photoperiod affects estro-
gen receptor o, estrogen receptor f and aggressive behavior. Eur J
Neurosci. 2007;26:207-218.

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Rendon NM, Petersen CL, Munley
KM, et al. Seasonal patterns of melatonin alter aggressive
phenotypes of female Siberian hamsters. J Neuroendocrinol.
2020;00:€12894. https://doi.org/10.1111/jne.12894



https://doi.org/10.1111/jne.12894

