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a b s t r a c t
The enzyme aromatase, responsible for the conversion of C19 androgens to C18 estrogens, exists as two
paralogue copies in teleost ﬁsh: Cyp19a1a mostly expressed in the gonads, referred as gonadal aromatase, and
Cyp19a1b, mostly expressed in the brain, accordingly known as brain aromatase. The neural localization of
Cyp19a1b is greatly contained within the social behavior network and mesolimbic reward system in ﬁsh, suggesting a strong role of estrogen synthesis in the regulation of social behavior. In this work we aimed to analyze
the variation in cyp19a1b expression in brain and pituitary of males of a highly social cichlid, Cichlasoma dimerus
(locally known as chanchita), and its relation with inter-individual variability in agonistic behavior in a communal social environment. We ﬁrst characterized chanchita's cyp19a1b mRNA and deduced amino acid sequence,
which showed a high degree of conservation when compared to other teleost brain aromatase sequences, and
its tissue expression patterns. Within the brain, Cyp19a1b was solely detected at putative radial glial cells of
the forebrain, close to the brain ventricles. We then studied the relative expression levels of cyp19a1b by Real
Time PCR in the brain and pituitary of males of different social status, territorial vs. non-territorial, and its relationship with an index of agonistic behavior. We found that even though, brain aromatase expression did not differ between types of males, pituitary cyp19a1b expression levels positively correlated with the index of agonistic
behavior. This suggests a novel role of the pituitary in the regulation of social behavior by local estrogen synthesis.
© 2017 Elsevier Inc. All rights reserved.

1. Introduction
Teleost ﬁsh are the most diverse of extant vertebrate groups, with
N31,000 species described (Froese and Pauly, 2015). This vast diversity is thought to have been facilitated by a third round of whole genome duplication that occurred in the stem lineage of teleosts
(Amores et al., 1998; Santini et al., 2009). As a consequence, for
many gene families, two paralogous copies are found in teleosts but
only one ortholog is present in remaining vertebrates (Good-Avila
et al., 2009; Rohmann et al., 2009; Wittbrodt et al., 1998). This is
the case for cytochrome P450 aromatase (CYP19), the key enzyme
in the conversion of C19 androgens to C18 estrogens (Callard et al.,
1978). While a single gene is present in non-teleost vertebrates,
where a multiple-promoter region regulates tissue-speciﬁc expression (Conley and Hinshelwood, 2001), two distinct copies are present
in teleosts: cyp19a1a mostly expressed in the gonads, and thus
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referred as gonadal aromatase, and cyp19a1b, mostly expressed in
the brain, and accordingly known as brain aromatase (Chang et al.,
2005; Zhang et al., 2008). Notable exceptions are Suiformes (pigs
and peccaries) with two or three functional paralogues (Choi et al.,
1997; Corbin et al., 2009), and Elapomorpha (eels) where only one
copy of cyp19 aromatase has been identiﬁed (Jeng et al., 2012).
Within the brain, cyp19a1b is exclusively expressed in radial glial
cells, speciﬁcally in periventricular regions of the telencephalon and
ventral diencephalon, with the highest expression levels found at the
preoptic area and the hypothalamus (Forlano et al., 2001; Menuet et
al., 2003; Strobl-Mazzulla et al., 2005; Tong et al., 2009). Brain aromatase is also expressed in the pituitary gland of different ﬁsh species
(Menuet et al., 2003; Strobl-Mazzulla et al., 2005). In females of the
rice ﬁeld eel, Monopterus albus, the expression of brain aromatase within the pituitary co-localized with luteinizing hormone (LH), though the
co-expression depended on reproductive stage (Zhang et al., 2014). The
neural localization pattern of Cyp19a1b is greatly contained within the
social behavior network and mesolimbic reward system in ﬁsh
(O'Connell and Hofmann, 2011), two interconnected neural circuits involved in the regulation of reproductive, aggressive and parental care
behavior and evaluation of stimulus salience (Albers, 2012; Berridge
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and Robinson, 1998; Deco and Rolls, 2005; Goodson, 2005). In fact, aromatase inhibition led to a reduced reproductive repertoire in male
guppies (Hallgren et al., 2006), and lessened the number of attacks by
dominant males of tilapia, Astatotilapia burtoni, towards other ﬁsh
(Huffman et al., 2013). Conversely, the social environment affects
brain aromatase expression and/or activity. For instance, stable dominant males of A. burtoni showed higher cyp19a1b expression within speciﬁc regions of the ventral telencephalon, ventral hypothalamus
(Maruska et al., 2013) and preoptic area (Huffman et al., 2013), compared to subordinate males, while in hermaphrodite females of the
bluehead goby Lythrypnus dalli transitioning to males, a rapid increase
in aggressive behavior was thought to cause reduced brain aromatase
activity (Black et al., 2011).
Over the past few years a wealth of data have provided solid evidence on the involvement of brain aromatase on the regulation of social
behavior (or vice versa), particularly on its relationship with aggression
(Black et al., 2011; Filby et al., 2010; Gonçalves et al., 2007; Hallgren et
al., 2006; Huffman et al., 2013; Iwata et al., 2012; Maruska et al.,
2013). However, the analysis of inter-individual variability in aggressive
behavior and cyp19a1b expression/activity was frequently neglected, as
only social rank was examined (i.e. dominant vs. subordinate). Furthermore, usually only the frequency of aggressive behaviors (i.e. attacks)
was recorded, ignoring the performance of submissive actions by the
studied animals. Since aggression and submissiveness involve distinct
regulatory brain areas (Greenwood et al., 2008; Terburg and van
Honk, 2013), the relationship between brain aromatase and such behaviors might also be distinct and calls for the analysis of both types
of behaviors.
Cichlasoma dimerus (Heckel, 1840), locally known as chanchita, is a
Neotropical cichlid with a hierarchical social system established and
sustained through agonistic interactions (see Pandolﬁ et al., 2009 and
Ramallo et al., 2014 for review). These highly social ﬁsh are found in
one of two basic and interchangeable social phenotypes that are linked
to social and reproductive status. Non-territorial (NT) chanchitas have
dark background body coloration and are socially denied immediate access to reproduction by the brightly colored, aggressive territorial (T)
conspeciﬁcs. In this work we aimed to analyze the variation of brain
and pituitary cyp19a1b expression in chanchita T and lowest ranked
NT males in socially stable community aquaria, and its relationship
with inter-individual variability in agonistic behavior (aggression and
submissiveness).
We ﬁrst characterized chanchita speciﬁc cyp19a1b mRNA, analyzed
its organ expression distribution, immunolocalized Cyp19a1b within
chanchita's brain and concluded by studying brain and pituitary
cyp19a1b relative expression levels by Real Time PCR (qPCR) of T and
NT chanchitas and the relationship with an index of agonistic behavior.
2. Materials and methods
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Buenos Aires) and national (Comité Nacional de Ética en la Ciencia y la
Tecnología, MINCyT, Argentina) regulations. All procedures were in
compliance with the Guide for Care and Use of Laboratory Animals
(National Research Council, 2011).

2.2. Tissue preparation, RNA extraction and cDNA synthesis
We randomly selected a total of four males and four females
from community tanks, anesthetized them by immersion in a
0.1% benzocaine solution until opercula movement ceased, and recorded their weight and total and standard length. We next euthanized the ﬁsh by decapitation and proceeded with the dissection of
the brain and pituitary. We carefully dissected the brain so that we
preserved the olfactory bulbs, telencephalon and diencephalon for
analysis, and discarded the midbrain and hindbrain. From two randomly selected males we also dissected the heart, liver, spleen, gonads, gills, intestine, muscle (from the dorsal trunk), trunk kidney
and head kidney, for the analysis of cyp19a1b organ expression distribution (see below for details). We rapidly placed each piece into
200 μL of cold RNAzol® RT (MRC), and proceeded with its homogenization (Bio-Gen Pro200 tissue homogenizer). We processed
whole organ in the case of the pituitary, heart, spleen, and testis
(either right or left, randomly selected), while only a small section
of the other organs were homogenized. Samples were stored at
− 20 °C until RNA extraction following the manufacturer's instructions. Once the samples were treated with DNase I (Sigma) at 37 °C
for 30 min, we started with the synthesis of the ﬁrst-strand cDNA
from 2 μg RNA of each sample using M-MLV(Invitrogen), according
to manufacturer's protocol for poly(dT)oligos.
To obtain the full-length sequence of cyp19a1b we employed a series
of primer pairs designed from conserved cyp19a1b regions as observed
from the alignment of other cichlids' sequences: Neolamprologus
brichardi (XM_006789168), Oreochromis mossambicus (AF135850) and
Oreocrhomis niloticus (NM_001279590). Afterwards, we used a combination of speciﬁc and unspeciﬁc primer pairs, as indicated in Table 1.
Each cDNA sample was used as PCR template with two primer pairs at
most, so that all 8 individuals were represented in the ﬁnal cyp19a1b
mRNA sequence. For ampliﬁcation of 5′ and 3′ cDNA ends we performed
an RNA ligase-mediated rapid ampliﬁcation of 5′ and 3′ cDNA ends
(RLM-RACE) with the GeneRacer Kit (Invitrogen), using 2 μg total RNA
from one of the forebrains samples, and SuperScript III RT (Invitrogen).
PCR products were resolved by electrophoresis in a 1% agarose gel, from
which we then puriﬁed the bands of the expected size using the
Accuprep gel puriﬁcation kit (Bioneer). Samples were later sequenced
(Servicio de Secuenciación y Genotipiﬁcado, EGE, FCEN-UBA, Argentina)
and its identity conﬁrmed using BLASTN (http://blast.ncbi.nlm.nih.gov/
Blast.cgi/).

2.1. Animals
We obtained male and female adult specimens of chanchita
from wild populations in Esteros del Riachuelo (27°35′S; 58°45′
W; Corrientes, Argentina), using ﬁshing nets. Fish were then transferred to the laboratory in Buenos Aires, Argentina, and housed in
community tanks (150 L, 8–10 ﬁsh per tank) with artiﬁcial aquarium plants and stones, under conditions mimicking their natural reproductive habitat: 25 ± 2 °C and 14:10 light:dark cycle with full
spectrum illumination (Almirón et al., 2008). Every morning we
fed ﬁsh with ﬁsh food sticks (Koi Vibrance Color Enhancer Fish
Food - Tetra Brand). A total of 41 males and 4 females were utilized
in this work.
Experiments were conducted in accordance with international standards on animal welfare, as well as being compliant with institutional
(Comisión Institucional para el Cuidado y Uso de Animales de
Laboratorio, Facultad de Ciencias Exactas y Naturales, Universidad de

Table 1
Primer pairs for cyp19a1b cDNA ampliﬁcation.
Name

Sequence (5′ → 3′)

GeneRacer™ 5′ nested
ChanchabaR 5′
ChanchabaFA
ChanchabaRA
ChanchabaFB
ChanchabaRB
ChanchabaFC
ChanchabaRC
ChanchabaF 3′
GeneRacer™ 3′ nested
qPCR-FORWARD
qPCR-REVERSE

GGACACTGACATGGACTGAAGGAGTA
AGAACTGTTTGCCAGGTC
TCTAAAGCTCTGACTGGAC
CCTGTGCTGCTCTCTTATG
AGCCTGCAGGATATGACTGAC
CCAGTCGTTACTTCCAGC
CTTCATGCYGATGCTGCTG
TGCCCACACAGGAACGAG
GGC ACC AAC ATC ATT CTC
CGCTACGTAACGGCATGACAGTG
AGAAGCATAAGAGAGCAGCC
CTCCATGATTCTGAGCGAAG

Primer pair coverage
b0–757
517–820
592–1357
1020–1390
1243–N1842
796–940
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2.3. Cyp19a1b sequence analyzes
We used the Protein Homology/analogy Recognition Engine V 2.0 by
Kelley et al. (2015) (Phyre2, http://www.sbg.bio.ic.ac.uk/phyre/) to predict chanchitas' Cyp19a1b tertiary structure.
In order to perform a phylogenetical analysis, various teleost cyp19
sequences were obtained from the National Center for Biotechnology
Information (NCBI) protein database (http://www.ncbi.nlm.nih.gov/
protein/) through a BLASTP search using chanchita's Cyp19a1b
(KX260157) as query. We then performed a multiple alignment of
all sequences using ClustalW2 (http://www.ebi.ac.uk/Tools/msa/
clustalw2/) and created a phylogenetic tree by means of the maximum
likelihood method based on the Jones-Taylor-Thornton model (Jones et
al., 1992) using Mega 5.05 software (Tamura et al., 2011). We selected
Dasyatiss abina (stingray) aromatase as an out-group to root the tree.
2.4. cyp19a1b tissue distribution
In order to analyze the distribution pattern of chanchita's brain aromatase expression and estimate its relative abundance, we performed a
qPCR using speciﬁc primers (qPCR-FORWARD and qPCR-REVERSE in
Table 1; PCR product size: 144 bp), and the ﬁrst-strand cDNA from the
different organs aforementioned as template. The ﬁnal reaction mix
consisted of 5 μL FastStar Universal SyBR green Master (Roche), 1.5 μL
forward/reverse primer mix (1 μM), 2.5 μL cDNA template and 1 μL of
water (total reaction volume: 10 μL). We performed the qPCR on a
StepOnePlus™ Real-Time PCR System (ThermoFisher Scientiﬁc), and
the reaction progress was monitored by ﬂuorescence detection during
each annealing step on duplicated samples. The thermal cycling program was: 95 °C for 10 min, 40 cycles of 95 °C for 30 s, 60 °C for 15 s
and 72 °C for 20 s, followed by a melting curve to detect possible nonspeciﬁc products (temperature range: 95–60 °C, decrease by 0.5 °C
each cycle).
LinReg PCR software was used to calculate individual reaction efﬁciencies and the starting amount per sample (N0) in arbitrary ﬂuorescence units (Ramakers et al., 2003; Ruijter et al., 2009). We then
averaged the N0 of duplicate samples and normalized it to the averaged
N0 of a housekeeping gene (acidic ribosomal phosphoprotein P0 - ARP)
from the same samples. We chose ARP as a reference gene, since it was
successfully used to study the tissue expression of other genes in
chanchita (Delgadin et al., 2015; Sirkin et al., 2013).
2.5. Immunohistochemical study
To describe the distribution of brain aromatase producing cells within chanchita's brain, we randomly selected a different set of three males,
anesthetized and euthanized them by decapitation. We carefully removed their brains – with the pituitary gland attached- and then ﬁxed
them in Bouin's solution for 18 h at room temperature. Samples were
dehydrated and embedded in Paraplast (Fisherbrand, Fisher, USA). Afterwards, we completely sectioned the brains at 12 μm in the transverse
plane and mounted them on gelatin coated slides. We proceeded with
the deparafﬁnization of the samples in xylene, followed by rehydration
through a graded ethanol series to phosphate buffered saline (PBS,
pH 7.4), treatment for 30 min with PBS containing 5% nonfat dry milk,
and incubation with an anti-aromatase antiserum kindly provided
by Dr. P.M. Forlano (University of New York, USA), diluted 1:1000.
This antiserum was raised in rabbit against the peptide
CKLQVLESFINESLRFHPVV, based on a conserved amino acid sequence
of known teleost aromatases (Forlano et al., 2001) for 16 h at 4 °C.
After washing the slides in PBS, we incubated the samples with biotinylated anti-rabbit IgG (Sigma–Aldrich) diluted 1:600 for 45 min at room
temperature. Ampliﬁcation of the signal was achieved by incubating
the sections with peroxidase conjugated streptavidin (STRP–HRP)
(Dako) diluted 1:800 and visualized with 0.1% 3,30-diaminobenzidine
(DAB) in TRIS buffer (pH 7.6) and 0.03% H2O2. Then we lightly

counterstained each section with hematoxylin and mounted them in
DPX. Samples were examined with a NIKON microphot FX microscope
and digitally photographed (Coolpix 4500, Nikon). Antibody speciﬁcity
was evaluated by omission of the primary antiserum, and no
immunolabeling was observed under such conditions.
2.6. Male social status, agonistic behavior and cyp19a1b expression
To analyze the relationship between the social environment, aggressive and submissive behavior and cyp19a1b expression in the brain and
pituitary gland of male T and NT chanchitas, we placed six size-matched
ﬁsh in an experimental tank (53 L; temperature 25 ± 2 °C and 14:10
light:dark cycle with full spectrum illumination and a random sex
ratio; n = 6 aquaria) in order to obtain T and NT males. We then
allowed animals to acclimate for 24 h, and proceeded with the visual
identiﬁcation of individual ﬁsh based on distinct marks on their bodies
and ﬁns. Later we recorded agonistic interactions for 15 min twice
daily, once in the morning and again in the afternoon by visual inspection, so that we were able to determine the position of each ﬁsh within
the established linear hierarchy (Alonso et al., 2012), with a territorial
pair at the top of the hierarchy. The pair was identiﬁed as the two top
ranked individuals that were not aggressive with each other, but together guarded a territory from the other ﬁsh in the aquarium, and performed reproductive displays.
The morning when we observed the performance of pre-spawning
behaviors by the territorial pair, we proceeded with the video recording
of the aquarium. Filming was performed between 11:00 and 13:00 h
and average recording time was 22.2 ± 0.7 min. Agonistic behavior
was computed by analyzing individual behavioral frequencies (chases,
bites, approaches, escapes and passive coping) with a Principal Component Analysis (PCA), and the resulting scores of each ﬁsh for the ﬁrst
principal component (PC1) were used as an index of overall agonistic
behavior. A high positive score is associated with an elevated frequency
of aggressive behaviors and a low frequency of submissive behaviors,
whereas the opposite occurs for more negative scores.
After ﬁlming, we drew blood from T and the lowest ranked NT ﬁsh
by puncture of the caudal vein with heparin-coated syringes (needle:
27 gauge × 1/2 in.) for the measurement of estradiol (E2), testosterone,
and 11-ketotestosterone (11-KT) plasma levels. We chose to analyze
these hormones, as testosterone is aromatized to E2 by aromatase,
while 11-KT is a non-aromatizable androgen involved in the regulation
of aggressive behavior in many male teleost (Borg, 1994; Hishida and
Kawamoto, 1970), including chanchita (Ramallo et al., 2015). To minimize possible effects of circadian variations, all samples were collected
in heparin-coated tubes between 14:00 and 14:30 h. We kept blood
overnight at 4 °C and later centrifuged it at 3000 rpm for 15 min, withdrew the plasma and stored it at −20 °C until assayed. Hormones plasma concentrations were determined by enzyme-linked immunosorbent
assays (ELISAs) as previously described (Morandini et al., 2014; Ramallo
et al., 2015). We then immediately anesthetized all ﬁsh with 0.1% benzocaine until opercula movement ceased, and recorded the weight
and total and standard length of each animal. Euthanization was performed by decapitation, and we rapidly proceeded with brain and pituitary gland dissection of T and lowest ranked NT males. The brain was
further dissected, so that only the forebrain (olfactory bulbs, telencephalon and diencephalon) was processed. Tissues were placed in 200 μL
cold RNAzol® RT (MRC), homogenized and treated as described above
for RNA extraction and cDNA synthesis. Individual brain and pituitary
samples were then analyzed for the expression of cyp19a1b using
qPCR, utilizing the chanchita speciﬁc primer pair and qPCR protocol described above for cyp19a1b organ expression distribution.
2.7. Statistical analyses
All statistical analyses were performed using Statistica 8 (StatSoft®).
Data sets were checked for normality and homoscedasticity. Differences
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in brain and pituitary cyp19a1b expression between T and NT males
were analyzed by means of Student's t-test. Association analyses were
assessed by Pearson's correlation coefﬁcient. All data sets were checked
for normality and homoscedasticity. In some cases we found data to be
outliers (studentized residuals N ± 2), and they were excluded from the
analyses. Data are presented as mean ± standard error of the mean
(SEM) and we set statistical signiﬁcance at p b 0.05.
3. Results
3.1. Chanchita's cyp19a1b cDNA sequence description
The sequence analysis of the chanchita's cyp19a1b cDNA revealed a
sequence with a total length of 1842 bp, including an incomplete
78 bp 5′untranslated region (5′-UTR), an open reading frame (ORF) of
1566 bp and a 251 bp 3′-UTR. The putative polyadenylation signal was
located 15 bases upstream of the poly (A) tail (Fig. 1). The ORF encoded
a putative protein of 495 amino acids with a theoretical isoelectric point
(pI) and molecular weight (MW) of 8.73 and 56.24 kDa, respectively.

179

The deduced amino acid sequence presented all putative function
domains found in aromatase proteins across vertebrates, namely a
membrane spanning region (I), the I-helix region (II), Ozol's peptide region (III), an aromatic region (IV) and the heme-binding region (V), as
evidenced after multiple sequence alignment with other vertebrate
aromatases (Figs. 1 and 2). After performing a BLASTp search, the
highest identity values were observed when compared to other cichlid
species, as Neolamprologus brichardi (XP_006789231.1), Oreochromis
mossambicus (AAD31030.1), Oreochromis niloticus (AAO62626.1),
Haplochromis nyererei (XP_013765009.1), and Astatotilapia burtoni
(XP_014196620.1) (Table 2). The identity with chanchita's cyp19a1a
was evaluated against a partial cyp19a1a sequence (KX260955) and
was of 69%.
We also constructed a phylogenetic tree with teleosts CYP19 proteins by the maximum likelihood method (Fig. 3), which resulted in
two clear clades, a Cyp19a1a branch and a Cyp19a1b branch, where
the chanchita's sequence was located, forming a clade with species belonging to late evolved teleost ﬁsh orders such as Cichliformes,
Mugiliformes, Beloniformes and, Atheriniformes.

Fig. 1. Cichlasoma diremus' cyp19a1b cDNA sequence. Putative initation codon (ATG) and polyadenylation signal (AATAAA) are shown in bold. Position of the membrane spanning region
(I), and aromatase putative function domains: I-helix region (II), Ozol's peptide region (III), an aromatic region (IV) and the heme-binding region (V) are underlined.

180

M.R. Ramallo et al. / Hormones and Behavior 89 (2017) 176–188

Fig. 2. Chanchita aromatase putative function domains sequence identity across vertebrates. Shared amino acids within each sequence are highlighted. The highest level of sequence
conservation was observed at the heme-binding region. Position of the absolute conserved cysteine is indicated.

Modeling of the protein tertiary structure using Phyre2, revealed the
presence of 23 α-helices and 10 β-strands, and the highly conserved
“core bundle” which walls were formed by four α-helixes (helixes
VIII, X, XVII and XXIII), with the heme-binding region and two β-strands
(strands VII and X) positioned at opposite extremes of the bundle (as
shown bounded by the white circle in Fig. 4). The α-helix closest to
the amino-terminus represents the putative single transmembrane domain (estimated using TMHMM Server v. 2.0: http://www.cbs.dtu.dk/
services/TMHMM-2.0/).
3.2. cyp19a1b tissue distribution
Brain aromatase's organ expression pattern showed the highest expression levels at the brain, while lower expression levels were found at
the pituitary gland, gill, and muscle (Fig. 5). Expression at the remaining
studied organs was undetectable under the employed conditions.
3.3. Neuroanatomical distribution of brain aromatase
The immunohistochemical study, using an antiserum that recognizes a conserved region from teleost aromatases, revealed the presence
of aromatase immunoreactivity in the body and cytoplasmic projections
of small, rounded periventricular cells, with centrally located spherical
or ovoid nuclei (Fig. 6). Brain aromatase immunoreactive(ir)-cells

were distributed at periventricular regions, lining or close to the borders
of telencephalic and third ventricles, forming a one or two-cell thick
layer (Fig. 6A–F). These aromatase ir-cells had a single long and thin cytoplasmic extension projecting towards the brain parenchyma and occasionally ending in cytoplasmic thickenings at the pial surface (Fig.
6C, asterisk). Cytoplasmic projections were the most evident in the
antero-ventral part of the parvocellular preoptic nucleus (NPOav) of
the preoptic area (POA) (Fig. 6C), particularly in the region over the
optic tract (Fig. 6E and F). The morphology and cellular localization of
ir-cells corresponds to that of radial glial cells (Bentivoglio and
Mazzarello, 1999; Rakic, 1990; Strobl-Mazzulla et al., 2010; Tong et al.,
2009).
Aromatase ir-cell bodies were exclusively detected at forebrain regions (Fig. 7). The most anterior ir-cells were present at the ventral nucleus of the ventral telencephalon (Vv), lining the border of the medial
ventricle (Fig. 7A). A few ir-cells were present at the medial division of
the dorsal telencephalon (Dm), close to the border of the telencephalic
ventricle (Figs. 6B and 7C).The highest number of ir-cells was observed
however, at the POA facing the third ventricle (Fig. 7B–F). Aromataseexpressing cells were also present at the habenula (Fig. 7E), thalamus
and at the hypothalamic suprachiasmatic nucleus (NSC) (Fig. 7F), posterior periventricular nucleus (NPPv), lateral tuberal nucleus (NLT) and
periventricular nucleus of the posterior tuberculum (TPp). No immunoreaction was observed at the pituitary gland (results not shown).
3.4. Male social status, agonistic behavior and cyp19a1b expression

Table 2
Percentage of identity to chanchita's brain aromatase compared to other teleost brain aromatase protein sequences.
Species

Accession number

Identity

Herichthys minckleyi
Neolamprologus brichardi
Oreochromis mossambicus
Oreochromis niloticus
Haplochromis nyererei
Astatotilapia burtoni
Monopterus albus
Carassius auratus
Danio rerio

AFT65529.1
XP_006789231.1
AAD31030.1
AAO62626.1
XP_013765009.1
XP_014196620.1
ABX45102.1
BAA23757.1
AAV41033.1

96%
92%
92%
90%
90%
89%
80%
70%
69%

Brain aromatase expression levels did not vary when NT and T males
were compared, neither at the forebrain nor at the pituitary (p N 0.05;
Fig. 8A and B). However, in the case of brain expression levels, after introducing “aquarium” as random blocking factor (each T and NT pair
were derived from a distinct aquarium), and elimination of an outlier
group, there was a tendency for higher cyp19a1b expression levels in
NT males forebrain compared to T males (p = 0.052; Randomizedblock design ANOVA; data not shown).
The expression of forebrain cyp19a1b correlated with combined
plasma E 2 levels from T (106.8 ± 25.1 pg/ml) and NT (173.2 ±
23.0 pg/ml) males (Pearson's correlation coefﬁcient: r = 0.77,
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Fig. 3. Teleost's aromatases phylogenetic tree. A star indicates chanchita position. Atlantic stingray (Dasyatis sabina) cyp19a1 sequence was used as outgroup to root the tree.
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Fig. 10B). None of the hormones analyzed correlated with the index
of agonistic behavior (p N 0.05).
4. Discussion
4.1. Phylogenetic analysis of chanchita's cyp19a1b sequence

Fig. 4. Chanchita Cyp19a1b three-dimensional protein model using Phyre2. Enclosed
within the white circle is the structurally conserved “core bundle”. The region between
two white arrowheads indicates the position of the membrane spanning region. The
sequence between the two arrows denotes a region for which there was no template
information, and was modeled by the ab initio simpliﬁed physics model of Poing.

p = 0.003; Fig. 9A), but no correlation was found for testosterone
and 11-KT (p N 0.05). Pituitary cyp19a1b expression levels were
positively correlated with testosterone plasma levels (Pearson's
correlation coefﬁcient: r = 0.91, p = 0.004; Fig. 9B), but we did
not observe a correlation for E2 or 11-KT (p N 0.05). Testosterone
(T males: 4.2 ± 1.8 ng/ml; NT males: 2.0 ± 0.5 ng/ml) and E2 plasma levels did not differ between males of different social status
(p N 0.05), while 11-KT levels were higher in T males (T males:
1599.5 ± 478.2 pg/ml; NT males: 477.1 ± 242.4 pg/ml; p =
0.049). Brain and pituitary cyp19a1b expression levels were not
correlated (p N 0.05).
In regard to the frequency of aggressive and submissive behavior,
combined in the index of agonistic behavior, we found no correlation
with cyp19a1b expression in the brain (Fig. 10A). However, the index
of agonistic behavior positively correlated with pituitary cyp19a1b
expression (Pearson correlation coefﬁcient: r = 0.86, p = 0.007;

In this work we studied the relationship between social status, agonistic behavior and gene expression proﬁle of brain aromatase,
cyp19a1b, in the brain and pituitary gland of chanchita. We began by
characterizing its cyp19a1b cDNA and its deduced amino acid sequence.
Homology with other teleost brain aromatases varied between 97%–
71% and 97%–68%, for the nucleotide and amino acid sequences, respectively. As expected, higher identities values were observed with other
Neotropical cichlids like H. minckleyi (AFT65529.1), as compared to
African cichlids, from which they diverged 45–60 million years ago
(Friedman et al., 2013). The multiple amino acid sequence alignment revealed the presence on chanchita's Cyp19a1b of putative functional regions of vertebrate P450 aromatases, namely the I-helix region, Ozol's
peptide region, aromatase-speciﬁc region and heme-binding region.
These regions showed a high degree of conservation across vertebrates,
including chanchita. In particular, the heme-binding region presented
the most characteristic P450 consensus sequence (Phe-X-X-Gly-XArg-X-Cys-X-Gly;
Phe-Gly-Cys-Gly-Pro-Arg-Ser-Cys-Val-Gly
in
chanchita), with the absolutely conserved cysteine which interacts
with the heme iron (Werck-Reichhart and Feyereisen, 2000). Modeling
of the protein tertiary structure predicted a conformation where α-helixes predominated, accounting for 53.7% of the structure, while 8.5%
corresponded to β-sheets, similar to that described in other modeled
CYP19 proteins (Graham-Lorence et al., 1995).
We detected cyp19a1b expression in the brain, pituitary, muscle and
gill of male chanchitas, with the highest levels observed at the brain. This
pattern partly coincides with that described for other species. For example in the Nile tilapia, Oreochromis niloticus, Chang et al., 2005 detected
cyp19a1b expression at the brain, pituitary, muscle and gills much like
in chanchita, but also at kidney, intestine, heart, spleen and testis. This
extensive tissue expression distribution was also observed in riceﬁeld
eel (Zhang et al., 2008), Asian stinging catﬁsh (Chaube et al., 2015),
Ayu (Plecoglossus altivelis; Wang et al., 2014), and protogynous wrasse
(Halichoereste nuispinis; Choi et al., 2005). However, other teleost species like pejerrey (Strobl-Mazzulla et al., 2005), the common carp
(Barney et al., 2008) and sea bass (Blázquez and Piferrer, 2004), showed
a more delimited cyp19a1b expression, with only one or two of the studied non-nervous tissue (in general gonads and kidney) expressing brain
aromatase, similar to that observed in chanchitas. This variability in
organ distribution could result from differences in the gonadal stage
and/or sex of the studied ﬁsh, as cyp19a1b expression has been shown
to vary in relation to these two factors (González and Piferrer, 2003;
Geraudie et al., 2011; Strobl-Mazzulla et al., 2005).
4.2. Neuroanatomical analysis of chanchita's brain aromatase

Fig. 5. cyp19a1b tissue expression pattern. (Above) housekeeping gene acidic ribosomal
protein (ARP) expression. (Below) cyp19a1b expression levels (relative to ARP) in
different chanchita's tissues.

As already mentioned, cyp19a1b expression within the teleost brain
is limited to radial glial cells. Immunolabeled cells in chanchita brain
were restricted to periventricular regions of the forebrain and displayed
all morphological characteristics of radial glial cells (Gregory et al.,
1988; Stevenson and Yoon, 1982). Unlike ependymal cells, also located
lining the walls of the ventricle, which cytoplasmic projections ramify
and interweave within the ependymal region, radial glial cells show a
single, long cytoplasmic projection, which spreads beyond the
periventricular region (Stevenson and Yoon, 1982). This in accordance
with what we observed in most ir-cells in chanchita, particularly those
at the NPOav, with prominent cytoplasmic projections that extended
towards the pial surface of the brain, where they ended in cytoplasmic
thickenings or end feet. This is line with the wealth of evidence showing
that in all teleost species studied so far, cyp19a1b within the brain
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Fig. 6. Distribution of brain aromatase producing cells within chanchita's brain. Digital drawings of transverse sections from chanchita's brain. The sites where we detected
immunoreactive-cells (ir-cells) are indicated with a light shading, representing ir-cell bodies lined against the border of the ventricles, and small cytoplasmic projections towards pial
surfaces. Abbreviations: 3V, third ventricle; A, anterior thalamic nucleus; Dc, central part of the dorsal telencephalon; Dld, dorsal division of the lateral part of the dorsal telencephalon;
Dlp, posterior division of the lateral part of the dorsal telencephalon; Dlv, ventral division of the lateral part of the dorsal telencephalon; Dm, medial part of the dorsal telencephalon;
Dp, posterior part of the dorsal telencephalon; Hab, habenula; MaOT, marginal optic tract; MV, medial ventricle; NAPv, anterior periventricular nucleus; NPOav, anteroventral part of
the parvocellular preoptic nucleus; NPOpc, parvocellular part of the parvocellular preoptic nucleus; NSC, suprachiasmatic nucleus; OT, optic tectum; PMgc, gigantocellular part of the
magnocellular preoptic nucleus; PMmc, magnocellular part of the magnocellular preoptic nucleus; PMpc, parvocellular part of the magnocellular preoptic nucleus; PPd, dorsal
periventricular pretectal nucleus; SCO, subcommissural organ; TM, telencephalic ventricle; Vd, dorsal nucleus of the ventral telencephalon; lateral nucleus of the ventral
telencephalon; Vp, postcommissural nucleus of the ventral telencephalon; Vs, supracommissural nucleus of the ventral telencephalon; Vv, ventral nucleus of the ventral telencephalon.
Scale bar: 1 mm.

appears to be exclusively expressed in radial glial cells (Porichthys
notatus, Forlano et al., 2001; Thalassoma bifasciatum, Marsh et al.,
2006; Oncorhynchus mykiss, Menuet et al., 2003; H. fossilis, Mishra and
Chaube, 2016; E. coioides, Nagarajan et al., 2013; D. rerio, Pellegrini et
al., 2007; O. bonariensis, Strobl-Mazzulla et al., 2005).
As in other teleosts, chanchita's aromatase ir-cells were found at the
forebrain, at the dorsal and ventral telencephalon and at the POA, hypothalamus and thalamus. The highest number of ir-cells was present at
POA, lining the border of the third ventricle. This spatial pattern is in
agreement to what was described in other teleost species, however,
the observed distribution of Cyp19a1b in chanchita seems reduced and
conﬁned when compared to the other studied teleost. For example, in
zebraﬁsh (Pellegrini et al., 2007), O. mykiss (Menuet et al., 2003), T.
bifasciatum (Marsh et al., 2006), O. bonariensis (Strobl-Mazzulla et al.,
2005), and P. notatus (Forlano et al., 2001) brain aromatase ir-radial
glial cells were also present along nearly all ventricular surfaces in the
brain, including areas in the optic tectum (except in P. notatus), cerebellum and in less numbers in the brain stem. These differences in the

neuro-distribution of Cyp19a1b across species could be the result of different ecological lifestyles and/or the environment associated to each
species. For instance Marsh et al., 2006 suggested that the presence of
Cyp19a1b on the optic tectum of T. bifasciatum, O. mykiss, and zebraﬁsh,
and its absence in the nocturnal predator P. notatus, might be associated
with the higher dependence of visual cues in the ﬁrst three species.
However this would not explain the lack of observation of ir-cells in
the optic tectum of chanchitas, as it inhabits shallow and well illuminated waters (Almirón et al., 2008). Even though, to our knowledge, this is
the ﬁrst study to describe the immuno-distribution of Cyp19a1b within
the brain of a cichlid ﬁsh, rendering direct comparison with a closely related species impossible, Maruska et al. (2013) successfully analyzed
cyp19a1b mRNA expression by qPCR on the cerebellum of the African
cichlid A. burtoni, which suggest a broader expression pattern even in
closely related species. Thus, there are at least three possible scenarios
which could explain the lack of observation of chanchita's Cyp19a1b
outside the forebrain: (a) ecological/environmental/seasonal effects
that modulate expression patterns within distinct areas of the brain,
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Fig. 7. Immunohistochemical study. Photomicrographs of transverse sections of chanchita's brain showing detail of ir-cells, quite possible radial glial cells. (A) Single layer of small ir-cells,
with spherical nuclei at the ventral nucleus of the ventral telencephalon (Vv), lining the border of the medial ventricle (VM). (B) Isolated ir-cell at the medial part of the dorsal
telencephalon (Dm), adjacent to the telencephalic ventricle (TV). Note the single cytoplasmic projection extending towards inner areas of the brain. (C) A dense group of ir-cells could
be observed in periventricular regions of the third ventricle. Cell bodies were located at the ventricle vicinity (seen here at the parvocellular part of the parvocellular preoptic nucleus,
NPOpc), and cytoplasmic projections stretched deeper into the brain (arrows), ﬁnally contacting the brain pial surface where they ended in cytoplasmic thickenings or end feet
(asterisk). (D) One or two-cell thick layer of ir-cells at the magnocellular part of the magnocellular preoptic nucleus (PMmc) lining the border of the third ventricle (3V). Arrowheads
show the position of two ir-cells, three or four cells away from the ventricle. (E) and (F) High numbers of ir-cells and its cytoplasmic projections were observed at the NPOav in
contact with the optic tract (OTc).

(b) the phylogenetical loss of Cyp19a1b expression outside the forebrain somewhere in the chanchita lineage, after divergence with African
cichlids, (c) enzyme levels were below the detection threshold under
the immunohistochemical conditions employed or the level of

sensitivity and cross-reactivity varies according to the species. This
last fact could explain why we did not observe ir-cells within the pituitary, even though we detected cyp19a1b expression by qPCR. However,
it's worth noting that on a pilot study we also performed an
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Fig. 8. Brain aromatase (cyp19a1b) expression and social status. Relative expression levels
of cyp19a1b at the forebrain (A) and pituitary (B) did not differ between territorial and the
lowest ranked non-territorial males.

ampliﬁcation of the signal utilizing the Catalyzed Signal Ampliﬁcation
(CSA) system (DAKO) following manufacturer's instructions, and yet
did not observe any immunolabeling at the pituitary or any other
areas outside the forebrain. While Cyp19a1b protein levels in the pituitary, mid- and hindbrain might still be below the detection limit under
CSA ampliﬁcation, this also suggests a possible uncoupling of mRNA and
protein levels under the conditions employed in the present study.
4.3. Male social status, agonistic behavior and cyp19a1b expression
All the areas where we identiﬁed ir-cells within chanchita's brain are
part of the social behavior network and mesolimbic reward system in
ﬁsh (O'Connell and Hofmann, 2011). This strong superposition
prompted us to analyze possible variations in cyp19a1b mRNA expression associated to social status and agonistic behavior. The study of
whole forebrains did not show any differences between T and the lowest ranked NT males (though there was a tendency for higher expression levels in NT males), nor did we observe any effect of social status
on cyp19a1b expression at the pituitary. In contrast, Iwata et al.
(2012), found higher transcription levels in whole brain samples of sexually immature dominant Amphiprion ocellaris, when compared to subordinates. In the African cichlid A. burtoni, Huffman et al., 2013 studied
local changes in cyp19a1b mRNA expression in distinct areas of the forebrain, and found higher transcription levels by in situ hybridization at
the magnocellular, and gigantocellular POA subpopulations in NT
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Fig. 9. Relationship between cyp19a1b relative expression and estradiol (E2) and
testosterone plasma levels. Plasma concentration of E2 (A) and testosterone (B) showed
a positive correlation with cyp19a1b expression at the forebrain.

males. Contrariwise, Maruska et al. (2013) found higher expression
levels in A. burtoni T males' Vv, ventral tuberal nucleus, cerebellum
and pituitary, measured by qPCR, with no difference detected at POA. Independently of the different results, methodologies and analysis performed by the above mentioned studies, what it is evident from both
is that there is an effect of the social environment on cyp19a1b mRNA
expression, and that these changes occur locally and independently in
distinct regulatory areas. By analyzing whole forebrain samples, we
are analyzing the sum of all individual Cyp19a1b regulatory niches,
which might counterbalance each other, resulting in an apparent lack
of effect of the social environment on brain aromatase expression,
even though it might not be the case if studied at a local level. Accordingly, we did not observe a correlation between cyp19a1b forebrain expression and the index of agonistic behavior, as quiet possible behavior
regulation, if present, results from the action of local aromatase niches.
In future studies we'll focus on increasing the level of resolution by
collecting sample tissue by the Palkovits frozen punch technique.
We did not observe differences in E2 and testosterone plasma concentration between males of different social status, neither were hormonal levels correlated with the index of agonistic behavior, in spite
of higher 11-KT levels in T males. This is in contrast to what we have observed in previous works where a territorial status was associated with
higher androgen and lower estrogen plasma levels (Morandini et al.,
2014; Ramallo et al., 2015). Likewise, in a past study and under
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Fig. 10. Relationship between cyp19a1b relative expression and male agonistic behavior. An index of agonistic behavior, which more positive values are associated with a higher frequency
of aggressive behaviors, and a lower frequency of submissive behaviors, did not show any correlation with cyp19a1b expression levels at the forebrain (A), but did correlate with cyp19a1b
levels at the pituitary (B).

experimental conditions similar to the present work, male 11-KT and E2
plasma concentrations positively and negatively correlated, respectively, with the index of agonistic behavior (Ramallo et al., 2015). It's likely
that in the current work we failed to detect such differences as a consequence of the smaller sample size.
Importantly, in our model species, forebrain cyp19a1b expression
correlated with male E2 plasma levels. This fact can be explained as
the cyp19a1b gene was reported to have estrogen response elements
(EREs) in its promoter region, as described for other ﬁsh species
(Diotel et al., 2010), including several cichlids (Böhne et al., 2013). In
fact, the high cyp19a1b expression levels in the brain are thought to result from its regulation through a feedback loop of estrogen on EREs in
its promoter region (Callard et al., 2001; Diotel et al., 2010). However,
we did not ﬁnd this kind of correlation for pituitary cyp19a1b levels.
This fact is in agreement with that described for male goldﬁsh Carassius
auratus, where chronic treatment with E2 silastic capsules did not stimulate an increase in pituitary Cyp19a1b activity, but it did increase aromatase activity at the anterior hypothalamus/POA (Pasmanik et al.,
1988), highlighting distinct regulatory processes at the pituitary and
different brain areas.
Pituitary cyp19a1b relative transcription levels correlated with the
index of agonistic behavior, which suggest a role for pituitary brain aromatase on the regulation of aggressive and submissive behavior. To our
knowledge this is the ﬁrst evidence pointing to a connection between
pituitary brain aromatase and social behavior in a teleost ﬁsh. Within
the teleost pituitary Cyp19a1b shows a dispersed distribution, its presence being noted in all lobes of the pars distalis in pejerrey (O.
bonaerensis; Strobl-Mazzulla et al., 2005), riceﬁeld eel (M. albus;
Zhang et al., 2014) and rainbow trout (O. mykiss; Menuet et al., 2003)
and in the proximal pars distalis and pars intermedia in zebraﬁsh (D.
rerio; Goto-Kazeto et al., 2004).However, the identity of Cyp19a1b
cells within the pituitary remains largely unknown, even though
Zhang et al., 2014, reported co-localization of brain aromatase and LH
in gonadotropes, but exclusively in M. albus females during vitellogenesis, even though not all Cyp19a1b positive cells co-expressed LH. Nevertheless we were unable to stablish the immune-localization of
Cyp19a1b within the pituitary of our model species. We detected, however, cyp19a1b transcripts at the pituitary, and its expression levels positively correlated with the index of agonistic behavior and testosterone
plasma levels, meaning that a higher aromatase expression is associated

with an elevated frequency of aggression, a low frequency of submission, and higher androgen levels. Previously, we have reported that
chanchita T males are highly aggressive and present elevated testosterone plasma levels when compared to submissive NT males (Ramallo et
al., 2015), though we failed to detect such statistical differences in the
present work probably due to a reduced sample size. In M. albus, testosterone has been reported to directly stimulate cyp19a1b expression
through an androgen response element (ARE) in a pituitary-speciﬁc
promoter of brain aromatase gene (Zhang et al., 2012). On the other
hand, Böhne et al. (2013) described the presence of AREs at the promoter region of African cichlids' cyp19a1b genes, and androgen receptors
have been described at the pituitary of cichlids (Harbott et al., 2007).
In this context, we speculate that the higher testosterone levels found
in chanchita T males might stimulate cyp19a1b expression within the pituitary through a putative pituitary-speciﬁc promoter. Nonetheless, we
did not observe differences in cyp19a1b pituitary expression levels between T and NT males. This may result if the proposed up-regulation
is restricted to a particular pituitary region, or our sample size might
have been too small to detect possible expression differences at the pituitary. In turn, local increase in E2, might stimulate LH synthesis and release (Huggard-Nelson et al., 2002; Mateos et al., 2002; Yen et al., 2002),
which has been shown to increase aggressive behavior (Kramer et al.,
1969) and stimulate 11-KT at the testis (Levavi-Sivan et al., 2010).
Thus, the expression levels and, probably, the activity of brain aromatase in the pituitary gland might contribute to potentiate or sustain
the androgen response involved in the regulation of agonistic behavior
by, on one hand, being sensitive to androgen plasma levels and, on the
other hand, potentially and indirectly stimulating the synthesis of 11KT at the testis, a potent androgen in teleost involved in the regulation
of agonistic behavior (Borg, 1994; Pradhan et al., 2014). It remains to
be conﬁrmed if the pituitary-speciﬁc promoter is also present in
chanchita, and if androgen receptors co-localize with Cyp19a1b within
the pituitary.
5. Conclusions
Chanchita brain aromatase Cyp19a1b shows a high degree of conservation when compared with other teleost Cyp19a1b sequences, and in
terms of its localization outside and within the brain. Social status or agonistic behavior were not good predictors of whole forebrain cyp19a1b
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expression in this cichlid species, however, pituitary cyp19a1b levels
seem to be modulated by the social environment, in particular by individual variation in the frequency of aggressive and submissive behavior.
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