
General and Comparative Endocrinology 189 (2013) 59–65
Contents lists available at SciVerse ScienceDirect

General and Comparative Endocrinology

journal homepage: www.elsevier .com/locate /ygcen
Sex steroid hormones modulate responses to social challenge and
opportunity in males of the monogamous convict cichlid, Amatitliana
nigrofasciata
0016-6480/$ - see front matter � 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.ygcen.2013.04.031

⇑ Corresponding author. Address: Section of Integrative Biology, The University of
Texas at Austin, 1 University Station – C0930, Austin, TX 78712, USA. Fax: +1 512
471 3878.

E-mail address: hans@utexas.edu (H.A. Hofmann).
Anna K. Sessa a, Rayna M. Harris a,b, Hans A. Hofmann a,b,c,⇑
a Section of Integrative Biology, The University of Texas at Austin, Austin, TX 78712, USA
b Institute for Cellular and Molecular Biology The University of Texas at Austin, Austin, TX 78712, USA
c Institute for Neuroscience, The University of Texas at Austin, Austin, TX 78712, USA
a r t i c l e i n f o

Article history:
Received 5 February 2013
Revised 2 April 2013
Accepted 26 April 2013
Available online 4 May 2013

Keywords:
Social behavior
Androgen
Estrogen
Testosterone
11-Ketotestosterone
Reproduction
a b s t r a c t

Steroid hormones play an important role in modulating behavioral responses to various social stimuli. It
has been suggested that variation in the hormonal regulation of behavior across species is associated with
social organization and/or mating system. In order to further elucidate the interplay of hormones and
behavior in social situations, we exposed males of the monogamous convict cichlid Amatitliana nigrofas-
ciata to three social stimuli: gravid female, intruder male, and a nonsocial stimulus. We used a repeated
measure design to create behavioral profiles and explore how sex steroid hormones respond to and reg-
ulate social behavior. Results show distinct behavioral responses to different social situations, with cir-
culating 11-ketotestosterone increasing in response to social stimuli. Pharmacological manipulations
using specific androgen and estrogen receptor agonists and antagonists exposed complex control over
digging behavior in the social opportunity context. In the social challenge context, aggressive behaviors
decreased in response to blocking the androgen receptor pathway. Our results extend our understanding
of sex steroid regulation of behavioral responses to social stimulation.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction 2001). Their involvement in affiliative and sexual behavior has
The endocrine mechanisms that underlie behavioral responses
to social stimulation have been studied in much detail over the last
three decades (Goncalves and Oliveira, 2011; Munakata and
Kobayashi, 2010). Many such studies have focused on steroid
hormone responses in a single social context, such as male–
male competitive interactions (Oliveira et al., 2002) but see
(Amstislavskaya and Popova, 2004; O’Connell et al., in press) for
androgen responses in males exposed to reproductive females.
Thus, the physiological and behavioral responses to specific social
contexts are well known, yet few studies have manipulated sex
steroid hormone pathways and examined responses to different
social contexts in the same individuals.

The role of sex steroid hormones in regulating social behavior
has been well studied (Goncalves and Oliveira, 2011; Munakata
and Kobayashi, 2010). Circulating androgen levels in particular
are well known to be involved in male social behavior and vary
with season (Wingfield, 1990), conspecific behavior (Oliveira
et al., 2002; Villars, 1983), and mating system (Oliveira et al.,
been shown in mammals (Pasch et al., 2010), birds (Wingfield
et al., 2001), and fish (Desjardins et al., 2008; O’Connell and
Hofmann, 2012) and androgen levels can be affected either by
aggressive conspecifics (Villars, 1983) or reproductive opportuni-
ties such as gravid or receptive females (Amstislavskaya and
Popova, 2004; Dulka et al., 1987; O’Connell et al., in press). Addi-
tionally, reproductive behaviors such as courtship signals in lizards
(Cooper et al., 1987), mounting in house mice (James and Nyby,
2002), and nesting in fish (Pall et al., 2002) can be elicited by the
administration of androgens either directly or induced via female
pheromones. While the classic association between androgens
and increased aggression has been confirmed in many species
(Nelson and Trainor, 2007), including cichlid fish (Fernald, 1976;
Munro and Pitcher, 1985; Ros et al., 2003), there is increasing
evidence that estrogen can also elicit aggressive behavior (mice:
Ogawa et al., 1997; song sparrows: (Soma et al., 2000); cichlid fish:
(O’Connell and Hofmann, 2012), likely via the aromatization of
testosterone to estradiol (Trainor et al., 2006).

Pharmacological manipulations of sex steroid hormone recep-
tors allow us to clarify whether androgens are influencing behavior
directly via the androgen receptor or indirectly via the estrogen
receptor. For example, the administration of the androgen receptor
(AR) antagonist flutamide is sufficient to block reproductive behav-
iors in stickleback fish (Sebire et al., 2008). In the model cichlid fish
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Astatotilapia burtoni, ARs modulate courtship behavior, but estro-
gen receptor (ER) pathways modulate aggression (O’Connell and
Hofmann, 2012). Importantly, the dynamics of pathway manipula-
tions can be complex, involving factors such as social status and
mating system (Hegner and Wingfield, 1987; O’Connell and
Hofmann, 2012), and the resulting behavioral changes are typically
examined in different animals and at the level of particular behav-
ioral displays rather than entire suites of behavior (Vagell and
McGinnis, 1998). However, how steroid hormone pathways regu-
late behavior across different social contexts in the same individu-
als has rarely been studied.

Here, we use the convict cichlid, Amatitlania nigrofasciata in or-
der to better understand the interplay between sex steroid hor-
mones and behavioral response across different social contexts.
This teleost fish is native to lakes and streams from Guatemala to
Panama (Mackereth and Keenleyside, 1993) and has become a use-
ful model system in behavioral ecology (Kortmulder, 1998; Munro
and Pitcher, 1985). Males and females form monogamous pair-
bonds and defend a nesting territory where the gravid female will
attach her eggs to the substrate to be fertilized by the male. Both
males and females participate in parental care which can last up
to six weeks (Mackereth and Keenleyside, 1993; Noakes, 1991;
O’Connell et al., 2012). The well-described behavior patterns of
the convict cichlid together with recent insights into the endocrine
regulation of its social behavior (Brown et al., 2003; O’Connell
et al., 2012; Oldfield and Hofmann, 2011) make it an ideal model
for studying the complex interplay of hormones and behavior in
a monogamous species.

In the present study, we examined the role of androgens and
estrogen in regulating the behavior of male convict cichlids in
two social contexts as well as a nonsocial situation. We predicted
that these hormones would differ between contexts and the
resulting behavioral responses would be context-appropriate,
such as aggression when exposed to a male intruder or courtship
when exposed to a gravid female. We first examined behavior in
untreated males across contexts to create behavior profiles (suites
of behavior that represent how an animal responds to particular
social contexts). Additionally, we measured circulating levels of
testosterone (T), 17b-estradiol (E2) and 11-ketotestosterone (11-
KT), an oxidized form of T that has been shown to act as the active
androgen in this species (O’Connell et al., 2012) and hypothesized
that hormone responses vary with social context. Finally, we car-
ried out pharmacological manipulations of AR and ER signaling
separately to test the hypothesis that these pathways directly reg-
ulate aggressive, sexual, and maybe even certain non-social
behavior patterns.

2. Methods

2.1. Animals

Animals were kept on a 12:12 light:dark cycle, fed once a day
with Omega One African cichlid flakes (Arcata Pet, Product No.
11154) and kept in sex-specific group tanks until the start of the
experiment. On day zero, at approximately 15:00 h, focal animals
were measured for standard length (SL) and body mass and then
tagged in the dorsal muscle using colored beads for individual
identification. To ensure consistent treatment of all experimental
animals, each fish was then placed into one of four compartments
in a 114 L home tank for the duration of the experiment (except for
the time spent in the test tank). To avoid any behavioral abnormal-
ities due to social isolation we allowed each test subject to inter-
act with another experimental male across a transparent and
perforated divider. All experiments were carried out with the ap-
proval of the Institutional Animal Care and Use Committee at UT
Austin.
2.2. Experiment 1: hormone measures and behavior

On day four, at 15:00 h, animals (n = 8) were placed into a 38 L
(liter) compartment of a 227 L test tank overnight (approximately
21 h). At 11:30 h, one of three stimuli was introduced: 15 cm sec-
tion of PVC pipe (nonsocial), a gravid female (reproductive oppor-
tunity), or a conspecific male (challenge). Female gravidity was
based on a rotund belly and has been shown to affect male mate
choice in convict cichlids (Nuttall and Keenleyside, 1993). In order
to avoid immediate subordination when exposed to a relatively
larger individual in a novel environment, we made sure that in
every case the focal animal was larger (by 20 ± 0.8% on average)
than the stimulus animal. The focal animal was exposed to the
stimulus for 60 min and recorded using a multi-channel video sur-
veillance system (Altec, Austin, TX) with VideoInsight software
(Enterprise IP). We then harvested approximately 50 lL of blood
from the dorsal aorta of each focal male using a heparinized butter-
fly infusion set with a 26 gauge needle (Becton Dickinson) before
returning it to its home tank. We also removed the stimulus animal
from the experimental tank and measured its standard length.
Blood was centrifuged at 4000 rpm for 10 min and plasma was iso-
lated and stored at �80 �C. Circulating hormone levels were mea-
sured according to (Kidd et al., 2010) using commercial ELISA
systems to measure free 11-KT (Cayman Chemical, Product No.
582751), T (Assay Designs, Product No. 900-065) and E2 (Assay De-
signs, Product No. 900–008) using a dilution of 1:100, 1:30 and
1:30, respectively. Due to the small size of the animals the blood
collection procedure did not always yield sufficient plasma for all
three assays.

Focal animals were maintained in their home tank for eight
days prior to the subsequent stimulus treatment, so that each ani-
mal was exposed to all three stimuli in a randomized order, with
blood drawn after each exposure. Focal animals were tested in
each context and subsequently returned to the community tanks
at the end of the experiment (Fig. 1A).

Video recordings were scored by an observer blinded to the
treatment. We chose the 30–40 min time window of the 60 min
stimulus exposure for scoring and analysis, as preliminary observa-
tions had shown that animals reliably engaged in a behavioral re-
sponse within approximately 20–50 min of stimulus onset. Based
on previously described ethograms (Baerends and Baerends-Van
Roon, 1950; Oldfield and Hofmann, 2011), behavior patterns were
categorized into the indices of aggressive, affiliative and neutral to
allow a more general analysis of suites of behavior. Aggressive
behavior included bite, charge and chase while affiliative and neu-
tral behavior consisted of only kiss and foraging respectively.
Behaviors such as tailbeat (when an individual rapidly waves its
tail to a conspecific’s face or side), frontal and lateral displays are
context dependent (Baerends and Baerends-Van Roon, 1950;
Oldfield and Hofmann, 2011) and thus counts for each were added
into the aggressive index when expressed in a challenge situation
and into the affiliative index when expressed in the opportunity
situation. Approach was considered affiliative in the social contexts
and neutral in the nonsocial context. Due to their ambiguous
meaning, digging and vertical display (an individual puts itself into
a vertical position with its rostral end up and caudal end down)
behavior were analyzed separately (Baerends and Baerends-Van
Roon, 1950; Oldfield and Hofmann, 2011).

2.3. Experiment 2: hormone manipulation

Forty new males were taken from the sex-specific group tanks,
weighed, measured and tagged on day 0 as described above. On
days 4 and 5, fish received an intraperitoneal injection of 10 lL
per gram body weight (gbw) with one of five treatments:
dihydrotestosterone (DHT) (Sigma), 17b-estradiol (Steraloids), ER



Fig. 1. Timelines for behavioral testing and pharmacological manipulation. (A) Timeline indicates order of transfers between tanks, observation periods, and blood collections
for (A) Experiment 1 and (B) Experiment 2, respectively.
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antagonist ICI182780 (Sigma), AR antagonist cyproterone acetate
(Sigma) or a vehicle (mineral oil) as a control. The multiple-day
regimen avoided measuring non-genomic responses of the ste-
roids (Remage-Healey and Bass, 2006). DHT is not aromatizable
and binds AR with even higher affinity than 11-KT (Sperry and
Thomas, 1999; Wells and van der Kraak, 2000). Antagonists used
have been shown to bind the appropriate teleost sex steroid
receptors (ICI182780: Hawkins and Thomas, 2004; cyproterone
acetate: Wells and van der Kraak, 2000). The antiestrogen binds
both ERa and ERb receptor subtypes (Howell et al., 2000). Doses
and the repeated-injection scheduled were based on previous
studies in a related cichlid (O’Connell and Hofmann, 2012):
0.13 lg/gbw DHT, 0.4 lg/gbw E2, 1.6 lg/gbw ICI182780, and
0.83 lg/gbw cyproterone acetate (1 mg/gbw: Kramer et al.,
1969; Oliveira et al., 2009). Each fish received the same drug
treatment throughout the experiment and the researcher was
blinded to the treatment.

After the first injection, animals were returned to their home
tank. After the second injection, animals were put into the test tank
overnight with stimuli presented the next day (as described in Sec-
tion 2.2) and recorded for 60 min. After this time, the stimulus was
removed and measured while the focal animal was returned to its
home tank. After a recovery period of two weeks, the process was
repeated on days 21–23 and again on days 38–40 with the remain-
ing stimuli (Fig. 1B). Video recordings were scored by an observer
blinded to the treatment for behavior patterns that occurred dur-
ing the time window of 30 and 40 min after stimulus onset, as de-
scribed above.
2.4. Statistical analysis

All statistical analyses were conducted using Predictive Analyt-
ics SoftWare (PASW) Statistics 18.
2.4.1. Behavioral response to stimulus
A repeated measure ANOVA was run to determine significant

differences in behavior between social contexts. When sphericity
was not assumed for the dependent variable, Greenhouse–Gauss-
ian was used. A univariate ANOVA with Tukey post hoc test was
run to explore the effects of each context on behavior and behavior
index. Because the frequency distributions of aggressive behavior
across all contexts were not normal, we employed non-parametric
statistics using the Related-Samples Friedman’s Two-Way Analysis
of Variance by Ranks and then further investigated between each
pair of contexts using Related-Samples Wilcoxon Signed Ranks
Test.
2.4.2. Hormonal response to stimulus
E2 (Shapiro–Wilk normality test; n = 23; Wbefore = 0.8952,

p = 0.0202; Wafter = 0.9467, p = 0.2496) and 11-KT (n = 22;
Wbefore = 0.7933, p = 0.0004, n = 22; Wafter = 0.9915, p = 0.9991) lev-
els were not normally distributed and were therefore log trans-
formed. For differences between contexts and hormone
measures, a repeated measures ANOVA was run with week order
(order in which stimulus were presented) as a covariate. T levels
showed a bimodal distribution and were analyzed across all three
contexts using a Related-Samples Friedman’s Analysis of Variance
by Ranks. In addition to exploring each social context individually,
analysis was carried out on nonsocial category (PVC alone) versus
social category (challenge and opportunity combined) using the
student’s t-test.
2.4.3. Hormone–behavior correlations
Pearson correlations were calculated between E2, 11-KT, indi-

vidual behavior, affiliative and neutral behavior indices and size
measures. Correlations between aggressive behavior, T and afore-
mentioned variables were carried out using Kendall’s tau due to
non-normally distributed data. Additional analyses were explored
on indices of social versus nonsocial context with the appropriate
correlation algorithm. After correcting for false discovery rate
(Benjamini and Hochberg, 1995), correlations reported had signif-
icance of p < 0.05.
2.4.4. Hormone receptor manipulations
A general linear model was designed for each drug–behavior

combination using a stepwise selection procedure of elimination.
Covariates included the week order and the size asymmetry be-
tween focal and stimulus animal with all two-way interaction ef-
fects included. The models were run between all drugs and
control (mineral oil), between each agonist–antagonist pair for
behavioral indices and also each individual behavior. A Mann–
Whitney U test for independent samples was used for inter-drug
analysis of aggressive behavior due to a bimodal distribution of
aggressive behavior.

In order to analyze the effect of drug injection versus no drug/
untreated animals with regards to vertical display behavior, counts
from mineral oil-treated animals in Experiment 2 (control animals)
and untreated (i.e., all) animals from Experiment 1 were collapsed
together into a non-drug treated group. A univariate ANOVA was
used to detect significant differences in the number of vertical
behavioral patterns expressed between non-drug treated and drug
treated animals.



Table 1
ANOVA statistics for behavior counts and hormone levels across all social and non-
social contexts.

Response variable n df Statistic p

Aggressive behaviora 8 2 12.08 2.00E-03
Affiliatiative behaviorb 8 1 14.874 0.006
Neutral behaviorb 8 1.122 14.88 0.004
Total behaviorsb 8 2 4.827 2.90E-02
Testosteronea 8 2 0.75 0.687
Estradiolb 7 1.053 1.864 0.229
11-Ketotestosteroneb 6 2 2.174 0.176

a Related-Samples Freidman’s Two-Way ANOVA by Ranks.
b Repeated measures ANOVA.
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3. Results

3.1. Experiment 1: male behavioral and hormonal responses to
different stimuli

Neutral behavior was different between contexts (ANOVA
F1.12,8 = 14.880, p = 0.004); Table 1) with more neutral behavior in
the nonsocial context than in the two social contexts (Tukey
HSD, p = 0.0009; Fig. 2A). Across-context effects were also seen in
affiliative behavior (ANOVA, F1,8 = 14.874, p = 0.006; Table 1) with
more affiliative behavior when exposed to a gravid female than
to a male intruder or nonsocial stimulus (p = 0.0004; Fig. 2B). Also,
aggressive behavior varied significantly across contexts (Fried-
man’s T(2) = 12.08, p = 0.002; Table 1) with significantly more
aggressive behavior when exposed to an intruder than in either
the nonsocial context (Wilcoxon signed rank test: T8 = 36.0,
p = 0.012) or when exposed to a gravid female (T8 = 35.0,
p = 0.017; Fig. 2C). Digging behavior varied across contexts
(F2,8 = 4.849, p = 0.025) with a gravid female eliciting more digs
than nonsocial exposure (p < 0.038), and a trend compared to male
intruder (p < 0.052). Vertical display behavior also was affected by
stimulus (F2,8 = 5.830, p = 0.014) with significantly more displays in
the reproductive context than in the intruder and nonsocial stimuli
(p < 0.02).

There were no significant effects of stimulus on circulating lev-
els of T [Friedman’s T2,8 = 0.750, p = 0.687], E2 [F1.053,8 = 1.864,
p = 0.229], or 11-KT levels [F2,8 = 2.174, p = 0.176] (Fig. 3A–C; Ta-
ble 1), although 11-KT levels appeared to be higher in social con-
texts (Fig. 3C). Indeed, when we combined the data from the two
social contexts, 11-KT was significantly higher in a social versus
a nonsocial situation (t21 = 5.463, p = 2.03⁄10�5; Fig. 3D).
Fig. 2. Convict cichlid males exhibit context-specific behavioral profiles. Box-and-whiske
affiliative behaviors counts are highest when exposed to a gravid female, and (C) aggr
groups. �: p < 0.001, ⁄⁄: p < 0.01.
We found that across all three stimulus contexts there was a
significant correlation between 11KT levels and digging behavior
(Pearson’s r = 0.462, p = 0.030, n = 22) and between T and E2 (Ken-
dall’s tau-b = 0.494, p < 0.001, n = 23). No stimulus-specific correla-
tions remained significant after adjustment for multiple
hypothesis testing.

3.2. Effects of pharmacological manipulation on behavior

There were no significant differences in behavioral indices or in
individual behaviors when comparing drug-treated to control ani-
mals. However, in the non-social context, approach behavior oc-
curred less frequently in DHT-treated animals compared to
animals treated with an AR antagonist (F1,8 = 16.34, p = 0.001;
Fig. 4A).

There were no significant differences in behavioral indices or
individual behaviors when comparing either agonist to its antago-
nist. However, we found that in the social opportunity context dig-
ging behavior increased with DHT (F1,8 = 5.03, p = 0.042), E2
(F1,8 = 10.41, p = 0.009), and ER antagonist (F1,8 = 10.646,
p = 0.007) treatment (Fig. 4B). Interestingly, the week order also
significantly affected digging behavior of ER antagonist-treated
animals (F1,8 = 10.239, p = 0.008) when compared to control, and
there was a significant interaction effect between drug treatment
and week order (F1,8 = 9.90, p = 0.008).

When comparing an agonist and its antagonist, there were no
significant differences in any behavioral index or individual behav-
ior. However, in the social challenge context, the number of aggres-
sive displays was significantly lower in the AR antagonist
treatment compared to the controls (Mann–Whitney U = 52.0,
n1 = n2 = 8, p = 0.036; Fig. 4C1). The number of vertical displays
showed a non-significant increase in all drug-treated groups com-
pared to vehicle-treated control (Fig. 4C2). This difference was sig-
nificant when all drug treatments (D) were combined and
compared to non-drug (ND) treated animals (ANOVA, F1 = 6.55,
nD = 32, nND = 16, p = 0.014).
4. Discussion

In the present study, we exposed convict cichlid males to both
reproductive and intruder contexts in addition to a nonsocial treat-
ment. Our experimental paradigm included two of the most impor-
tant social contexts that all animals face: challenges, such as
competition for resources, and opportunities, such as reproduction.
We observed distinct behavioral and hormonal responses to these
r plots show that (A) neural behavior counts are highest in a non-social context, (B)
essive behavior counts are highest when exposed to a male intruder. n = 8 for all



Fig. 3. Circulating hormone levels vary between non-social and social contexts. Box-and-whisker plots show free (A) testosterone, (B) estradiol, and (C) 11-ketotestosterone
levels across three social contexts and (D) 11-ketotestosterone levels between non-social and social situations. ��: p < 1 ⁄ 10�4.
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stimuli. Furthermore, we determined the role of estrogen and
androgen receptor pathways in regulating these responses.

When exposed to a social or non-social stimulus, males exhib-
ited clear context-appropriate responses. Not surprisingly, social
situations induced an 11-KT response, confirming previous studies
showing that 11-KT acts as an active androgen in convict cichlid
males (O’Connell et al., 2012; Wong, 2008). Androgen responses
to social situations have been measured in the circulation as soon
as 30 min after stimulus onset (Maruska and Fernald, 2010) and
in urine and fish-holding water as long as four hours later
(Hirschenhauser et al., 2004). We do not know when the hormone
response reaches its maximum in our study species or whether the
60 min time point used in our experiment is close to it. Addition-
ally, variation in the behavior of the stimulus animals (i.e., the
intensity of the challenge) could have influenced the focal males’
androgen responses as well (Villars, 1983). Our finding that pre-
senting a male with a gravid female causes an 11-KT response is
consistent with similar findings in other species (Amstislavskaya
and Popova, 2004; Nomura et al., 2002) and provides further
evidence that androgens regulate male sexual behavior.

In the presence of a female, digging likely presents a reproduc-
tive behavior in terms of preparing a breeding site (Baerends and
Baerends-Van Roon, 1950). We can only speculate about the func-
tion of digging behavior in the nonsocial situation. While it could
be interpreted as displacement activity in response to a stressor
(Kortmulder, 1998), it might also serve the preparation of a nest
site in case a gravid female becomes available, or it could serve
to provide shelter considering that much time was spent in these
dugouts (data not shown).
The association between estrogen and social behavior is quite
complex, involving factors such as different ER sub-types, social
experience, genotype and age (Nomura et al., 2002; Ogawa et al.,
1998a, 1998b, 1999). We have shown here that in the convict cich-
lid circulating levels of E2 and T were correlated, as has previously
been observed in other species (Kidd et al., 2010; O’Connell and
Hofmann, 2012; Phillips et al., 1996; Renn et al., 2012). Estrogen
administration affected digging behavior specifically, but not other
aspects of reproductive behavior. This finding is similar to the sit-
uation in mice, where particular behaviors but not entire suites
of behavior were abolished with the knockout of the ERa gene
(Ogawa et al., 2000).

Exogenous androgens can increase aggressive behavior (Fernald,
1976; Munro and Pitcher, 1985; Nelson and Chiavegatto, 2001),
either directly or via aromatization to estrogen (Trainor et al.,
2006; Wu et al., 2009). Our results show that activating the AR
pathway did not result in any significant behavioral changes in
the social contexts, while blocking the pathway decreased aggres-
sion, suggesting that the AR pathway may mediate aggression in
some fashion. Surprisingly, androgen and estrogen manipulation
did not affect courtship or aggressive behavior, respectively as is
seen in other species (Hull et al., 2002; Nelson and Trainor,
2007). These interactions clearly require additional experimenta-
tion, such as altering drug doses or duration of drug
administration.

In the nonsocial context, AR pathway activation resulted in a
decrease of approach behavior, which can be considered a measure
of overall locomotor activity. This would, however, be contrary to
previous studies, which showed that androgen pathway activation



Fig. 4. Effects of steroid hormone manipulations on behavior vary depending on experimental context. Androgen receptor (AR) and estrogen receptor (ER) manipulations
alter the frequency of (A) approach behavior in the non-social context and (B) digging behavior in the social opportunity context (C1) aggressive behavior and (C2) vertical
displays in the social challenge context, as depicted by box-and-whisker plots. AR agonist: dihydrotestosterone; AR antagonist: cyproterone acetate; Vehicle control: mineral
oil; ER agonist: 17b-estradiol; ER antagonist: ICI82780, ⁄: p < 0.05, ⁄⁄: p < 0.01, �: p < 0.001.
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increases locomotor activity (Ellis and Turek, 1983; Wada, 1982).
Alternatively, this behavioral change could also indicate anxiety-
like processes as approach behavior was typically preceded and
followed by hiding behind the PVC pipe. Although it is currently
speculative, results in rats also show an increase in anxiety-like
behavior in response to an AR antagonist (Edinger and Frye,
2006) and a decrease in response to androgen administration
(Osborne et al., 2009).

Interestingly, the AR agonist, ER agonist, and ER antagonist elic-
ited an increase in digging behavior in the reproductive opportu-
nity context but had no influence on this behavior in the other
contexts. Moreover, the effect of ER antagonist depended on the
temporal order of drug administration. These results suggest that
the function and the hormonal control of this behavior are both
context-dependent. Further investigation is needed to explain the
increase in digging behavior with both ER agonist and antagonist,
which could be partially due to the involvement of different ER
subtypes, as seen in mice (Ogawa et al., 2000), or altered ratios be-
tween androgens and estrogens in the system as a consequence of
drug treatment.

The pharmacological effects on vertical display behavior were
maybe most striking. This behavior has classically been interpreted
as appeasement behavior (Baerends and Baerends-Van Roon,
1950), especially in reproductive interactions between males and
females. Consistent with this interpretation, we observed this
behavior pattern in non-treated animals when exposed to a gravid
female but never in the male intruder context. Drug treatment did
not affect this behavior in the gravid female context but, to our
great surprise, significantly increased it in the intruder context.
Importantly, drug-induced vertical displays in the intruder context
were immediately preceded and followed by very aggressive chas-
ing and biting, something that was almost never observed in con-
junction with this behavior in animals exposed to a gravid female
(personal observation). Future work will need to examine this
association more closely in order to determine whether this alter-
nation between putative appeasement and aggressive behaviors
might reflect a motivational conflict in males whose sex steroid
receptor pathways have been perturbed.
5. Conclusion

The experiments presented here disentangle the context-spe-
cific relationships between sex steroid hormones and certain social
behaviors in male convict cichlids. We report novel effects of these
pathways on social and, potentially, anxiety-like behavior. Males
displayed context-specific behaviors along with increased circulat-
ing 11-KT in response to social stimuli. Also, approach, aggressive,
and reproductive behaviors were regulated by androgen and estro-
gen receptor pathways in a context-dependent manner. Taken to-
gether, our work provides insights into steroid regulation of
behavior in response to reproductive opportunity and intruder
challenge in a natural model system and suggests numerous ave-
nues for future research.
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