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Egr-1 expression in the preoptic area of Astatotilapia burtoni males is greater after ﬁghting than after courting.
A greater proportion of AVT cells are positive for egr-1 mRNA after ﬁghting than after courting.
Frequency of courting behaviors correlated with circulating 11-ketotestosterone levels.
We present the ﬁrst report of v1a1 mRNA expression in the brain of a cichlid ﬁsh.
Expression patterns of AVT V1a-subtype receptors v1a1 and v1a2 in the brain overlap.
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a b s t r a c t
Despite continued study on the neurobiological bases of aggressive and sexual behaviors, it is still not well
understood how the brain integrates social information with physiological and neural states to produce
context-speciﬁc behavioral outcomes. In ﬁshes, manipulation of endogenous levels of arginine vasotocin
(AVT) through peripheral and intracerebroventricular pharmacological injections results in signiﬁcant
changes in social behaviors, including aggressive and reproduction-related behaviors. In addition, many
features of AVT neurons have been shown to correlate with social status and associated behavioral phenotypes. In this study, we used the immediate early gene egr-1 as a marker for neuronal activity and
quantiﬁed the number of AVT neurons that were positive for egr-1 mRNA by in situ hybridization in
Astatotilapia burtoni males that were exposed to either a social context that would elicit aggression or
to one that would elicit courtship. In these social settings, focal males readily displayed context- appropriate bouts of aggression (towards the opponent) or bouts of courting (towards females). We found
that males that fought had higher levels of egr-1 expression in the preoptic area compared to courting
males. A greater proportion of AVT cells was positive for egr-1 after a ﬁght than after a bout of courting.
We mapped mRNA distribution of AVT V1a receptor subtypes v1a1 and v1a2 in the brain and identiﬁed
overlapping areas of expression in nuclei in the ventral telencephalon, hypothalamus and thalamus as
key areas for AVT signaling in males.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
A major goal in behavioral neuroscience is to identify neural
circuits that control social behaviors. Agonistic and reproductionrelated behaviors are ubiquitous, though the underlying motor
patterns that comprise these behaviors vary considerably across
species. Nonetheless, in vertebrates, elements of the underlying
neural circuits responsible for initiating and maintaining these
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social behaviors are thought to be conserved. One proposed model
for understanding the activation of neural circuits in social behavior
is known as the social behavior network (SBN). The SBN comprises
six interconnected brain nuclei or nodes, ﬁrst established for mammals [1] and later extended to birds and teleosts [2]. While all
current evidence supports the notion that in vertebrates SBN nodes
are activated during the display of social behaviors, continued
research is needed to clarify the degree of functional equivalence
(or lack thereof) of the putative homologous regions that represent
these nodes across species. Therefore, an ongoing challenge in the
study of functional and comparative neuroanatomy is to reconcile
the conservation of key functional circuits with the differences in
behavioral outputs across species.
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Arginine vasotocin (AVT) is present in all non-mammalian vertebrates and is the precursor which, through a series of gene
duplication events, gave rise to the present AVT-derived nonapeptide family [3]. Given its ancient role, AVT as a biologically
functional peptide is thought to predate the existence of brains [3].
In teleosts, AVT is synthesized in cells in the preoptic area (POA)
which most anteriorly are small parvocellular cells, followed caudally by larger magnocellular cells and ﬁnally with the largest cells
in the gigantocellular subpopulation. AVT cells in the POA send their
main projections to the posterior pituitary where AVT is released
into the bloodstream to regulate both water and blood pressure.
However, AVT cells also send projections to non-hypothalamic
brain regions: to substance P (SP) containing neurons in the hindbrain [4,5], to the ventral telencephalon (damselﬁsh: [6] ; rainbow
trout: [7,8]) and to the ventral thalamus [7].
Both AVT and its mammalian homolog vasopressin (AVP) have
been studied extensively for their capacity to induce signiﬁcant
changes in the frequency of certain social behaviors when administered by systemic or intracerebroventricular (icv) injections,
suggesting a role in the control of these behaviors (for reviews, see
Refs. [9,10]). For example, in the white perch, Morone americana,
both intraperitoneal (ip) and icv AVT injections induced an increase
in a courtship behavior known as ‘attending’ and this effect was
completely eliminated when co-administered with an AVT receptor
antagonist [11] . Similarly, in the bluehead wrasse, AVT injections
in territorial and non-territorial terminal phase males, resulted
in increased courting [12]. In Astatotilapia burtoni, intramuscular
(im) administration of AVT reduced aggression in dominant males,
but did not have any effect on subordinates that are typically not
aggressive [13].
In non-teleosts, the use of immediate early genes (IEGs) as
a proxy for visualizing neural activity following aggressive or
courtship behaviors has implicated AVP cell activation during these
behaviors. However, patterns of activation of AVP cells with either
aggressive or sexual behaviors, or both, as well as expression of
AVP V1a receptors vary substantially across and within major taxonomic groups as well as between closely related species (e.g.
voles [14]). This is a cautionary note about drawing generalized
conclusions or models [9,10]. In this study, we examine the neuronal activation proﬁles of vasotocin-producing cells in contexts
that elicit aggression and courtship behaviors in the African cichlid,
Astatotilapia burtoni.
Previous studies in teleosts have shown AVT subpopulation density, cell size and AVT mRNA expression are highly variable [15].
Depending on the species, certain characteristics of AVT cells can
vary by sex, social status, seasonality and time of day (e.g. Refs.
[16–22,6,23–25]. For example, in Hawaiian sergeant damselﬁsh,
Abudefduf abdominalis, parvocellular AVT cell size and population
density is sexually dimorphic and in both sexes, the density of
gigantocellular AVT cells increases during spawning season [6].
In zebraﬁsh, Danio rerio, AVT expression varies dramatically by
social status: in subordinate males AVT-immunoreactive cells are
restricted to the parvocellular population and conversely, dominant males only express AVT in non-parvocellular cells [22]. With
respect to cell size, in medaka Oryzias latipes, dominant males have
larger gigantocellular AVT cells than subordinates [21]. In A. burtoni males, in situ hybridization analysis of AVT mRNA expression
shows subordinate males have higher AVT mRNA levels in parvocellular cells compared to dominant males. Conversely, dominant
males have higher levels of AVT mRNA in gigantocellular cells, compared to subordinates [19]. With respect to social status, there is
a consensus that expression of AVT in parvocellular cells tends
to be associated with subordinate status and magnocellular and
gigantocellular cells, with dominant status.
Species differences in the behavioral effects of AVT suggest functional aspects of the AVT system may not be conserved, perhaps

189

including, but not restricted to, patterns of expression of AVT receptors throughout the brain. Similar to mammalian and avian species,
in teleosts, the behavioral effects of pharmacological manipulations
of AVT do not follow a uniform pattern across species (for a review
see Refs. [26,27,9,10]). For example, after an ip AVT injection, the
brown ghost knifeﬁsh, Apternotus leptorhynchus, showed decreased
aggression [28] , whereas im AVT injections in the beaugregory
damselﬁsh, Stegastes leucostictus, resulted in increased aggression
[29] .
In mammals, research delineating the AVP receptor V1aR has
shown it plays an essential role in mediating the social behavior
effects of AVP (e.g. Refs. [30–32]). Two AVT V1a-type receptor paralogs, termed v1a1 and v1a2, have been identiﬁed in several teleost
species [33]. DNA sequences encoding these two genes show a high
sequence identity to one another (e.g. ∼70% in Amargosa pupﬁsh
[33] and ∼75% in rock hind grouper). To date, the distribution of
v1a2 mRNA and protein in the brain has been described for A. burtoni based on in situ hybridization and antibody staining [34], but
there are no prior reports for this species on the distribution of v1a1
by the same methods. With regards to v1a1, there is only one prior
account of its distribution in the brain by in situ hybridization in
teleosts (bluehead wrasse [35]).
Both v1a1 and v1a2 are probable candidates as key mediators of
the behavioral effects associated with endogenous AVT release in
the brain. How the expression of these two receptors varies not only
by brain region, but also with other factors such as social status and
behavior, is largely unknown. A recent study on the pupﬁsh Cyprinodon nevadensis amargosae, however, presented insightful results
demonstrating that these receptors vary in their expression patterns depending on sex, social status and aggression levels [36].
For example, in the hypothalamus, smaller males had higher v1a1
mRNA levels than larger males. In contrast however, smaller males
also had lower levels of hypothalamic v1a2 mRNA compared to
larger males. In addition, only in large males did v1a2 mRNA levels show a positive correlation with aggression. Kline et al. [37]
used quantitative real-time PCR (qPCR) to measure v1a1 and v1a2
mRNA levels in microdissected brain areas of the rock hind grouper,
Epinephelus adscensionis, and found that v1a1 and v1a2 were most
highly expressed in the POA and anterior hypothalamic nuclei
(POA-AH) compared to other regions (telencephalon with intact
olfactory bulbs, optic tectum, inferior lobes of the hypothalamus
and cerebellum). Interestingly, v1a1 mRNA levels in the POA-AH
and circulating levels of 11-KT showed a strong negative correlation (R2 > 0.9) in males. In contrast, v1a2 mRNA levels were not
correlated with 11-KT. Furthermore, males had greater v1a2 mRNA
abundance in the POA-AH compared to females. Based on these
data, both v1a1 and v1a2 are equally likely as putative mediators of
the behavioral effects of AVT signaling in the brain, which contrasts
with recent claims that v1a2 is the more behaviorally relevant of the
V1a-subtyes in A. burtoni [13]. In this study, we expand on the distribution of AVT receptors by mapping for the ﬁrst time the expression
distribution of v1a1 mRNA in the male A. burtoni brain, and present
these results along with the expression pattern of v1a2 mRNA to
identify putative brain nuclei that are functionally associated with
mediating AVT behavioral effects.
Here, we provide the ﬁrst report on patterns of immediate early
gene expression in AVT cells during courtship and aggression in
a teleost ﬁsh that will shed light on similarities and differences
in the role of AVT/AVP between teleosts and other animal groups.
Speciﬁcally, we used an African cichlid, A. burtoni, to investigate
the neural activity of AVT neurons during the display of intrasexual aggression and female-directed courtship in social contexts
that elicit these behaviors. A. burtoni is an ideal model for studying social behavior because it has well-deﬁned aggressive and
courtship behaviors that are readily observed in laboratory conditions without any experimental manipulation. Furthermore, A.
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burtoni is especially well-suited to test the relationship between
social behavior and neural activity in AVT neurons because of the
documented relationship between AVT mRNA levels in POA subpopulations and social status [19]. Here we asked whether the
differences in AVT mRNA levels by subpopulation reported by
Greenwood et al. [19] reﬂected actual differences in egr-1 expression in these neurons during the performance of behaviors they are
thought to control.
2. Materials and methods
2.1. Animals
Subjects were sexually mature, adult ﬁsh, descended from wildcaught A. burtoni from Lake Tanganyika, Africa, and maintained in
aquaria with gravel substrate and terra cotta pots to facilitate territory establishment. Fish were kept under conditions that mimic
their native habitat (pH 8.0, 24 ◦ C–26 ◦ C, 12 h light: 12 h dark cycle)
[38]. All protocols were approved by the Stanford Animal Care and
Use Committee. At time of sacriﬁce, standard length (SL), body mass
(Mb) and testes mass were recorded and gonadosomatic index
[GSI = (testes mass/Mb) x 100] was calculated. The average SL of
males used in the behavior assays and subsequent brain tissue
processing for detecting the expression of egr-1 mRNA, as well as
egr-1 mRNA and AVT-ir colocalization analysis, was (mean ± s.e.m.)
6.34 ± 0.18 cm and did not differ across aggression, courtship and
control groups (KW, P = 0.15, H = 3.75). The average GSI (N = 27) was
(mean ± s.e.m.) 0.59 ± 0.04 g and also did not differ across groups.
2.2. Behavioral paradigm
Focal males (N = 32) were randomly assigned to one of three
behavior paradigms: aggression (N = 10), courtship (N = 10) or control (N = 12). Each dominant focal male was transferred directly
from a communal tank to an experimental tank, the day of transfer corresponded to Day 1 (Fig. 1). To allow measurement of egr-1
expression associated with either set of behaviors, we designed
behavioral paradigms to elicit either aggressive or courtship behaviors; an overview of the timeline for assays is shown in (Fig. 1).
Behavioral assays and paradigms were conducted across four
experimental tanks, and each tank’s behavioral paradigm was alternated every 10 days to control for tank effects. Each tank was
divided into two equally sized compartments: one for the focal
male and one for the social stimulus (for the aggression paradigm
both compartments contained a focal male). The tank divider
was made up of one transparent and one opaque plastic sheet
arranged back to back. Each compartment contained a terra cotta
pot intended for territory establishment and/or shelter. The focal
male compartment and social stimulus compartment were alternated between left and right, to control for side effects.
On days 1–2, the focal male was housed with 3 females in one
of the compartments during which time it typically established its
territory. Males were considered to have established their territory if they had dug out gravel from inside the pot and actively
chased and courted females. The adjacent compartment housed
the social stimulus: either another focal male with identical conditions (aggression group); or 4 non-gravid and 2 gravid females,
chosen based on visible abdominal extension indicative of large egg
clutch (courtship group); or no ﬁsh at all (control group). On day 3,
females were removed from the focal compartment in the morning and on day 4, focal males were tested as follows: the behavior
of the focal male(s) was recorded for 15 min before beginning the
test and ended when the male was removed for sacriﬁce. The test
began once the opaque divider was lifted and the clear divider,
which had perforated holes to allow for water exchange between

compartments, remained in place so that focal males had visual
and chemical, but no physical contact with ﬁsh in the neighboring
compartment. To measure egr-1 induction associated with behavior, after lifting the divider, ﬁsh were recorded for a 30 min period
which began as soon as a focal male performed 3 dominant behaviors per minute and ended with the sacriﬁce of the focal male. This
time was chosen based on prior experiments showing maximal egr1 mRNA expression can be detected at this time point following
behavioral events of interest [39]. The ﬁrst male was sacriﬁced at
the 30 min time point and the second focal male within 5 min thereafter. In choosing males to be paired to ﬁght against each other, we
size-matched pairs so that their SL difference was no greater than
0.3 cm and we chose males that had GSIs greater than 0.5, which is
typical of dominant males [40]. The mean SL difference between
paired males in the aggression group was 0.14 ± 0.06 cm (N = 5
pairs) and the lapse between when the ﬁrst and second focal male
each performed 3 dominant behaviors per minute did not exceed
10 s. An observer blind to experimental conditions scored videos
corresponding to the test day using a custom designed program
[41]. Behaviors scored as aggressive were border and lateral threats
[38] directed at the opponent focal male or females. A border threat
was scored as the event in which the focal male pressed its mouth,
fully open, onto or towards the transparent divider; and a lateral
threat was scored when the focal male positioned its body parallel to the transparent divider with ﬁns full extended. Typically, A.
burtoni males court females by displaying a rapid quivering motion
followed immediately by a lead swim in the direction of their territory, which in this case was a terra cotta pot [38]. Therefore, quivers
and lead swims were scored as courtship behaviors. Video recordings illustrating examples of the aggressive and courtship behaviors
scored are shown in Movie S1. In addition, gravel displacement (i.e.
gravel is picked up with the mouth and expelled elsewhere) was
counted as digging, and number of pot entries was also recorded.
2.3. Tissue collection and processing
At time of sacriﬁce, blood was drawn from the caudal vein
using a capillary tube, followed immediately by rapid cervical
decapitation. Blood was centrifuged at 6000 rcf for 10 min, plasma
supernatant collected, frozen and stored at −80 ◦ C. Brains were
removed and placed in 4% paraformaldehyde (PFA) overnight at
4 ◦ C. The next day, brains were cryoprotected with 30% sucrose
solution at 4 ◦ C for one day, then embedded (Neg50, Thermo Scientiﬁc, Waltham, MA, USA) and allowed to freeze on dry ice.
Embedded brains were stored at −80 ◦ C until sectioning. Brains
were sectioned on a cryostat (Leica Micron HM550) at a 20 m
thickness into 3 series onto charged slides (Superfrost Plus, VWR,
Radnor, PA, USA). Sections were allowed to dry at room temperature and then stored at −80 ◦ C in a sealed container.
To investigate the expression patterns of v1a1 and v1a2 in the
male brain, we sectioned as described above, and processed a total
of 8 brains for in situ RNA hybridization experiments. For each
target gene, antisense and sense probes were designed and sense
probes did not result in any signal. Males were collected and sacriﬁced immediately, none of these males were a part of the behavior
assays reported in this study. Of these 8 brains, (4 dominant males
and 4 subordinate males) social status was determined based on
behavior, body coloration and GSI as described previously in [42].
To assess the extent of areas with overlapping expression of these
receptors, a subset of these brains (N = 3, of which 2 were from
subordinate males 1 was from a dominant male) was processed
in parallel during in situ hybridization experiments such that v1a1
and v1a2 expression was examined on adjacent series from each
brain. The images we provide in Figs. 8 and 9 are representative of
both dominant and subordinate males, as the localization of expression of these receptors did not appear to differ between the two
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Fig. 1. Timeline for aggression and courtship behavior paradigms.
Illustrations for the tank conditions used for the aggression (top row) and courtship (middle row) groups are shown with corresponding days in the timeline (bottom row).
Focal compartment conditions for the control group (not shown) were identical to those of the other two groups, except the adjacent compartment was empty across all
4 days. Tanks were divided into two equally sized compartments by two acrylic dividers, one transparent (light blue) and one opaque (gray), placed ﬂush to one another. On
Day 1, dominant subject males were placed in a focal compartment that contained one terra cotta pot and 3 females. The adjacent compartment in the tank was occupied by
either another dominant male with 3 females (aggression paradigm), 6 females of which 2 were gravid (courtship paradigm), or was empty (control group). Upon transfer to
the experimental tank, each focal male was given 2 days to acclimate and establish territory (see Materials and methods for details on territory establishment criteria). On
Day 3, females were removed from focal compartments and the focal male remained in isolation for the remainder of the day. On Day 4, the test was performed: the opaque
barrier was removed while the transparent divider remained in place such that the adjacent compartment became visible to the focal male (animals could see each other
through the transparent divider, but could not interact physically) and the behavior of focal males was recorded. (*) The time for which behavior was scored began when the
focal male performed 3 dominant behaviors per minute and ended 30 min later when the focal male was sacriﬁced.

social statuses. Due to the small sample number we were unable
to perform quantitative measurements to discern whether there
were any differences in expression levels between dominant and
subordinates.
2.4. In situ RNA hybridization for egr-1
All primers are listed in Table A1 and probe preparation details
are described in Supplementary methods. Slides were retrieved
from −80 ◦ C and allowed to dry for 1 h. Sections were washed in
PBS, ﬁxed in 4% paraformaldehyde (PFA) for 15 min, rinsed in PBS
and treated with either proteinase K (10 g/ml) in buffer (50 mM
Tris- HCL pH 7.5, 5 mM EDTA) for 10 min (ﬁrst series, for colorimetric egr-1 mRNA detection) or 2× SSC for 25 min (second series, for
ﬂuorescent egr-1 mRNA and AVT peptide detection). Slides were
then rinsed with PBS, ﬁxed in 4% PFA for 15 min and incubated
in 0.25% acetic anhydride in 0.1 M trietholanolamine- hydrochloric
acid pH 8.0 for 10 min. After washing in PBS, slides were rinsed with
500 l of hybridization buffer [50% formamide, 5 × saline-sodium
citrate (SSC) buffer, 10 g/ml heparin, 0.1% Tween-20, 250 g/ml
of Baker’s yeast RNA (Sigma #R6750)] and incubated at 60 ◦ C in
a sealed chamber humidiﬁed with 50% formamide solution, with
500 l of hybridization buffer for 1 h as a pre- hybridization step,
then with 160 l hybridization buffer containing probe (1 l of
probe per 100 l of hybridization buffer) and coverslipped with
(Hybrislip, Life Technologies). On the second day, sections were
washed in a 50% formamide, 2× SSC solution for 1 h, treated
with RNase A (0.2 g/ml in 2× SSC) followed by a series of 2×
SSC washes at 37 ◦ C. Subsequent steps for color development for
egr-1 detection and AVT-immunoﬂuorescent detection followed
standard immunohistochemistry protocols and are described in
Supplementary methods.

2.5. Imaging and analysis of tissue sections
All slides were coded to conceal group identity and sections
of interest were photographed by a single experimenter. 20×
magniﬁcation images were collected under identical settings in
one session (brightﬁeld, colorimetric staining: aggression group
N = 9, courtship group N = 9, controls N = 5) and over three sessions
(confocal, ﬂuorescent: aggression group N = 8, courtship group
N = 7, controls N = 8). Brightﬁeld pictures were taken using a Zeiss
Axioskop microscope and SPOT software (Diagnostic Instruments).
Confocal images were collected using a Zeiss confocal microscope
LSM700 with ZEN software under identical settings.
For colorimetric staining, four consecutive sections containing the magnocellular region of the POA were captured from a
slide series (60 m interval between sections) for each animal. If
there was signiﬁcant tissue damage (i.e. torn or missing) a ﬁfth
section was imaged. We used the anterior commissure as a landmark to choose the most rostral section to be imaged, which was
approximately within 100 m caudal to the anterior commissure
landmark. For AVT- immunoﬂuorescent detection, photomicrographs were taken for all sections containing at least one AVT-ir
cell.

2.6. Image analysis
All quantiﬁcation procedures were performed by a single experimenter blind to the group identity of subjects. Colorimetric egr-1
signal in a standardized area of the magnocellular POA was quantiﬁed in both hemispheres. Egr-1 mRNA was quantiﬁed in each
hemisphere by superimposing a rectangle of ﬁxed dimensions
(77.7 × 222 m) in the magnocellular POA (i.e. region of interest,
ROI). The rectangle’s top border was aligned with the dorsal edge of
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Fig. 2. Behavior assay results.
Group averages for total number of (A) aggressive, (B) courtship-related and (C) neutral behaviors displayed during the 30 min test period across all test conditions. Group
labels and colors in (A) apply to (B) and (C). For cases where no behaviors were performed, a zero in parentheses “(0)” is placed in lieu of a bar. Signiﬁcant differences between
groups are indicated by Tukey corrected P-values following signiﬁcant ANOVA results and Dunn’s corrected P-values following signiﬁcant Kruskal-Wallis results, asterisks
indicate **P < 0.01, ***P < 0.001 ****P < 0.0001.

the entopeduncular nucleus (E) and either the left or right side, was
aligned with the ventricle (Fig. 4). Using ImageJ [43], a color inversion adjustment was applied to ROI images so that greater staining
intensity corresponded with higher pixel values and a mean pixel
value was calculated. This calculation was performed for the ROI, as
well as for an area devoid of staining on the same section to account
for background noise. The mean pixel value for the area devoid of
staining was subtracted from corresponding ROI mean pixel values
(left and right) from the same section. This process was repeated
on all sections of interest to then calculate a background adjusted
average mean pixel value per section for each animal.
‘Signal’ refers to the ROI’s mean pixel value after background
subtraction, averaged by number of sections. It is worth noting that
in using this method of analysis we were conﬁdent that the magnocellular region was fully included. However, because tissue was
not counterstained, the exact location of parvocellular and gigantocellular POA areas could not be made with conﬁdence. Therefore,
we chose a conservative approach and decided to reserve analysis
of gigantocellular POA only for double stained (i.e., AVT-ir and egr-1
mRNA) sections.
All sections with AVT-ir cells were used for evaluating egr-1
mRNA and AVT colocalization with the ImageJ cell counter plugin. Dapi channel images were adjusted for contrast; red and green
channel images were not enhanced in any way. A cell was considered AVT positive if the nucleus was surrounded by red signal
and could be unambiguously distinguished from neighboring cells.
AVT-ir cells were then counted as egr- 1 positive if green labeling was also seen surrounding the nucleus. For each animal, the
number of cells that were positive for egr-1 mRNA and AVT-ir was
expressed as a percentage of the total number of AVT-ir cells [% total
AVT]. To test for functional differences between magnocellular and
gigantocellular AVT populations we also performed separate calculations, expressed as a percentage of total magno- or gigantoAVT-ir cells, respectively.
Data for colorimetric egr-1 mRNA detection was collected from
ﬁve batches of in situ experiments and animals from each group
were represented in every batch. Before pooling data from batches
statistical tests were performed (see Supplemental methods) to
ensure no batch effects or batch x group interaction effects were
present. Data for ﬂuorescent egr-1 mRNA and AVT-ir detection was
collected in a single experiment.

2.7. Hormone assays
Plasma 11-KT levels were measured as described and validated
for this species in Ref. [44] using the Enzyme ImmunoAssay (EIA)

kit (Cayman Chemical, Ann Arbor, MI, USA). We followed the same
protocol except we did not perform extraction. Instead, 1 l sample
of plasma was diluted in 440 l EIA buffer. Steroid concentrations
were determined based on the standard curve (y-intercept = 0.632,
slope = −0.791, R2 = 0.984). Samples were assayed in duplicate on
a single plate and the mean coefﬁcient of variance for replicate
concentration values was 11%.
2.8. Statistical analysis
Statistical analyses were performed in GraphPad version 6.0 and
SigmaPlot. In all tests, a p-value at <0.05 was considered signiﬁcant. Tests for unequal variances between groups were performed
with an F-test and distributions were assessed with the D’AgostinoPearson normality test (omnibus K2). Comparisons among group
means were performed using one- way ANOVA tests if variance and
distribution assumptions for parametric tests were satisﬁed, otherwise we used non- parametric Kruskal-Wallis (KW) tests. We used
equation 1 from [45] to calculate effect size (2) for main effects
in ANOVAs; and for two-way ANOVA tests, 2 for the interaction
effect was calculated as the sum of squares of the interaction effect
divided by the total sums of squares. To correct for multiple group
comparisons, we used Tukey’s post hoc test following one-way
ANOVA tests, and Dunn’s post hoc test following KW tests to determine which groups differed signiﬁcantly. Adjusted p-values were
reported from these post hoc tests. In the analysis of relationships
between behaviors and circulating levels of 11-KT, Pearson correlations were performed for those with a normal distribution and
Spearman tests for data with a non-normal distribution. To account
for multiple correlation testing, we assessed whether the correlations that were signiﬁcant passed a Benjamini-Hochberg correction
with a false discovery rate set at 10%. All the signiﬁcant results we
report regarding these correlations passed this correction, and for
these results we report the original p-values.
3. Results
3.1. Behavioral analysis
The aggression and courtship behavior results conﬁrmed the
efﬁcacy of each paradigm to elicit aggressive and courting behaviors, respectively (Fig. 2). As expected, the aggression group
displayed more lateral displays (ANOVA F(2,24) = 74.68, P < 0.0001,
2 = 0.86) compared to the courtship and control groups (in both
comparisons, Tukey’s P < 0.0001), as well as more border threats
(KW P < 0.0001, H = 23.19, aggression group vs. courtship group
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Fig. 3. Correlation between behaviors that belong to the same paradigm.
The correlations between courtship behaviors quivers and lead swims (left), and between aggressive behaviors border and lateral threats (right), respectively, are shown
for the courtship and aggression groups separately. There was a signiﬁcant correlation between number of lead swims and quivers, but no relationship was found between
border and lateral threats. Correlation coefﬁcients and corresponding P-values are shown, asterisks indicate ***P < 0.001.

Dunn’s P = 0.0001, aggression group vs. control group Dunn’s
P < 0.0001). The courtship and control groups did not differ in
the number of lateral displays (Tukey’s P > 0.99) or border threats
performed (Dunn’s P > 0.99), as only one male in the courtship
paradigm performed a single border threat. With respect to
courtship behaviors, the courtship group displayed more quivers
(ANOVA F(2,24) = 18.5, P < 0.0001, 2 = 0.61) compared to the aggression and control groups (in both comparisons, Tukey’s P<0.0001), as
well as more lead swims (ANOVA F(2,24) = 15.83, P<0.0001, 2 = 0.57,
both Tukey’s P = 0.0002). The aggression and control groups did not
differ in number of quivers (Tukey’s P>0.99) or lead swims performed (Tukey’s P > 0.99), as only two males in the aggression group
were observed performing a single lead swim each.
Behaviors that we treated as being neutral (i.e. not aggression
or courtship-speciﬁc) were ‘pot entry’ and ‘digging’. In contexts
where there are mating opportunities, pot entries may be scored
as a reproduction-related behavior of high value [39] because of
the potential that they may lead to a successful spawning if preceded by a quiver and lead swim sequence – for this reason, in
Fig. 2 we chose to plot results for pot entries alongside quivers
and lead swims. In statistical analyses however, since females were
absent from aggression and control group conditions, we did not
treat pot entries as a courtship behavior. The number of digs among
groups differed (KW H = 10.55, P = 0.005) and post hoc group comparisons revealed a signiﬁcant difference between the aggression
and courtship groups (Dunn’s P = 0.004) but no difference between
the control and aggression groups (Dunn’s P = 0.632) nor between
the control and courtship groups (Dunn’s P = 0.197). The number of
pot entries also differed among groups (KW H = 16.29, P = 0.0003).
For number of pot entries, post hoc group comparisons revealed a
signiﬁcant difference between the aggression and courtship groups
(Dunn’s P = 0.0005), and between the courtship and control groups
(Dunn’s P = 0.007), but there was no difference between aggression
and control groups (Dunn’s P > 0.99).
We analyzed how courtship and aggressive behaviors correlated
with one another in their respective groups. Number of quivers and
lead swims showed a strong positive correlation (Pearson r = 0.89,
P = 0.0006, N = 10), likely due to their frequent display in a paired
sequence (Fig. 3). In contrast, no relationship was found between
number of border and lateral threats (Pearson r = 0.14, P = 0.71,
N = 10) (Fig. 3).
3.2. Standard length (SL) and gonadosomatic index (GSI)
Standard length and GSI values did not differ among groups,
therefore no corrections on the data were performed for these factors in further analyses. We also checked that there were no group

differences in SL for animals used in single (egr-1 mRNA) or double (egr-1 mRNA and AVT-ir) detection assays or GSI values (all KW
tests, P > 0.05). Lastly, SL did not correlate with any single behavior,
total number of behaviors or gene expression measurements (all
P > 0.05).
3.3. Egr-1 mRNA expression in the POA
The ﬁrst objective of this study was to assess whether contexts that induce ﬁghting and courting produced distinct egr-1
expression patterns in the POA. Based on preliminary data, we
hypothesized that egr-1 expression in the magnocellular POA
would be highest in males that had fought, compared to those that
had courted females, and that both ﬁghters and courters would
have higher expression than controls. Using a colorimetric in situ
hybridization method to visualize egr-1 mRNA, we found a signiﬁcant effect of group on egr-1 expression in the magnocellular region
of the POA (ANOVA F(2,20) = 13.27, P = 0.0002, 2 = 0.57) (Fig. 4).
Egr-1 expression in this region was highest in the ﬁghter group
compared to courters (Tukey’s P = 0.0003) and controls (Tukey’s
P = 0.004), but courter and control group expression proﬁles did
not differ (Tukey’s P = 0.95) (Fig. 4).
3.4. Egr-1 mRNA expression in AVT neurons
Because an association between features of AVT neurons (i.e.
AVT mRNA levels, cell number) and dominant social status has
been established [19], we ﬁrst tested the hypothesis that more AVT
cells were egr-1 positive in ﬁghters than in courters and controls.
There was a signiﬁcant group effect in comparisons of egr-1 colocalization in AVT cells (ANOVA F(2,20) = 6.29, P = 0.008, 2 = 0.39)
and as predicted, a greater proportion of AVT cells were egr-1
positive in ﬁghters compared to courters (Tukey’s P = 0.009) and
controls (Tukey’s P = 0.038) (Fig. 5). Interestingly, there was no signiﬁcant difference between courters and controls in proportion of
egr-1 positive AVT cells (Tukey’s P = 0.73) (Fig. 5). Second, to test
for differences in activation between subpopulations of AVT cells,
we compared magnocellular and gigantocellular AVT cells separately, across groups. For magnocellular AVT cells, we found an
effect of group on the proportion of AVT cells that were egr-1 positive (ANOVA F(2,20) = 6.28, P = 0.008, 2 = 0.38), but this was not
the case for the proportion of AVT gigantocellular cells co- localized with egr-1 (ANOVA F(2,19) = 0.879, P = 0.431, 2 = 0.08) (Fig. 5).
Overall, a greater proportion of magnocellular, but not gigantocellular, AVT cells were activated in the ﬁghting context compared to
the courting context (Fig. 5). In ﬁghters, relatively more magnocellular AVT cells were active compared to courters (Tukey’s P = 0.014)
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Fig. 4. Egr-1 mRNA expression in the POA of males in courtship, aggression and control groups.
Expression proﬁles for egr-1 mRNA show mean pixel intensity values calculated bilaterally from a standardized sized region of the POA across four sections (see Materials
and methods for details on quantiﬁcation methods). (A) Diagram of the region of interest (ROI, red rectangle) in the POA in a representative anterior coronal section (shown
as left hemisphere, with the ventricular space to the right). The inset in the left panel is shown in greater detail in the right panel. The entopeduncular nucleus (E) was used
to place the top border of the ROI. (B) Egr-1 expression in the aggression group was higher than in the courtship and control groups. Data are shown as Tukey box plots
where the line represents the median, top and bottom box limits show 75th and 25th percentiles, and error bar limits, max and min values. Asterisks indicate a signiﬁcant
difference between groups as indicated by Tukey corrected P-values following signiﬁcant ANOVA results. **P < 0.01, ***P < 0.001.

and controls (Tukey’s P = 0.02), but there was no difference between
courters and controls (Tukey’s P = 0.96). With regards to the egr-1
mRNA and AVT-ir colocalization data, we conﬁrmed there were
no differences among aggression, courtship and control groups in
the number of AVT-ir cells that were counted, these results were
as follows: comparison of total number of AVT-ir cells (i.e. magnocellular and gigantocellular combined) (KW, H = 0.78, P = 0.68),
comparison of number of magnocellular AVT-ir cells (KW, H = 0.65,
P = 0.72), comparison of gigantocellular AVT-ir cells (KW, H = 0.73,
P = 0.71).
3.5. Egr-1 mRNA and behavior
The results from correlational tests between mean colorimetric egr-1 mRNA signal (pooled data from all 3 groups, N = 23) and
speciﬁc behaviors ﬁt a model in which neural activity in the magnocellular POA positively correlated with total number of behaviors
(Pearson r = 0.641, P = 0.001) as well as with number of aggressive
behaviors (Spearman r = 0.639, P = 0.001) (Supplemental Fig. S1).
In contrast, egr-1 mRNA signal did not correlate with number of
courtship behaviors (Spearman r = −0.41, P = 0.0509) (Supplemental Fig. S1). However, because it was likely that these patterns
were driven by the near-zero counts in certain behaviors among
groups (e.g., ﬁghters did not court and vice versa). Therefore, we
repeated correlation analyses for egr-1 signal against aggressive
and courtship behaviors separately, in respective groups only (i.e.
number of courtship behaviors in the courtship group only and
aggressive behaviors in the aggression group only). This analysis
did not ﬁnd any signiﬁcant correlations between egr-1 mRNA signal
and number of aggressive behaviors (Spearman r = 0.04, P = 0.92) or
number of courtship behaviors (Pearson r = 0.36, P = 0.34) (Supplemental Fig. S1).
3.6. Correlations between 11-KT and behavior
Levels of circulating 11- KT in plasma have been shown to vary
with social status in A. burtoni [42,46,47] and also tend to vary
with behavior [48–50]. In the bluehead wrasse, injecting females
with 11-KT is sufﬁcient to induce male coloration and courtship

behaviors [51]. Therefore, we wanted to test whether circulating 11-KT levels correlated with the frequency of courtship, but
not aggressive behaviors. 11-KT levels differed across groups (KW,
H = 7.59, P = 0.023) and post hoc tests showed courters had higher
levels compared to controls (Dunn’s P = 0.018), but the differences
between ﬁghters and controls (Dunn’s P = 0.34) and ﬁghters and
courters (Dunn’s P = 0.94) were not signiﬁcant (Fig. 6). The correlation between 11-KT levels and GSI (Pearson r = −0.39) did
not reach statistical signiﬁcance (P = 0.053). In line with our predictions, 11-KT levels correlated with courtship behaviors, but
not with aggressive behaviors (Fig. 6). Speciﬁcally, the correlation between 11-KT and quivers was signiﬁcant (Pearson r = 0.78,
P = 0.008, N = 10), but between 11- KT and lead swims was not
(Pearson r = 0.54, P = 0.11, N = 10) (Fig. 6). In contrast, no signiﬁcant
relationship was found between 11-KT and any single aggressive
behavior or total aggressive behaviors (all P > 0.5).
3.7. V1a1 and v1a2 receptor distribution
Transmembrane domain prediction analyses for A. burtoni V1a1
and V1a2 protein sequences (Fig. 7) showed putative transmembrane helices 1–7 in both receptors are in overlapping regions,
as show previously in the Amargosa pupﬁsh [33]. In addition,
the residues proposed by [33] to be involved in hydrophobic
clefts, lipophilic pockets and stacking interactions were conserved
between A. burtoni and the Amargosa pupﬁsh, which lends support
to the notion that both v1a1 and v1a2 are functional.
The pattern of mRNA distribution for AVT receptors V1a1 and
V1a2 are shown in Figs. 8 and 9 and spans from the olfactory
bulb to the mesencephalon (the hindbrain was not examined).
Terminology for telencephalic nuclei follows [52] and thalamic
and hypothalamic nuclei follows [53]. For v1a1, cells with robust
expression were found at the border between the external layer of
the olfactory bulb (ECL) and the ventrolateral part of Dl (Dl-v1, lateral subdivision of the dorsal telencephalon) (Fig. 8A) subdivisions
of the central part of the telencephalon (Dc-4 and Dc-5) (Fig. 8D), Vv
(ventral part of the ventral telencephalon) (Fig. 8E), and Vd (Fig. 8F).
Other areas of the telencephalon were void of staining, including
the Dm (medial division of the dorsal telencephalon) and Dl (Fig. 8B,
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Fig. 5. Colocalization of egr- 1 mRNA in AVT cells is greater in the aggression group.
Representative photomicrographs of AVT-ir and egr-1 mRNA expression in the magnocellular POA of (A) a male that fought, (B) a male that courted females and (C) a male
that did not see any social stimulus. (A–C) Cell nuclei stained with dapi are shown in blue in the leftmost column, AVT- immunoﬂuorescence is shown in magenta in the
second column, the third column shows egr-1 mRNA in green, and the fourth column in merged images arrows point to cells positive for colocalization of AVT-ir and egr-1
mRNA and arrowheads point to AVT cells that were void of egr-1 mRNA induction. (D) Percent of AVT-ir cells throughout the POA in aggression, courtship and control groups
that showed colocalization with egr-1 mRNA. Data from total colocalization is shown separately for magnocellular and gigantocellular cells in middle and right graphs,
respectively. The aggression group had the highest percent of AVT and egr-1 mRNA colocalization overall as well as for magnocellular cells, but not gigantocellular cells
alone. Asterisks indicate a signiﬁcant difference between groups as indicated by Tukey corrected P-values following signiﬁcant ANOVA results. *P < 0.05, **P < 0.01. Scale
bars = 25 m.

C). Interestingly in the preoptic area, only a few cells showed robust
staining for v1a1 mRNA at the level of magnocellular POA (Fig. 10).
In contrast, in the magnocellular POA area, v1a2 mRNA appeared
also in a few cells but staining was much weaker. This is shown in
adjacent sections that were stained in parallel, one for v1a1 and the
other for v1a2 (Fig. 10).
In the thalamus, v1a1 showed a distinct bilateral band of cells
extending horizontally from the midline (Fig. 8G). Based on this pat-

tern of staining, these cells probably belong to the central nucleus
of the posterior thalamus (CP) or ventral thalamus (VM), but they
may also be a part of the periventricular part of the posterior tuberculum (TPp). V1a1 also showed robust staining in scattered cells in
the torus semicircularis nucleus (TS) (Fig. 8J). Both v1a1 and v1a2
showed robust expression in cells in the lateral tuberal nucleus of
the hypothalamus, including dorsal, ventral and medial subdivisions (NLTd, NLTv, NLTm) (Figs. 8H, I and 9F, G). In contrast, weak
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4. Discussion

Fig. 6. Circulating 11- ketotestosterone levels across groups and correlations with
aggressive and courtship behaviors.
Levels of 11-KT in circulating plasma of males in aggression, courtship and control
groups are shown in the top bar graph. (A) Correlations between circulating 11-KT
levels are shown with pooled data from all three groups and (B) within courters only
(top and middle graphs) and ﬁghters only (bottom graph) where all zero values were
removed (see Materials and methods). After this correction, only the correlation
between 11-KT and quivers retained signiﬁcance. In both (A, B) quivers, lead swims,
and border and lateral threats are shown in the top, middle and bottom graphs,
respectively. Behaviors are shown as the total frequency of events performed in the
30 min assay, each point represents an individual. In the bar graph, data are shown
as group means ± s.e.m. Asterisks indicate a signiﬁcant difference between groups
as indicated by Dunn corrected P-values following signiﬁcant Kruskal-Wallis results.
Correlation coefﬁcients and corresponding p-values are shown. *P < 0.05, **P < 0.01.

staining was present in a few scattered cells near the midline in the
anterior tuberal nucleus (ATn) for both genes (Figs. 8H, I and 9F, G).
V1a2 was expressed in the ventral part of the ventral telencephalon (Vv), and rostral and caudal parts of the dorsal nucleus
of the ventral telencephalon (Vd-r, Vd-c) (Fig. 9B, C). In the Vv, few
scattered cells were labeled in the most rostral sections. In the Vd,
intense staining was seen throughout the nucleus and borders of
expression with neighboring brain nuclei were very well-deﬁned.
In the Vd, rostral areas had fewer labeled cells than in caudal areas,
thus moving from rostral to caudal, the density of staining increased
gradually.

By comparing patterns of immediate early gene expression in
the brain associated with contexts that induced ﬁghting and courting, we identiﬁed the POA as an area that shows higher egr-1
expression after a ﬁght, but not after a bout of courting. We investigated the activation proﬁles of AVT cells and found that a greater
proportion of AVT cells showed colocalization with egr- 1 mRNA in
animals that had engaged in agonistic behaviors compared to those
that had engaged in courtship behaviors. Furthermore among these
AVT cells, magnocellular, but not gigantocellular cells, showed an
IEG response that was selective to the context of ﬁghting, but not
courting. In both the aggression and courtship groups we observed
an increase in circulating levels of 11-KT compared to controls,
but only courtship behaviors were positively correlated with 11KT levels. To identify candidate target areas for AVT sensitivity
in the brain, we mapped the distribution of genes v1a1 and v1a2,
which encode two AVT receptors of the V1a-subtype. We present
the novel ﬁnding that areas of highest expression of v1a2 are mainly
restricted to the dorsal nucleus of the ventral telencephalon (Vd),
subnuclei of the lateral tuberal nucleus and thalamus. We show
that both the V1a2 receptor sequence and a predicted V1a1 receptor sequence contain conserved amino acids considered essential
for folding structure and ligand binding, which supports the notion
that receptors encoded by both of these genes have the potential
to retain a functional role in AVT signaling.
While many studies have found correlations between speciﬁc
behavioral phenotypes and characteristics of AVT cells (e.g. number, size, AVT mRNA levels), this is the ﬁrst study to examine
whether and how patterns of IEG expression in subpopulations AVT
neurons correlate with displays of aggression and courtship in a
teleost ﬁsh. This approach has been widely used in studies with
birds and mammals, and has proved quite useful for characterizing
the IEG responses of hypothalamic AVP cells in aggressive encounters [54,55] and medial bed nucleus of the stria terminalis (BSTm)
AVP cells with afﬁliative behaviors (e.g. Ref. [56] and sex-related
behaviors (e.g. Ref. [57]). The peptide circuitry of the BSTm-LS
(lateral septum) that is shared among mammals and birds, however, does not have a simple correspondence in homologous brain
structures in teleosts, which makes it difﬁcult to draw direct comparisons.
For species where subordinate and dominant social status is
correlated with some morphological characteristic of parvocellular, magnocellular and gigantocellular AVT cells, a handful of
models have been proposed that attempt to explain how these
subpopulations might regulate behavior (e.g. Refs. [19,22,58,59]).
Greenwood et al. [19] proposed, speciﬁcally based on data from A.
burtoni, that parvocellular cells would have control of subordinate
behaviors, perhaps by association with a circuit for retreat and afﬁliative behaviors. Greenwood et al. [19] drew this conclusion from
the following premises: AVT is closely linked to activation of the
hypothalamic- pituitary-adrenal (HPA) axis and AVT mRNA in parvocellular cells is higher in subordinates compared to dominants;
AVT mRNA expression in the pPOA is (positively) correlated with
ﬂeeing frequency. Conversely, given dominants have higher levels
of AVT mRNA in gigantocellular cells compared to subordinates and
AVT expression in these cells correlated with gonad size, the model
predicted gigantocellular cells would promote territorial aggression and courtship behaviors. Notably, magnocellular cells were
not included in the model by Greenwood et al. [19] based on the
ﬁnding that there was no difference in AVT expression in this subpopulation between subordinate and dominant males. However,
our results show that activation of magnocellular cells characterizes males that fought but not males that courted, and this is a
substantial clariﬁcation of the earlier model by Greenwood et al.
[19] and appear to be more consistent with a model in which mag-
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Fig. 7. Alignment of amino acid sequences V1a AVT receptors V1a1 and V1a2.
Alignment of protein sequences corresponding to the A. burtoni AVT receptors V1a1 and V1a2. The amino acid sequence for V1a1 was obtained by translating the predicted
mRNA sequence (currently retrievable as Genbank XP 005921101.1) and V1a2 was already publicly available (Genbank AF517936). Putative transmembrane helices (TMI-VII)
were predicted for each protein using TMpred [available at http://www.ch.embnet.org/] and are shown as shaded regions. Arrows indicate amino acids that are important in
forming the hydrophobic cleft in the receptor (black), lipophilic pocket (white), stacking interactions (gray) and share conservation with the vasotocin and isotocin receptors
of the Amargosa pupﬁsh, based on [33].

nocellular vasotocin cells are associated with aggressive behavior,
as proposed by Larson et al. [22].
Our results on the activation of magnocellular AVT cells during ﬁghting are consistent with previous work on three-spined
stickleback (Gasterosteus aculeatus) that showed AVT mRNA levels
during the breeding cycle synchronized with changes in aggression [60] and with ﬁndings from zebraﬁsh (Danio rerio) that shows
dominant males show vasotocin immunoreactivity only in magnocellular POA cells and not in parvocellular POA cells [22]. More
recent work on the pupﬁsh Cyprinodon nevadensis amargosae has
further explored how mRNA levels of pro-vasotocin (pro- VT), v1a1
and v1a2 in the telencephalon and hypothalamus vary with sex,
body size and aggression levels [36]. Lema et al. [36] found that proVT transcript levels in both subordinate and dominate males were
correlated with levels of aggression. With regards to V1a receptor
subtypes, quantitative PCR assays showed that telencephalic v1a1
levels were higher in subordinates compared to dominants, and
that levels of v1a2 in the telencephalon of dominant males correlated with aggression. These results suggest then, that v1a1 in the
telencephalon could be involved in mediating aggression inhibition, whereas v1a2 could have a promoting effect on aggression.
In light of our ﬁnding that the Vd nucleus was the site of highest
density of expression of both of these receptors, and both Vv and Vs
also showed positive staining in scattered cells, we believe the ventral telencephalon is the main site where AVT signaling is mediated
in the telencephalon. A similar conclusion was drawn in a study by
Dewan et al. [17], where the brains of seven butterﬂyﬁsh species

and found that the density of AVT-ir varicosities in the Vv was a
major predictor of aggressive behavior across species.
In teleosts, very little is known about the expression patterns of v1a1 in adults, despite accounts of its presence in a
number of species, including zebraﬁsh (Danio rerio) [61], fugu
(Takifugu rubripes) [33], pupﬁsh (Cyprinodon nevadensis) [33,36],
bluehead wrasse (Thalassoma bifasciatum) [35], and the rock hind
(Epinephelus adscensionis) [37]. One study details the distribution
of these receptors in the developing zebraﬁsh embryo [61]. Two
clusters of cells appear in the forebrain and hindbrain expressing
v1a1 and v1a2 by 24 h post fertilization (hpf). At 72 hpf, v1a1 was
expressed in dorsal and ventral areas immediately posterior to the
POA, which in an adult brain, would correspond to all NLT subnuclei, regions which were all positive in A. burtoni for both v1a1 and
v1a2. Although sites of v1a1 and v1a2 expression change during the
course of brain development and may continue to vary as the animal grows into the juvenile and adult stages, it is interesting that
at the ﬁnal embryonic stages, these receptors were expressed in
overlapping areas of the brain, but were not co-expressed by any
cell-type. Further studies shall examine whether this is also the
case in adult brains.
The most intense and dense signal for v1a1 and v1a2 in the
telencephalon was found in the Vd-c, and this is consistent with
AVT mapping studies in other species that have reported anterior
projections to the ventral telencephalon [6,7,5,8], as well as with
v1a2 mapping by in situ hybridization in the bluehead wrasse, Thalassoma bifasciatum [35]. At present, there is no consensus as to
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Fig. 8. V1a1 mRNA distribution.
Representative photomicrographs of v1a1 mRNA distribution are shown for (A) a region between the olfactory bulb (OB) and dorsal telencephalon, the OB did not show
any v1a1 expression but labeled cells were visible at the border with the dorsal telencephalon. V1a1 expression was not observed in the (B) medial part of the dorsal
telencephalon (Dm) or (C) lateral part of the dorsal telencephalon (Dl). V1a1 was expressed in (D) subdivisions 4 and 5 of the central division of the dorsal telencephalon (Dc-4,
Dc-5); (E) scattered cells within the ventral nucleus of the ventral telencephalon (Vv) and rostral part of the dorsal nucleus of the ventral telencephalon (Vd-r); (F) caudal part of
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Fig. 9. V1a2 mRNA distribution.
Representative photomicrographs of v1a2 mRNA distribution are shown for (A) olfactory bulb, OB; (B-D) ventral telencephalon nuclei Vv, Vd-r and Vd-c; (E) preoptic area,
POA; (F) rostral section containing the ventral part of NLT, NTLv; (G) caudal section containing dorsal and ventral parts of NLT, and the anterior tuberal nucleus (ATn). Low
magniﬁcation images show full antisense treated sections, with boxed region shown at higher magniﬁcation in the second column. The third column shows adjacent sections
that were treated with the sense probe. The fourth column shows an outline of brain nuclei based on higher magniﬁcation images. The OB did not show any v1a2 signal as
seen by the nearly identical antisense and sense images. The POA had very few faintly labeled cells compared to the sense. Vv and Vd-r had few scattered v1a2 positive cells
and the Vd-c was the most densely labeled area. The NLTv in both rostral and caudal section had well-deﬁned staining. The ATn showed very few cells with faint labeling,
but this did not extend throughout the full rostro-caudal extension of the ATn. OB internal cell layer (ICL); external cell layer (ECL). Scale bars in low magniﬁcation images
are 500 m and in high magniﬁcation images are 100 m.

Vd (Vd-c); (G) a region spanning the central nucleus of the posterior thalamus (CP) and ventromedial nucleus of the thalamus (VM); (H, I) restricted staining within dorsal,
medial and ventral parts of the lateral tuberal nucleus (NLT) and very few lightly stained cells in the anterior tuberal nucleus (ATn); and (J) in cells in the torus semicircularis
(TS). The NLTv and NLTd in both rostral and caudal sections had well-deﬁned staining. The ATn showed very few cells with faint labeling that did not extend throughout the
full rostro-caudal extension of the ATn. Brain inset shows the approximate location of each section. Scale bars are 100 m.
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Fig. 10. V1a1 and v1a2 mRNA expression in the preoptic area (POA).
Photomicrographs of adjacent POA sections from the same male brain show in situ hybridization results for v1a1 and v1a2 mRNA expression. Both v1a1 and v1a2 were
expressed in scattered cells in the POA. V1a1 staining appeared more intense than that of v1a2. ON = Optic nerve. Scale bars are 100 m.

what mammalian brain nucleus the Vd may be homologous to.
One proposal was that it is homologous to the mammalian nucleus
accumbens [62], however, that proposal has been disputed [63].
Interestingly, lesion-based studies show that lesions to the Vv, lateral nucleus of the ventral telencephalon (Vl) and postcommissural
nucleus of the ventral telencephalon (Vp) cause a disruption in
courtship behaviors in the goldﬁsh [64]; but unfortunately, the
Vd was not tested. Of note, based on the illustrations of lesioned
regions shown in [64], it is possible that some of their Vl lesions may
have included some portion of Vd. In A. burtoni, v1a1 and v1a2 did
show expression in few scattered cells in the Vv and Vs. Altogether,
expression of V1a-subtype receptors in the ventral telencephalon
may regulate some aspect(s) of sexual behaviors, such as arousal
[65].
In the hypothalamus, both v1a1 and v1a2 showed expression
throughout the entire NLTd and NLTv. V1a1 and v1a2 showed faint,
diffuse staining in a few cells in the ATn, a putative partial homolog
to the mammalian ventromedial hypothalamus. These ﬁndings for
expression in hypothalamic nuclei are in agreement with a previous report for v1a2 mRNA expression in A. burtoni [34] except that
in our hands, staining in the ATn was not as widespread throughout
the nucleus. Similarly, other nuclei such as medial and lateral parts
of the dorsal telencephalon (Dl, Dm) and the olfactory bulb (OB)
were devoid of staining for v1a2 in our hands, but were reported
as areas with positive expression in [34]. While the reasons for
these discrepancies are unclear to us, differences between protocols and presentation of the data (e.g., schematic drawings for
certain regions rather than photographs of the histological sections) may provide a partial explanation as to why, for some nuclei
such as the Vd, we are unable to make direct comparisons of photomicrographs between these studies. Altogether, we hope these
results will incentivize future undertakings to map these receptors in other teleost species to gain a more comprehensive base of
knowledge of their distribution and variation across species.
AVT ﬁbers have been located in the ventral thalamus [7] which
is consistent with the v1a1 staining pattern at the level of the thalamus/hypothalamus boundary. In a previous study with Tilapia
heudelotti macrocephala, stimulation near this boundary elicited
feeding and aggressive behaviors [66]. Staining in this area was

only present for v1a1 but not v1a2, suggesting the possibility that
v1a1 expressed in this area is involved in regulating aggression.
Differences in the projection areas of AVT subpopulations to nonpituitary and extra-hypothalamic brain areas may also play a role
in their differential activation in a context that elicits aggression.
Release patterns to the pituitary and target areas in the brain of a
given AVT cell can occur in synchrony or be de-coupled [67]. We
show that v1a1 and v1a2 overlap in the brain regions where they are
expressed. Whether these receptors are co-expressed in the same
cells or not, however, remains to be discovered.
Lastly, AVP cells in the supraoptic and paraventricular nuclei of
mammals have been studied extensively to understand how their
ﬁring patterns coordinate AVP release in the pituitary in response
to osmotic and vascular challenges [68] . By a similar mechanism,
magnocellular AVT cells in A. burtoni may mount a response in
aggression- eliciting contexts that culminates in a coordinated phasic ﬁring pattern shared by AVT cells that are close to one another.
Studies in rats show that during an acute hyperosmotic challenge
AVP cells respond by modifying their current ﬁring pattern into a
strictly phasic pattern and cells that were already in phasic ﬁring at
the time of the challenge, intensify their patterns by increasing the
length of activity bursts and decreasing the time spent in periods of
silence [69]. This coordinated acquisition and reinforcement of phasic ﬁring then produces an increase in AVP release to promote an
antidiuretic effect. Conversely, under conditions of hypo- osmosis,
AVP cells become silent and AVP release decreases. Gouzènes et al.
[68] showed that local AVP application onto AVP cells produces, on
the one hand, an excitatory response that leads to phasic ﬁring in
cells that were quiescent or had low activity. On the other hand, for
cells that were in quasi-phasic ﬁring pattern prior to the application
of AVP, the main effect is inhibitory and following this inhibition,
these cells acquire a phasic pattern. These reported effects of AVP
local release onto AVP cells, in the context of our ﬁndings, suggest
the possibility that in males that fought, magnocellular AVT cells
may show coordinated phasic ﬁring pattern. If this were the case,
then the spatial closeness of magnocellular cells would be a feature that allows them to also be functionally linked and initiate,
likely through AVT release at terminals outside of the POA, a spe-
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ciﬁc behavioral effect that is appropriate for the context, which in
this case, is one of aggression.
5. Conclusion
These ﬁndings advance our understanding of the AVT system
and its association with social status and behavior in signiﬁcant
ways. First, in all other major animals groups, but not teleosts, IEGs
have been used to visualize neural activity of hypothalamic AVP
cells in different social contexts and during the display of different behaviors. Here, we present the ﬁrst account of this type of
approach for an African cichlid and additionally, provide evidence
suggesting a unique role of AVT cells in an aggression-eliciting
context, but not in a courtship-eliciting context. Identifying dissociations of this type are challenging (e.g. see Ref. [70]) and indeed
further studies are needed to test whether activation of magnocellular AVT cells is required for the display of aggression or whether
their activation alone is sufﬁcient to initiate a bout of aggression.
Furthermore, to identify whether social context alone (i.e. the presence of an opponent male), and not the behavior per se, or the
novelty of the stimulus relative to the animals’ housing conditions
days prior to the test, is sufﬁcient to produce the proﬁle of AVT cell
activation described here, remains to be tested. In addition, since
in other teleost species the administration of AVT by injection has
been shown to increase courtship behavior [11] , future investigations on IEG expression in AVT cells in relation to courtship in
other species will clarify whether the results we describe are shared
across teleosts, or perhaps, are restricted to species that possess a
social dominance hierarchy similar to that of A. burtoni.
Table A1
Accession numbers and primers used for in situ hybridization probes.
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These results update the model by Greenwood et al. [19] substantially: the inclusion of AVT magnocellular cells as a putative
candidate region that is part of a neural circuit that is activated in
aggression-eliciting contexts, and the rejection of the hypothesis
that gigantocellular cells show increased egr-1 expression in ﬁghting and/or courting mark the most salient modiﬁcations. Notably,
these results bring back into the spotlight the importance of magnocellular AVT cells in social behavior in A. burtoni. Lastly, the
distribution of v1a1 and v1a2 receptors described here expands on
previous reports and narrows the selection of brain regions that
may be directly involved in AVT signaling and in mediating its
behavioral effects.
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Appendix A.

Gene

Accession no.

Size (bp)

Probe

Forward 5 - 3

Reverse 5 - 3

v1a1a

XM005921039

590

sense

CGGCTCAGCATCCCGCTT

v1a2a

AF517936.1

360

antisense
sense

egr−1b

AY493348

1440

antisense
sense and antisense

gaaat
TAATACGACTCACTATAGGG
GAGCCCGGCGGAAACC
ACCGAGCCCGGCGGAAACC
gaaat
TAATACGACTCACTATAGGG AACACCGACTTCAAGA
AAGTCTTGCTAGGGCGCAC
AATTGGATCCACACAGGTCAGAAACCCTTC

gaaat TAATACGACTCACTATAGGG TCAGCATCCCGCTT
TACAAGCCACTAAAATGTGG
gaaat TAATACGACTCACTATAGGG CCACTAAAATGTGG
AATTGAATTCTCAACCCTTAAGGCGAGATG

a
Primer designs that included the T7 RNA polymerase binding sequence (underlined) contained a ‘gaaat’ ﬁller sequence. For antisense probes, the reverse primer contained
the T7 binding sequence; for sense probes, the forward primer contained the T7 binding sequence. Bases that were complementary to the target gene are in italics.
b
PCR products ampliﬁed with these primers were cloned into a PCR-II vector (Invitrogen) and linearized plasmid was used as template for synthesizing dig-labeled probes.
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Appendix B. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbr.2016.09.008.
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