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Abstract

In nature, animals often face conflicting demands. For example, breeding males must
attract a mate but at the same time be ready to defend against rivals. The molecular
mechanisms by which the brain resolves behavioural trade-offs are largely unknown.
In this study, we compared the brain transcriptional responses of territorial male
three-spined sticklebacks to a mating opportunity with a female and to a territorial
challenge by a rival male. We focused on the diencephalon and the cerebellum, two
regions of the brain implicated in courtship and aggression. There was a set of genes
that were differentially expressed in response to both a courtship opportunity and a
territorial challenge. Closer inspection of the direction of regulation revealed that
genes that were downregulated in response to a courtship opportunity were upregu-
lated in response to a territorial challenge and vice versa. Our study reveals some of
the potential molecular mechanisms underlying behavioural trade-offs between sex
and aggression, along with a possible solution to the conflict via social context-
dependent gene regulation.
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Introduction

Many animals in nature are constantly confronted with
social stimuli. The ability to recognize and accurately
respond to social stimuli is critical for survival and
reproductive success. However, demands are not
always clearly separated in time and space, and when
they overlap, there can be conflicts between them. One
of the most common and well-studied behavioural
trade-offs is between courtship behaviour and territorial
aggression (e.g. Kodric-Brown & Brown 1984; Candolin
1997; Santangelo et al. 2002; Dzieweczynski et al. 2009).
For privileged access to resources, individuals vigor-
ously defend a territory against intruders. However,
aggression during territory defence can be detrimental
if it is misdirected against potential mates. While the fit-
ness costs and benefits of courtship and territory
defence have been well studied, our understanding of
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the molecular mechanisms by which the brain might
generate and/or resolve such conflicts is in its infancy
(O’Connell & Hofmann 2011a).

A proximate mechanism that could generate trade-
offs is when different behaviours are influenced by the
same neural circuits or by same genes operating within
neural circuits (Sih et al. 2004a). There is growing evi-
dence that there are shared neural substrates underly-
ing responses to social stimuli in vertebrates, that is the
‘social behaviour network’ (Newman 1999; Goodson
2005; O’Connell & Hofmann 2011b). Indeed, in mouse,
neurons that are activated with aggression are colocal-
ized with neurons associated with reproductive beha-
viour (Lin et al. 2011; Anderson 2012). There is also
evidence for conflict between social stimuli at the
molecular level. For example, the same genes that influ-
ence courtship behaviour also influence aggressive
behaviour in fruit flies (Certel et al. 2007, 2010; Lin et al.
2011), potentially causing aggressiveness to ‘spillover’
to influence mating behaviour and vice versa (Sih et al.
2004a, b).
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Early ethologists observing the behaviour of male
three-spined stickleback fish (Gasterosteus aculeatus)
noted that activities on the breeding grounds are highly
dynamic: while nesting male three-spined sticklebacks
in the field court females with conspicuous courtship
displays, they are also constantly confronted by chal-
lenges such as sneakers and egg thieves and are primed
to be very aggressive (Tinbergen 1951). These activities
are important to reproductive success, but are poten-
tially contradictory and are not always temporally or
spatially separated from each other. Early theory moti-
vated by studies of courtship and aggression in three-
spined sticklebacks suggested that there are multiple
‘motivations’ or ‘drives’ that can come into conflict with
one another and that sex and aggression are mutually
inhibitory within individual males (Sevenster 1961; van
den Assem 1967; Wilz 1972; Rowland 2000). For exam-
ple, high aggression (aggression drive) might compro-
mise a male’s courting ability (sex drive) and might
also come into conflict with parental care (parental
drive; Sargent 1985). These observations prompt the
hypothesis that the same molecular mechanisms are
involved in responding to a courtship opportunity and
a territorial challenge, and that there are mechanisms
for resolving such complex and potentially contradic-
tory behaviours.

In this study, we compared the brain gene expression
profiles associated with territorial defence and courtship
in male three-spined sticklebacks. Males were presented
with either a territorial challenge by a rival male three-
spined stickleback [data from (Sanogo et al. 2012)] or
with a courtship opportunity with a gravid female
three-spined stickleback. Brain gene expression was
measured relative to an appropriate control group using
microarrays. We focus on gene expression in dien-
cephalon, which contains nodes with the social beha-
viour network (Ferris etal. 2008), for example
hypothalamus and in the cerebellum, which has been
implicated with sexual behaviour in other studies (Pare-
des-Ramos et al. 2011). We use these data to test the
hypothesis that the neurogenomic responses to a court-
ship opportunity and a territorial challenge share com-
mon genes and biological processes. Our study suggests
that males” response to conflicting demands is modu-
lated by differential regulation of the expression of the
same genes.

Materials and methods

The three-spined sticklebacks used in this study were
wild-caught adults (one year of age) collected from a
freshwater population in the Navarro River, California.
The fish were maintained in the laboratory in 104-L
tanks for at least 3 months prior to the experiments.
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None of them had breeding experience in the labora-
tory. The water was filtered through particulate, UV,
biological and charcoal filters. The adult fish were fed
ad libitum with a mixture of bloodworms, brine shrimp
and mysis shrimp. For more description of the labora-
tory conditions, see Sanogo et al. (2011).

Males were housed singly in tanks with a gravel bot-
tom, a plant for refuge and a plastic nest box filled with
sand and were provided with algae for nesting mate-
rial. To induce breeding conditions, the photoperiod
was set to 16:8 h light/dark and the temperature to
18 °C. All experiments were carried out in summer.
Only males engaging in territorial and courtship beha-
viour (actively nest building) and showing nuptial red
coloration on the throat were used in the experiments.
On the morning of the experiment, opaque dividers
were inserted between males’ tanks to prevent visual
interactions among neighbours.

Courtship opportunity experiment

Focal males with completed nests (1 =6) were pre-
sented with a live gravid female confined to a flask for
5 min (control, n = 6: empty flask). All of the males
exhibited courtship behaviour towards females. Focal
males were sacrificed 30 min after the female was intro-
duced. By confining the female, we could prevent the
pair from mating, thereby allowing us to capture genes
associated with courtship rather than mating.

Territorial challenge experiment

Focal males with completed nests (1 =5) were pre-
sented with a smaller (~10%) free-swimming male
intruder for 15 min (control, n = 5: no male). All of the
males attacked the intruder. Focal males were sacrificed
30 min after the male was introduced. A detailed analy-
sis of this experiment is reported in Sanogo et al. (2012).
Here, we compare a subset of those results with the
transcriptomic response to a courtship opportunity.

Brain dissection and RNA isolation

Fish were netted and quickly sacrificed by decapitation
within seconds. Brains were immediately dissected, and
we focus expression in the cerebellum and dien-
cephalon. Structures codissected with the diencephalon
included the thalamus, the hypothalamus, the posterior
portion of the pituitary and the pineal gland, all of
which have been implicated with aggression (Ferris
et al. 2008). The teleost cerebellum is essential in dis-
crete motor responses; however, recent studies have
shown that this region of the brain is involved in other
functions such as sexual and feeding behaviours
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(Paredes-Ramos et al. 2011). The diencephalon was dis-
sected by cutting the two lobes away from the cerebel-
lum and removing the entire structure from the skull.
The cerebellum was removed by cutting off the struc-
ture from the brain stem. RNA was extracted as
described in Sanogo et al. (2011).

Microarray

The microarray chip used in both experiments is
described in Sanogo et al. (2012).

Samples were labelled using the AGILENT QUICK AMP
LABELING kits following the manufacturer’s instructions.
Detailed description of microarray hybridization in the
territorial challenge experiment can be found in Sanogo
et al. (2012). Briefly, in both experiments, up to 1 pug of
total RNA from each sample was reverse transcribed into
complementary RNA (cRNA), during which it was fluo-
rescently labelled by incorporation of cyanine (Cy)-3-CTP
(Cy3) or cyanine (Cy)-5-CTP (Cy5). Samples representing
individual brain parts were labelled using either Cy3 or
Cy5 dyes and competitively hybridized to the arrays. For
hybridization, 200 ng of samples from control and experi-
mental groups labelled with different dyes was mixed,
fragmented and hybridized onto an Agilent 4 x 44K
oligonucleotide microarray following the manufacturer’s
recommendations. Hybridization was performed within
brain regions and between control and experimental
replicates within each experiment. We used a ‘balanced’
design and controlled for dye effects by performing dye
swaps on biological replicates (individuals). The microar-
ray slides were scanned on an AxoN 40008 scanner (Molec-
ular Devices Corporation, Sunnyvale, CA, USA), and
expression feature was extracted using GENEPIX PRO 6.0
software (Molecular Devices).

Data analysis

Within each experiment, we used R Bioconductor (R
Development Core Team 2009) to identify differentially
expressed genes between control and experimental
groups. Brain regions were analysed separately. For
example, to identify differentially expressed genes in
cerebellum in response to a courtship opportunity, we
compared gene expression in the cerebellum of males

that had been presented with a gravid female (experi-
mental) vs. males that had not been presented with a
female (control). Expression data from both experiments
were analysed using the LiMmvA single channel analysis
as described in Smyth (2004). The territorial challenge
experiment was analysed using rank product analysis
in Sanogo et al. (2012). Importantly, the top genes of
interest discussed in Sanogo et al. (2012; e.g. CGA,
TSHB, POMC, PRL, CRHB) were also differentially
expressed according to the LIMMA analysis. As prepro-
cessing methods of gene expression intensities, we used
‘loess’ for within array normalization, ‘aquantile’ for
between array normalization and ‘normexpr’ methods
for background correction. A linear model was fit to the
data that included treatment as a fixed factor. False dis-
covery rate (FDR) was applied to control for multiple
testing using the method of Benjamini & Hochberg
(1995). To generate a longer gene list for bioinformatic
analyses, we considered genes that were significant at
the P < 0.01 level. The goal of this study was to com-
pare the transcriptomic response between two social
stimuli. The rationale for generating a longer gene list
within each experiment was to improve our chances of
evaluating similarities and differences between them.
Although there are likely to be false positives within
each list, the cross-experiment comparison should act as
a filter to remove false positives. The probability that a
false positive would appear in the overlap between
both lists, for example, is very small. The differentially
expressed genes were annotated using BioMart at
ensembl.org. We used the package Neatmap (Rajaram &
Oono 2010) to generate a heat map. We used hypergeo-
metric tests within each brain region to assess whether
commonalities between experiments was greater than
expected due to chance (background: 22 518 genes).

The microarray data met the minimum information
for microarray experiment (MIAME) criteria. The data
from both experiments are available in GEO (Territorial
challenge: Accession no. GSE32961; Courtship opportu-
nity: Accession no. GSE74051.

Gene functional and gene ontology analyses

We conducted Gene Ontology (GO) enrichment analysis
of each list of differentially expressed genes (P < 0.01) in

Table 1 Numbers of differentially expressed genes in diencephalon and cerebellum in response to a courtship opportunity and a

territorial challenge at the FDR = 0.05 and P < 0.01 levels

FDR < 0.05
Courtship opportunity

Territorial challenge

P <0.01

Courtship opportunity Territorial challenge

Diencephalon 0 320
Cerebellum 216 0

122 421
1684 420
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R Bioconductor using the package GOstat (Beissbarth &
Speed 2004) as described in Sanogo et al. (2012). Stickle-
back human homologs were converted into ENTREZIDs
for use in the package GOstat. The overrepresented bio-
logical processes (BPs), molecular functions (MFs) and
cellular components (CCs) were determined using the
function hyperGtest in the package GOstat with condi-
tional testing which removes the effect of child GO terms
before testing parents. We also performed GO on the list
of genes that were differentially expressed in both experi-
ments (both brain areas combined).

Results

Genomic response to a courtship opportunity

There were 122 DE transcripts (52 upregulated and 70
downregulated) in the diencephalon (Table S1) and 1684
transcripts (737 upregulated and 476 downregulated) DE
in the cerebellum (Table S2) in response to a courtship
opportunity (Table 1). The average log-fold difference
was 0.58 in diencephalon and 0.48 in cerebellum. Among
the most upregulated genes in the diencephalon was cor-
ticotropin releasing hormone binding protein (CRHBP).
Among the most downregulated genes in the dien-
cephalon were itchy E3 ubiquitin protein ligase (ITCH)
and arginine vasopressin-induced 1 (AVPI1). The most
upregulated genes in the cerebellum included mitochon-
drial ribosomal protein S10 (MRPS10) and leucine-rich
repeat LGI family, member 3 (LGI). The most downregu-
lated genes in the included ITCH and GABA A receptor,
Beta 3 (GABRB3). These results suggest that there are dif-
ferent genomic responses to a social opportunity in the
diencephalon and the cerebellum, but also some com-
monalities, for example ITCH.

Biological processes enriched in the diencephalon
included GO terms related to behaviour such as mater-
nal aggressive behaviour, and terms related to steroids
such as steroid metabolic process, hormone metabolic
process, oestrogen catabolic process, androgen meta-
bolic process, luteinization and other processes related
brain function such as synaptic transmission, dopaminergic
and pyramidal neuron development (Table S3). In the cere-
bellum, the most enriched processes included adult beha-
viour, behaviour, male gonad development, male sex
differentiation, ovarian follicle development, development
of primary sexual characteristics and terms related to
neuron development such as generation of neurons, neuron
development and pyramidal neuron migration (Table S4).

Genomic response to a territorial challenge

In the diencephalon, there were 421 DE transcripts
(152 upregulated and 269 downregulated, Table S5),
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and in the cerebellum, there were 420 DE transcripts
(239 upregulated and 181 downregulated, Table S6) in
response to a territorial challenge. The average fold
difference was 0.76 in diencephalon and 0.55 in cere-
bellum. There were more downregulated than upregu-
lated genes in diencephalon, while the opposite was
observed in the cerebellum. Among the differentially
expressed genes in diencephalon were vitelline mem-
brane outer layer 1 homolog (VMO1, down), glycopro-
tein hormones, alpha polypeptide (CGA, down)
proopiomelanocortin (POMC, down), thyroid stimulat-
ing hormone (TSHB, down), ribosomal protein 4 (RPL4,
up) and prolactin (PRL, down). The downregulation of
PRL in response to a territorial challenge is particularly
intriguing because another study found that administra-
tion of prolactin decreased courtship behaviour in three-
spined sticklebacks (Pall et al. 2004). Other genes of inter-
est include neurensin 1 (NRSN1), which was identified in
a study of aggression in song sparrows (Mukai et al.
2009) and mitogen-activated protein kinase kinase 7
(MAP3K7), retinol binding protein 4 (RBP4) and leptin
receptor overlapping transcript (LEPROT), which were
differentially expressed in a mouse model of post-trau-
matic stress disorder (Mubhie et al. 2015).

GO analysis points to some of the biological pro-
cesses in the diencephalon and cerebellum in response
to a territorial challenge. Some of the enriched biologi-
cal processes in the diencephalon included terms
related to response to steroid hormone, peptide hor-
mone processing, hormone metabolic process, regula-
tion of glucocorticoid secretion, dopamine uptake,
noradrenergic neuron development and male sex differ-
entiation (Table S7). In the cerebellum, the list of
enriched biological processes included terms related to
behaviour, development of primary sexual characteris-
tics, male gonad development, ovarian follicle develop-
ment, histone H3-K4 trimethylation, neuron projection
morphogenesis and learning and memory (Table S8).

Comparing genomic responses to a courtship
opportunity and a territorial challenge

The Venn diagram (Fig. 1) shows that there are com-
monalities between the neurogenomic response to a
courtship opportunity and a territorial challenge at the
molecular level. Indeed, hypergeometric tests within each
brain region on the number of genes shared between the
courtship opportunity and territorial challenge experi-
ments revealed that the overlap in diencephalon was
greater than expected by chance (diencephalon
P < 4.863e—04, cerebellum P < 0.18, Fig. 1). Genes that
were common to both experiments are in Table 2.

Closer inspection of the direction of regulation sug-
gests that the same differentially expressed genes are
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regulated differently in response to a courtship oppor-
tunity and a territorial challenge (Fig. 2). Some of the
genes that were upregulated in response to a territorial
challenge were downregulated in response to a court-
ship opportunity and vice versa. Several of the genes in
this set have intriguing functions, such as ITCH, which
was linked to anxiety-like behaviours in a QTL study
(Kim et al. 2009); WDR48, which was linked to gluta-
matergic signalling in C. elegans (Dahlberg & Juo 2014);
vasoactive intestinal peptide VIP, which has also been
linked to courtship and aggression in birds (Goodson &
Adkins-Regan 1999; Goodson et al. 1999; Kabelik et al.
2009; Goodson & Kingsbury 2013); neuroplastin NPTN,
which has been linked to intelligence (Desrivieres et al.
2015); and schizophrenia (Saito et al. 2007) in humans;
and PARK2, which is one of the top candidate genes
for Parkinson’s disease (Veeriah et al. 2010).

Discussion

Some of the same genes in the brain responded to a
courtship opportunity and a territorial challenge (pleio-
tropy, Fig. 1). Interestingly, however, genes that were
upregulated in response to a territorial challenge were
downregulated in response to a courtship opportunity

(a) Diencephalon

(b) Cerebellum

Fig. 1 Venn diagrams showing the overlap between the lists of
differentially expressed genes (P < 0.01) in response to a court-
ship opportunity (left circle) and a territorial challenge (right
circle) in (a) diencephalon and (b) cerebellum.

and vice versa (Fig. 2). These results suggest that the
conflict between the molecular response to a courtship
opportunity and a territorial challenge is at least par-
tially resolved via gene regulation. They suggest that
when males engage in territorial defence, expression of
genes related to courtship behaviour decreases (and
vice versa). Genes involved in managing trade-offs at
the molecular level are likely to include transcription
factors acting within gene regulatory networks to up- or
downregulate expression, depending on the animal’s
response.

Areas within the diencephalon were socially respon-
sive, especially to a territorial challenge. This finding is
not altogether surprising given that the diencephalon
includes the hypothalamus, which includes key nodes
within the social behaviour network (O’Connell & Hof-
mann 2011b). Slightly more surprising is that in
response to a courtship opportunity, more differentially
expressed genes were detected in cerebellum [a brain
region typically associated with fine motor control and
movement (Morton & Bastian 2004)] than in dien-
cephalon. However, areas within the cerebellum have
been linked with sexual behaviour in other species, for
example rats (Manzo et al. 2008), cichlids (Burmeister
et al. 2005) and quail (Cornil ef al. 2006), and the cere-
bellum might be involved in the fine movement zigzag
dance that males display towards females during court-
ship.

There was a suite of genes that were regulated in
opposite directions in response to a territorial challenge
and a courtship opportunity (Table 2). Among those
genes is VIP, which was downregulated in the cerebel-
lum in response to a territorial challenge and upregu-
lated in the cerebellum in response to a courtship
opportunity. VIP is a particularly interesting candidate
because it has been associated with the modulation of
aggression in other species (e.g. Goodson & Adkins-
Regan 1999; Goodson et al. 2012). For example, VIP-pro-
ducing neurons in the anterior hypothalamus promote
aggression (nest defence) in birds in a social context-
dependent manner (Goodson et al. 2012). The finding
that a set of genes is regulated in opposing directions in
response to different social stimuli is not unprece-
dented. For example, Cummings et al. (2008) identified
a set of genes that was ‘upregulated” while female
swordtails interacted with attractive males and ‘down-
regulated” when interacting with other females and vice
versa. Similarly, work on Drosophila has shown that
males’ responses to other males and other females often
involve the same molecular mechanisms (Certel et al.
2007, 2010; Lin et al. 2011).

If there are shared molecular mechanisms associated
with opposing behavioural responses to different social
stimuli, there must be a way to negotiate between them;

© 2016 John Wiley & Sons Ltd
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Table 2 Genes that were differentially expressed in both experiments separated by brain region

Territorial ~Courtship
Transcript ID challenge opportunity Annotation Description
(A) Diencephalon
ENSGACT00000000115 Up Up F3 (1 of 3) Coagulation factor III (thromboplastin, tissue factor)
ENSGACT00000000118 Up Up F3 (2 of 2) Coagulation factor III (thromboplastin, tissue factor)
ENSGACT00000000119 Up Up F3 (3 of 3) Coagulation factor III (thromboplastin, tissue factor)
ENSGACT00000001576  Up Down PURB Purine-rich element binding protein B
ENSGACT00000007796 Up Down ITCH Itchy E3 ubiquitin protein ligase
ENSGACT00000010268 Up Down GSKIP GSK3B interacting protein
ENSGACT00000022081 Up Down Novel transcript
ENSGACT00000016398 Down Up PARK2 Parkinson protein 2, E3 ubiquitin protein ligase (Parkin)
ENSGACT00000024271 Down Up NR5A1 Nuclear receptor subfamily 5, group A, member 1
(B) Cerebellum
ENSGACT00000008470 Up Up NPTN Neuroplastin
ENSGACT00000003310 Up Up MPLKIP M-phase specific PLK1 interacting protein
ENSGACT00000011405 Up Up ITFG3 Integrin alpha FG-GAP repeat containing 3
ENSGACT00000013369 Down Up CHD4 Chromodomain helicase DNA binding protein 4
ENSGACT00000005701 Down Up Novel transcript
ENSGACT00000027746 Down Up CYTB Cytochrome b (mitochondrion)
ENSGACT00000001688 Down Up VIP Vasoactive intestinal peptide
ENSGACT00000007347 Down Up SEP5 Septin 5
ENSGACT00000025253 Down Up SYNGR2 Synaptogyrin 2
ENSGACT00000016749 Down Up WDR48 WD repeat domain 48
ENSGACT00000000221 Down Up CAMLG Calcium modulating ligand
ENSGACT00000020115 Down Up WDR45B WD repeat domain 45B
ENSGACT00000007631 Down Up PTP4A2 Protein tyrosine phosphatase type IVA, member 2
ENSGACT00000009534 Down Down TAXI1BP1 Tax1 (human T-cell leukaemia virus type I) binding protein 1
ENSGACT00000001516 Down Down SLC25A34 Solute carrier family 25, member 34
ENSGACT00000013274 Down Down POC5 POCS5 centriolar protein homolog (Chlamydomonas)
ENSGACT00000011783 Down Down ARMC2 Armadillo repeat containing 2
ENSGACT00000001976 Down Down MYSM1 Myb-like, SWIRM and MPN domains 1
ENSGACT00000008785 Down Down CDK19 Cyclin-dependent kinase 19
ENSGACT00000001930 Down Down TAF1B TATA box binding protein (TBP)-associated factor,
RNA polymerase I, B, 63 kDa
ENSGACT00000010815 Down Down PDE1A Phosphodiesterase 1A, calmodulin-dependent
ENSGACT00000015480 Down Down SETDB1 SET domain, bifurcated 1
ENSGACT00000012593 Down Down CSAD (1 of 1) Cysteine sulfinic acid decarboxylase
ENSGACT00000012633 Down Down CSAD (2 of 2) Cysteine sulfinic acid decarboxylase
ENSGACT00000006262 Down Down EIF5 Eukaryotic translation initiation factor 5
ENSGACT00000012162 Down Down PTPN3 Protein tyrosine phosphatase, non-receptor type 3

otherwise, territories would go undefended and no one
would mate. Our findings suggest that these conflicts
are resolved at a higher, systems level, by transcriptional
gene regulation. Indeed, our findings are consistent with
studies of honeybees showing social context-specific
effects of transcription factors (Chandrasekaran et al.
2011). Lags in gene regulation could potentially explain
why an individual’s behaviour can ‘spillover’ to influ-
ence behaviour in other contexts — maybe the reason why
males attack rather than court an attractive female, for
example, is because he recently fought with a male, and
gene regulation does not occur fast enough to put a break
on his aggression.

The overlapping gene sets in response to the two
social stimuli are all the more remarkable considering
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that there were subtle differences between the two
experiments. For example, in the territorial challenge
experiment, the male conspecific was free swimming,
while in the courtship opportunity experiment, the
female was confined to a flask. Therefore, there was an
opportunity for males to be exposed to both olfactory
and visual cues in the territorial challenge experiment,
but only to visual cues in the courtship opportunity
experiment. Similarly, although in both experiments,
males were sacrificed 30 min after the conspecific was
introduced, in the territorial challenge experiment, the
conspecific was present for 15 min, while in the court-
ship opportunity experiment, the conspecific was pre-
sent for 5 min. Females were presented for 5 min
because previous studies have shown that males
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(a) Diencephalon

(b) Cerebellum

Territorial
challenge

Courtship
opportunity

Territorial
challenge

Courtship
opportunity

Fig. 2 Heatmaps comparing the regulation of the genes that
were differentially expressed in response to both a courtship
opportunity and a territorial challenge in (a) Diencephalon and
(b) Cerebellum. The column on the left indicates how the
shared genes were expressed in response to a courtship oppor-
tunity; the column on the right indicates how the shared genes
were expressed in response to a territorial challenge. Note that
many of genes that were upregulated in response to a court-
ship opportunity were downregulated in response to a territo-
rial challenge and vice versa. Red, upregulated; blue,
downregulated; yellow, NS.

quickly habituate to females, but take longer to habitu-
ate to males (Bell & Peeke 2012). We speculate that the
duration of exposure to the stimulus might have
affected the stimulus’ salience — the territorial challenge
might have been more salient than the courtship oppor-
tunity because the territorial challenge was present for
longer. It will be useful for future studies to examine
the effects of duration of exposure to a social stimulus
on gene expression. However, for the purposes of this
study, which was to look for commonalities between
the transcriptomic response to two different social stim-
uli, the fact that there were subtle differences between
the two experiments implies that the comparison
between experiments is conservative.

Studies on the mechanisms underlying the sex-
aggression conflict have tended to focus on whether a
male should court or attack a female in the context of
mate recognition, rather than comparing males’ responses
to a threat vs. an opportunity (Certel et al. 2007; Andrews
et al. 2014). Similarly, there is a behavioural literature on
the sex-aggression trade-off that has tended to focus on
the conflict in real time. That is, when males are presented
with a male and female simultaneously, a common result
is that the presence of competitors causes males to
decrease courtship (Kodric-Brown & Brown 1984; Can-
dolin 1997; Santangelo et al. 2002; Dzieweczynski et al.
2009). A promising direction for future studies is to com-
pare the neurogenomic response to a threat and an oppor-
tunity presented simultaneously vs. separately. Careful
experiments could potentially tease apart genes related to

courtship, genes related to aggression and genes related
to managing the conflict between them.

From a behavioural point of view, responding to a
territorial intruder vs. a potential mate involves very
different responses — male three-spined sticklebacks
attack a territorial intruder, vigorously defending their
territory. Males actively court and encourage gravid
females to visit their nest, and if a male is already
engaged in courtship with one female, the approach of a
second female could represent a social challenge. That
being said, there are often elements of aggression
involved in responding to a gravid female for a variety of
reasons, for example if she is not receptive to his court-
ship attempts, if she is not attractive or if she is perceived
as a nest predator rather than a potential mate. Indeed,
based on observations of three-spined stickleback beha-
viour, Tinbergen initially envisioned a close mechanistic
link between sex and aggression (Tinbergen 1951), a link
supported by their overlapping neural circuits in mice
(Anderson 2012). This experiment offers insights into the
molecular mechanisms underlying behavioural trade-offs
and a possible solution to the conflict via social context-
dependent gene regulation.

Acknowledgements

Thanks to Emma Murdoch, Charles Blatti, Miles Bensky and
Saurabh Sinha for technical help. Thanks to Abbas Bukhari for
help with statistics and to three anonymous reviewers for their
suggestions to improve the manuscript. Support was provided
by NIH R01 GMO082937 to AMB and Mark Band and by NSF
1121980. All experiments were approved by the IJACUC of the
University of Illinois at Urbana-Champaign (protocol #06178).

References

Anderson DJ (2012) Optogenetics, sex, and violence in the
brain: implications for psychiatry. Biological Psychiatry, 71,
1081-1089.

Andrews JC, Fernandez MP, Yu Q et al. (2014) Octopamine
neuromodulation regulates Gr32a-linked aggression and
courtship pathways in Drosophila males. PLoS Genetics, 10,
€1004356.

van den Assem ] (1967) Territory in the three-spined stickle-
back. Behaviour, Supplement, 16, 1-164.

Beissbarth T, Speed TP (2004) GOstat: find statistically overrep-
resented Gene Ontologies within a group of genes. Bioinfor-
matics, 20, 1464-1465.

Bell AM, Peeke HV (2012) Individual variation in habituation:
behaviour over time toward different stimuli in threespine
sticklebacks (Gasterosteus aculeatus). Behaviour, 149, 1339-1365.

Benjamini Y, Hochberg Y (1995) Controlling the false discovery
rate: a practical and powerful approach to multiple testing.
Journal of the Royal Statistical Society, Series B, 57, 289-300.

Burmeister SS, Jarvis ED, Fernald RD (2005) Rapid behavioral
and genomic responses to social opportunity. PLoS Biology,
3, e363.

© 2016 John Wiley & Sons Ltd



MOLECULAR MECHANISMS UNDERLYING COURTSHIP AND AGGRESSION 4375

Candolin U (1997) Predation risk affects courtship and attrac-
tiveness of competing threespine stickleback males. Behav-
ioral Ecology and Sociobiology, 41, 81-87.

Certel SJ, Savella MG, Schlegel DC, Kravitz EA (2007) Modula-
tion of Drosophila male behavioral choice. Proceedings of the
National Academy of Sciences United States of America, 104,
4706-4711.

Certel S], Leung A, Lin C-Y et al. (2010) Octopamine neuro-
modulatory effects on a social behavior decision-making net-
work in Drosophila males. PLoS ONE, 5: €13248.

Chandrasekaran S, Ament SA, Eddy JA et al. (2011) Behavior-
specific changes in transcriptional modules lead to distinct
and predictable neurogenomic states. Proceedings of the
National Academy of Sciences United States of America, 108,
18020-18025.

Cornil CA, Dalla C, Papadopoulou-Daifoti Z, Baillien M, Balt-
hazart J (2006) Estradiol rapidly activates male sexual behav-
ior and affects brain monoamine levels in the quail brain.
Behavioural Brain Research, 166, 110-123.

Cummings ME, Larkins-Ford ], Reilly CR ef al. (2008) Sexual
and social stimuli elicit rapid and contrasting genomic
responses. Proceedings of the Royal Society of London B: Biologi-
cal Sciences, 275, 393-402.

Dahlberg CL, Juo P (2014) The WD40-repeat proteins WDR-20
and WDR-48 bind and activate the deubiquitinating enzyme
USP-46 to promote the abundance of the glutamate receptor
GLR-1 in the ventral nerve cord of Caenorhabditis elegans.
Journal of Biological Chemistry, 289, 3444-3456.

Desrivieres S, Lourdusamy A, Tao C et al. (2015) Single nucleo-
tide polymorphism in the neuroplastin locus associates with
cortical thickness and intellectual ability in adolescents.
Molecular Psychiatry, 20, 263-274.

Dzieweczynski TL, Mack CL, Granquist RM (2009) Lovers and
fighters: male stickleback, Gasterosteus aculeatus, differ in their
responses to conflicting stimuli. Animal Behaviour, 78, 399—-406.

Ferris CF, Stolberg T, Kulkarni P et al. (2008) Imaging the neu-
ral circuitry and chemical control of aggressive motivation.
BMC Neuroscience, 9, 111.

Goodson JL (2005) The vertebrate social behavior network: evo-
lutionary themes and variations. Hormones and Behavior, 48,
11-22.

Goodson JL, Adkins-Regan E (1999) Effect of intraseptal vaso-
tocin and vasoactive intestinal polypeptide infusions on
courtship song and aggression in the male zebra finch (Tae-
niopygia guttata). Journal of Neuroendocrinology, 11, 19-25.

Goodson JL, Kingsbury MA (2013) What’s in a name? Consid-
erations of homologies and nomenclature for vertebrate
social behavior networks. Hormones and Behavior, 64,
103-112.

Goodson JL, Eibach R, Sakata ], Adkins-Regan E (1999) Effect
of septal lesions on male song and aggression in the colonial
zebra finch (Taeniopygia guttata) and the territorial field
sparrow (Spizella pusilla). Behavioural Brain Research, 101,
167-180.

Goodson JL, Kelly AM, Kingsbury MA, Thompson RR (2012)
An aggression-specific cell type in the anterior hypothalamus
of finches. Proceedings of the National Academy of Sciences Uni-
ted States of America, 109, 13847-13852.

Kabelik D, Klatt JD, Kingsbury MA, Goodson JL (2009)
Endogenous vasotocin exerts context-dependent behavioral

© 2016 John Wiley & Sons Ltd

effects in a semi-naturalistic colony environment. Hormones
and Behavior, 56, 101-107.

Kim S, Zhang S, Choi KH ef al. (2009) An E3 Ubiquitin Ligase,
Ring Finger 41, is a candidate gene for anxiety-like behavior
and B-carboline-induced seizures. Biological Psychiatry, 65,
425-431.

Kodric-Brown A, Brown JH (1984) Truth in advertising - the
kinds of traits favored by sexual selection. American Natural-
ist, 124, 309-323.

Lin D, Boyle MP, Dollar P et al. (2011) Functional identification
of an aggression locus in the mouse hypothalamus. Nature,
470, 221-226.

Manzo ], Miquel M, Toledo R et al. (2008) Fos expression at the
cerebellum following non-contact arousal and mating behav-
ior in male rats. Physiology & Behavior, 93, 357-363.

Morton SM, Bastian AJ (2004) Cerebellar control of balance and
locomotion. Neuroscientist, 10, 247-259.

Muhie S, Gautam A, Meyerhoff ] et al. (2015) Brain transcrip-
tome profiles in mouse model simulating features of post-
traumatic stress disorder. Molecular Brain, 8, 14.

Mukai M, Replogle K, Drnevich J et al. (2009) Seasonal differ-
ences of gene expression profiles in song sparrow (Melospiza
melodia) hypothalamus in relation to territorial aggression.
PLoS ONE, 4, e8182.

Newman SW (1999) The medial extended amygdala in male
reproductive behavior. A node in the mammalian social
behavior network. Annals of the New York Academy of Sciences,
877, 242-257.

O’Connell LA, Hofmann HA (2011a) Genes, hormones, and cir-
cuits: an integrative approach to study the evolution of social
behavior. Frontiers in Neuroendocrinology, 32, 320-335.

O’Connell LA, Hofmann HA (2011b) The vertebrate mesolim-
bic reward system and social behavior network: a com-
parative synthesis. Journal of Comparative Neurology, 519,
3599-3639.

Pall MK, Liljander M, Borg B (2004) Prolactin diminishes court-
ship behaviour and stimulates fanning in nesting male three-
spined sticklebacks, Gasterosteus aculeatus. Behaviour, 141,
1511-1519.

Paredes-Ramos P, Pfaus JG, Miquel M, Manzo ], Coria-Avila
GA (2011) Sexual reward induces Fos in the cerebellum of
female rats. Physiology and Behavior, 102, 143-148.

R Development Core Team (2009) R: A Language and Environ-
ment for Statistical Computing. R Foundation for Statistical
Computing, Vienna. URL http://www.R-Project.Org.

Rajaram SO, Oono Y (2010) NeatMap—non-clustering heat
map alternatives in R. BMC Bioinformatics, 11, 45.

Rowland W] (2000) Habituation and development of response
specificity to a sign stimulus: male preference for female
courtship posture in stickleback. Animal Behaviour, 60, 63-68.

Saito A, Fujikura-Ouchi Y, Kuramasu A ef al. (2007) Associa-
tion study of putative promoter polymorphisms in the neu-
roplastin gene and schizophrenia. Neuroscience Letters, 411,
168-173.

Sanogo YO, Hankison S, Band M, Obregon A, Bell AM
(2011) Brain transcriptomic response of threespine stickle-
backs to cues of a predator. Brain Behavior and Evolution,
77, 270-285.

Sanogo YO, Band M, Blatti C, Sinha S, Bell AM (2012) Tran-
scriptional regulation of brain gene expression in response to


http://www.R-Project.Org

4376 Y. O. SANOGO and A. M. BELL

a territorial intrusion. Proceedings of the Royal Society B-Biolo-
gical Sciences, 279, 4929-4938.

Santangelo N, Itzkowitz M, Richter M, Haley MP (2002)
Resource attractiveness of the male beaugregory damselfish
and his decision to court or defend. Behavioral Ecology, 13,
676—681.

Sargent RC (1985) Territoriality and reproductive tradeoffs in
the threespine stickleback, Gasterosteus aculeatus. Behaviour,
93, 217-226.

Sevenster P (1961) A causal study of displacement activity fan-
ning in Gasterosteus aculeatus L. Behaviour Supplement, 9, 1-
170.

Sih A, Bell AM, Johnson JC (2004a) Behavioral syndromes: an
ecological and evolutionary overview. Trends in Ecology &
Evolution, 19, 372-378.

Sih A, Bell AM, Johnson JC, Ziemba R (2004b) Behavioral syn-
dromes: an integrative overview. The Quarterly Review of Biol-
ogy, 79, 241-277.

Smyth GK (2004) Linear models and empirical Bayes methods for
assessing differential expression in microarray experiments.
Statistical Applications in Genetics and Molecular Biology, 3.

Tinbergen N (1951) The Study of Instinct. Oxford University
Press, New York and Clarendon, Oxford.

Veeriah S, Taylor BS, Meng S et al. (2010) Somatic mutations of
the Parkinson’s disease-associated gene PARK2 in glioblas-
toma and other human malignancies. Nature Genetics, 42, 77—
82.

Wilz KJ (1972) Casual relationships between aggression and
the sexual and nest behaviours in the three-spined stick-
leback (Gasterosteus aculeatus). Animal Behaviour, 20, 335—
340.

Y.O.S. executed the experiments, analysed the data and
wrote the study; A.M.B. designed the experiments, anal-
ysed the data and wrote the study.

Data accessibility

The data from the territorial challenge experiment are
available in GEO (Accession no. GSE32961). The data
from the courtship opportunity experiment have been
deposited in GEO (Accession no. GSE74051, to be
released in October 2016).

Supporting information

Additional supporting information may be found in the online ver-
sion of this article.

Table S1 List of DE genes in diencephalon in response to a
courtship opportunity at raw p < 0.01.

Table S2 List of DE genes in cerebellum in response to a court-
ship opportunity at raw p < 0.01.

Table S3 GO processes enriched in diencephalon in response
to a courtship opportunity.

Table S4 GO processes enriched in cerebellum in response to a
courtship opportunity.

Table S5 List of DE genes in diencephalon in response to a ter-
ritorial challenge at raw p < 0.01.

Table S6 List of DE genes in cerebellum in response to a terri-
torial challenge at raw p < 0.01.

Table S7 GO processes enriched in diencephalon in response
to a territorial challenge.

Table S8 GO processes enriched in cerebellum in response to a
territorial challenge.

© 2016 John Wiley & Sons Ltd


http://www.ncbi.nlm.nih.gov/nuccore/GSE32961
http://www.ncbi.nlm.nih.gov/nuccore/GSE74051

