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a b s t r a c t

The neurohypophyseal hormone arginine vasotocin (AVT) mediates behavioral and reproductive plastic-
ity in vertebrates, and has been linked to the behavioral changes associated with protogyny in the blue-
head wrasse (Thalassoma bifasciatum). In this study, we sequenced full-length cDNAs encoding two
distinct V1a-type AVT receptors (v1a1 and v1a2) from the bluehead wrasse, and examined variation in
brain and gonadal abundance of these receptor transcripts among sexual phases. End point RT-PCR
revealed that v1a1 and v1a2 transcripts varied in tissue distribution, with v1a1 receptor mRNAs at great-
est levels in the telencephalon, hypothalamus, optic tectum, cerebellum and testis, and v1a2 receptor
transcripts most abundant in the hypothalamus, cerebellum and gills. In the brain, v1a1 and v1a2 mRNAs
both localized by in situ hybridization to the dorsal and ventral telencephalon, the preoptic area of the
hypothalamus, the ventral hypothalamus and lateral recess of the third ventricle. Quantitative real-time
RT-PCR revealed that relative abundance of these two receptor mRNAs varied significantly in brain and
gonad with sexual phase. Relative levels of v1a2 mRNAs were greater in whole brain and isolated hypo-
thalamus of terminal phase (TP) male wrasse compared to initial phase (IP) males or females. In the
gonad, v1a1 mRNAs were at levels 2.5-fold greater in the testes of IP males – and 4–5-fold greater in
the testes of TP males – compared to the ovaries of females. These results provide evidence that V1a-type
AVT receptor transcript abundance in the hypothalamus and gonads of bluehead wrasse varies in pat-
terns linked to sexual phase, and bestow a foundation for future studies investigating how differential
expression of v1a1 and v1a2 teleost AVT receptors links to behavioral status and gonadal function in fish
more broadly.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Intraspecific variation in social and sexual behaviors is recog-
nized as widespread among vertebrates, and generally results from
the combined influences of local adaptation and plastic develop-
mental responses to heterogenous environments [13,37,54], or
from individuals pursuing different mating strategies to cope with
social competition [16,27]. Studies of the endocrine basis for intra-
specific variation have traditionally focused on gonadal steroids
(e.g., androgens), as these hormones have well-established links
to courtship, territorial aggression, and dominance behaviors. More
recently, however, variation in sociosexual behaviors in verte-
brates has also been linked to differences in arginine vasotocin/
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vasopressin (AVT/AVP) and isotocin/mesotocin/oxytocin (IT/MT/
OT) signaling in the brain (e.g., [10,11,35,49,53], for reviews, see
[3,5,21,23]). Whether manifest as differences in the neural circuits
producing the peptides themselves, or as differences in the distri-
bution, abundance and type of receptors – variation in nonapeptide
hormone signaling within the brain appears a fundamental proxi-
mate mechanism underlying both inter- and intraspecific variation
in sociosexual behaviors (e.g., [9,38,40,72], reviewed by
[12,17,24,47]).

Sex changing coral reef fishes comprise one of the most exten-
sively studied groups of vertebrates for understanding the endo-
crine basis of intraspecific variation in sexual behaviors
[14,15,20]. Many of these fishes begin life either as males or fe-
males, and then change behavioral and gonadal sex later in life
in accordance with shifting social conditions in their environment
[63–66]. The social and endocrine mechanisms of sex change have
been particularly well studied in the bluehead wrasse (Thalassoma
bifasciatum), a diandric protogynous species with three distinct
sexual phases: females, initial phase (IP) males (which share the
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light yellow body coloration of females), and terminal phase (TP)
males (which are brightly colored with blue heads, green bodies,
and a vertical white bar bordered by black). Bluehead wrasse begin
life as either females or primary IP males, and then change sexual
phase later in life either from females to secondary IP males (with a
similar yellow body coloration) or TP males, or from primary IP
males to TP males [44,67].

Godwin and coworkers [18] demonstrated that socially-induced
behavioral sex change in bluehead wrasse occurs independently of
gonadal steroid hormones, as ovariectomy failed to prevent fe-
males from adopting the courtship and spawning behaviors,
heightened aggression, and temporary spawning coloration of TP
males. Rather, several lines of evidence point to socially induced
sex change in the bluehead wrasse being mediated by the neural
AVT system. Hypothalamic AVT mRNA abundance in the magno-
cellular neurons of the preoptic area varies among sexual phases,
with IP males exhibiting approximate twice – and TP males three
times – the level of AVT mRNAs found in females [19]. In accor-
dance with the failure of ovariectomy to inhibit behavioral sex
change in this species [19], sexual phase variation in hypothalamic
AVT expression appears to be maintained by social interactions
rather than by gonad function [56]. Although the androgen 11-
ketotestosterone (11-KT) has been shown to induce opportunistic
male-typical courtship behaviors in female wrasse [57], AVT ap-
pears to be the primary regulator of these behavioral phenotypes
as exogenous AVT increases courtship and territorial behaviors in
non-territorial TP males and increases courtship behaviors in terri-
torial TP males [55]. In this same study, exogenous administration
of an AVP V1a-type receptor antagonist, Manning compound, was
found to have the opposite effects and decreased courtship and
aggression in territorial TP males [55]. Manning compound was
also demonstrated in later work to impair the ability of both fe-
males and non-territorial TP males to gain the social status neces-
sary to take over territories recently vacated by the experimental
removal of a territorial TP male [57]. Taken as a whole, these stud-
ies establish that AVT’s effects on aggressive and courtship behav-
iors vary among bluehead wrasse sexual phases [55,57], and point
to potential differences in V1a-type receptor pathways as a likely
mediator of these sexual phase differences.

In mammalian systems, variation in the distribution and den-
sity of the V1a-type receptor for AVT’s mammalian homologue,
AVP, has been tied to inter- and intraspecific variation in sociosex-
ual behaviors (see, for example [28,42,45,47,72]). However, no
study has yet linked AVT receptor expression to behavioral varia-
tion in fish (but see [62]), and recent investigations indicate that
AVT receptors are more evolutionarily diverse in teleost fishes than
they are in mammalian systems [8,36,70], which may make estab-
lishing such links challenging. A study in Amargosa pupfish (Cyp-
rinodon nevadensis amargosae) first identified two distinct V1a-
type receptors – referred to as v1a1 and v1a2 – in teleost fish
[36], and the evolution of these two V1a-type receptors was
quickly confirmed in a second teleost, the rock hind (Epinephelus
adscensionis) ([32] and GenBank accession No. HQ662334). Subse-
quent investigations of Actinopetygii fishes with sequenced gen-
omes have now similarly identified two V1a-type AVT receptors
(V1a1 and V1a2) in more teleost species (e.g., Gasterosteus aculea-
tus, Oryzias latipes, Takifugu rubripes) [8,70]. In pupfish, the v1a1
and v1a2 receptors exhibit both different patterns of tissue distri-
bution patterns and distinct transcriptional regulation in the hypo-
thalamus and gill in response to hyperosmotic challenge [36],
suggesting these two receptors may have divergent functions. Fur-
ther evidence that these two V1a-type receptors may play different
functional roles also comes from an observational study of the
Amargosa pupfish in its natural habitat, where gene transcript
abundance for the v1a2 receptor – but not the v1a1 receptor –
exhibited sex-specific patterns of diurnal variation, possibly in
association with the distinct behavioral profiles of the sexes during
a diel cycle [41].

In the present study, we isolated and sequenced cDNAs encod-
ing the v1a1 and v1a2 V1a-type receptors from bluehead wrasse.
We next used in situ hybridization to localize the v1a1 and v1a2
mRNAs within the brain, and then used quantitative real-time re-
verse transcription PCR (RT-PCR) to examine relative gene tran-
script abundances of these two V1a-type receptor cDNAs in the
whole brain, telencephalon, hypothalamus and gonadal tissues
across wrasse sexual phases. Given that AVT’s effects on wrasse
behavior vary with sexual phase [55,57], and that sex-specific
changes in the relative abundance of brain v1a2 mRNAs were ob-
served in pupfish over a cycle characterized by varying aggressive
and courtship behaviors [41], we predicted that we would detect
differences in V1a-type receptor mRNA expression among sexual
phases of bluehead wrasse.
2. Materials and methods

2.1. Isolation and sequencing of vasotocin receptor cDNAs

2.1.1. Total RNA isolation
Bluehead wrasse (T. bifasciatum) were collected from the fring-

ing reefs of Curaçao, the Netherlands Antilles, between 15 and 21
May 2009 using hand nets (SlicDive Inc., Gilbert, SC, USA). Fish
were euthanized in tricainemethanesulfonate (MS222), weighed
and measured. The telencephalon, hypothalamus, cerebellum,
optical tectum, medulla, liver, heart, kidney, gill, skeletal muscle
(from tail), and gonadal tissues were dissected from an IP male
(body mass, 4.16 g; standard length (SL), 66.65 mm), a female
(2.98 g, 56.70 mm SL) and a TP male (11.37 g, 92.15 mm SL)
wrasse. For nine other fish (range: 2.60–11.02 g; 55.75–
90.90 mm SL), only the telencephalon, hypothalamus and gonads
were dissected. All tissues were placed in RNAlater (Applied Bio-
systems, Inc., Foster City, CA) at 4 �C overnight before being stored
at �20 �C.

Total RNA was extracted from the hypothalamus of the TP male
using Tri-Reagent RT (Molecular Research Center, Cincinnati, OH)
with bromoaniosole as the phase separation reagent, and the
resulting total RNA was quantified by spectrophotometry
(260:280 ratio of 2.02; NanoDrop 2000, ThermoScientific,
Wilmington, DE).
2.1.2. Amplification of partial cDNA sequences by degenerate primer
PCR

First strand cDNA was synthesized in 20 ll reverse transcription
reactions by incubating 4 ng of total RNA template (2.31 ll) with
1.0 ll annealing buffer, 1.0 ll of random primers (random hexade-
oxynucleotides; Promega Corp., Madison, WI, USA), and 3.69 ll of
RNase-free H2O (Sigma, St. Louis, MO) at 65 �C for 5 min. Subse-
quently, 10 ll of 2 � first-strand reaction mix and 2 ll of Super-
script III Reverse Transcriptase Enzyme Supermix (Life
Technologies, Inc., Grand Island, NY) were added, and mixtures
were incubated at 25 �C for 10 min followed by 50 �C for 50 min
and 85 �C for 5 min.

PCR was performed using degenerate primers designed to con-
sensus regions of cDNA sequences for V1a-type receptors from fish.
These primers were previously used to identify multiple cDNAs
encoding V1a-type receptor sequences from the Amargosa pupfish,
C. n. amargosae [36]. Nucleotide sequences for these degenerate
primers are provided in Table 1.

Degenerate primers for b-actin and elongation factor-1a (ef1a)
were also used to isolate and sequence partial cDNAs encoding
b-actin and ef1a transcripts from bluehead wrasse for use as
control genes. Degenerate primers for b-actin were designed to



Table 1
Degenerate primers used for isolation of partial length cDNAs.

Transcript Primer Nucleotide sequence (50–30)

V1a-type receptors V1-for CACAGAGGGGCAGTGCCAT
V1-rev CTCGCTCAGGGAGAAGATGAA
V1-forN GTGGT(C/T)GC(C/T)TTCTTCCAGGT
V1-revN CGGT(G/T)ATCCAGGTGAT(A/G)TACG

b-actin b-actin-for ATCATGTT(C/T)GAGACCTTCAACACCC
b-actin-rev TACTCCTGCTTGCT(A/G)ATCCACAT
b-actin-forN GTGACATCAAGGAGAAGCT(G/C)TGCTA
b-actin-revN GCAATGCC(A/G)GGGTACATGGT

ef-1a EF1a-for GGGAAAGGAAAA(A/G)A(C/T)CCACAT
EF1a-rev C(C/T)TTGAC(A/G)GACACGTTCTT(G/C)A
EF1a-forN CACAT(C/T)AACATCGTGGT(C/T)ATTGGC
EF1a-revN ACGTTGTCACCAGG(A/C/G)(A/G)(C/T)(A/G)GC
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consensus sequences of cDNAs from zebrafish (GenBank accession
No. AF057040), mud carp (Cirrhinus molitorella; DQ007446),
goldfish (Carassius auratus; AB039726) and the carp (Spinibarbus
denticulatus, DQ656598), and to the b-actin gene sequence
from Rivulus marmoratus (AF168615). For ef1a, degenerate
nested primers were designed to consenus cDNA regions from
O. latipes (NM001104662), Pagrus major (AY190693), C. auratus
(AB056104) and Seriola quinqueradiata (AB032900). Nucleotide se-
quences for these primers are provided in Table 1.

Degenerate primer PCR was performed in 50 ll reactions con-
taining 25 ll of GoTaq DNA polymerase (Promega Corp.), 21 ll
RNase/DNase-free water, 1 ll each of forward and reverse degen-
erate primers (50 mM), and 2 ll reverse transcribed cDNA tem-
plate. PCR reactions were run under a thermal profile of 94�C for
2 min, 35 cycles of 94 �C for 30 s, 49–53 �C for 30 s, and 72 �C for
1 to 2 min, followed by 72 �C for 2 min. All PCR products were
examined on 1.2% agarose gels, and any reaction products contain-
ing bands of expected size were cleaned (QIAquick PCR Purification
Kit, Qiagen) and then sequenced (Macrogen, Inc., South Korea).

Degenerate primer PCR and sequencing provided two partial
cDNAs of 424 bp and 767 bp in length, both of which encoded
V1a-type receptors. Subsequent examination of these partial
cDNAs by sequence alignment and BLAST comparisons against pre-
viously identified teleost V1a-type receptors indicated that these
two cDNAs corresponded to the v1a1 and v1a2 cDNAs identified
previously in Amargosa pupfish [36]. Degenerate primer PCR also
amplified a 682-bp partial sequence of b-actin (GenBank accession
No. JQ639047), as well as an 840 bp partial cDNA sequence of ef1a
(GenBank accession No. JQ639048) from bluehead wrasse.

2.1.3. Sequencing of full-length V1a-type receptor cDNAs
Nested gene-specific primers were designed to the putative

v1a1 and v1a2 partial cDNAs identified above from bluehead
wrasse and used to acquire the full-length sequences by 50- and
30-rapid amplification of cDNA ends (RACE) PCR (BD SMARTer
RACE cDNA Amplification Kit, Clontech Laboratories, Inc., Moun-
tain View, CA). Gene-specific primers for the RACE PCR reactions
are provided in the Online Supplementary materials, Table 1.
First-strand cDNA was amplified in 50 lL reactions by adding
2.5 ll of cDNA, 5.0 ll of 10� Advantage 2 PCR Buffer, 1.0 ll dNTP
mix (10 mM), 1.0 ll of 50� Advantage 2 Polymerase Mix (BD
Advantage 2 PCR Kit, Clontech Laboratories, Inc.), 5.0 ll of Univer-
sal Primer Mix, 34.5 ll nuclease-free H2O, and 1.0 ll of gene-spe-
cific primer under a thermal profile of 5 cycles of 94 �C for 30 s
and 72 �C for 5 min, followed by 5 cycles of 94 �C for 30 s, 70 �C
for 30 s, and 72 �C for 5 min, followed by 20 cycles of 94 �C for
30 s, 68 �C for 30 s, and 72 �C for 5 min. When electrophoresis of
the resulting 50- and 30-RACE products on 0.8% agarose gels re-
vealed single bands, the resulting products were cleaned (QIAquick
PCR Purification Kit, Qiagen) and sequenced. In cases where no PCR
product was evident after the initial round of RACE PCR, nested
gene-specific primers were used for a second round of ‘nested’
PCR using 25 cycles of the following thermal profile: 94 �C for
30 s, 68 �C for 30 s, and 72 �C for 5 min.

Alignments of the deduced amino acid sequences for the coding
regions of the resulting receptors were aligned to V1a1 and V1a2
receptor protein sequences from Amargosa pupfish (transcript
GenBank accession Nos. GQ981412 [v1a1] and GQ981413 [v1a2])
[36], rock hind (E. adscensionis; HQ662334 [v1a1] and HQ141396
[v1a2]), and medaka (O. latipes; AB646237 [v1a1] and AB646238
[v1a2]) [32] using ClustalW. The secondary structure of each mem-
brane receptor was predicted using the Predict Transmembrane
Topology (MEMSTAT v. 3) program on the PSIPRED Protein Struc-
ture Prediction Server (http://bioinf.cs.ucl.ac.uk/psipred/) [30,31].

2.2. Phylogeny construction

Deduced amino acid sequences for the full-length v1a1 and
v1a2 receptor cDNAs from bluehead wrasse were aligned to the se-
quences of receptors in the AVP/AVT, OT/MT/IT, and related neuro-
peptide families from other vertebrates and invertebrates obtained
from GenBank and Ensembl (http://www.ensembl.org). Amino
acid sequences for all receptors were first aligned using ClustalX,
and a phylogeny was then assembled using MEGA v.5 software
[61] with the Neighbor-Joining method [51] and a p-distance mod-
el. All positions containing alignment gaps were eliminated only in
pairwise sequence comparisons (75% partial pairwise deletion of
gaps). Confidence values for clusters of associated taxa were ob-
tained by bootstrap tests (1,000 replicates).

2.3. Assessment of tissue distribution patterns of V1a-type receptor
mRNAs by RT-PCR

Total RNA was extracted from the telencephalon, hypothala-
mus, cerebellum, optic tectum, medulla, liver, heart, kidney, gill,
skeletal muscle, and gonadal tissues from female, IP male, and TP
male bluehead wrasse (fish sizes as described above) using TriRe-
agent (Molecular Research Center) with bromocholorpropane as
the phase separation reagent. All RNA samples were quantified
by spectrophotometry (NanoDrop 2000, ThermoScientific), and
then diluted in nuclease-free H2O to a concentration of 33.33 ng/
ll prior to reverse transcription. First strand cDNA for each sample
was synthesized in 15 ll reverse transcription reactions with each
reaction containing 200 ng of total RNA template and 1 ll of ran-
dom primers (Promega Corp.) according to the reaction parameters
outlined by the GoScript™ Reverse Transcription System (Promega
Corp.). PCR was then performed in 50 ll reactions containing 2 ll
of cDNA template, 10 ll 5� buffer, 3 ll MgCl2 (25 mM), 1 ll dNTPs
(10 mM each), 0.25 ll GoTaq Hot Start Polymerase (Promega
Corp.), 31.75 ll nuclease-free H2O, and 1 ll each of forward and

http://bioinf.cs.ucl.ac.uk/psipred
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Table 2
Gene-specific primers and probes used in end-point RT-PCR and quantitative real-time RT-PCR.

Transcript Primer or probe (50–30) Nucleotide sequence Amplicon size (bp) Efficiency (avg.%)

RT-PCR
v1a1 Forward GAATGTTCGCCTCCACCTACA 124 n/a

Reverse CACGTGGAGCCGATCATG
v1a2 Forward GCAGGATTGTCAAACACCTCC 121 n/a

Reverse GTGGGCTGCTGCAGGG
b-actin Forward TGCGTGACATCAAGGAGAAGCTGT 210 n/a

Reverse ATGCTGTTGTAGGTGGTCTCATGG

Quantitative real-time RT-PCR
v1a1 Forward TGCCGGATCGTGAAGCA 71 98.9

Probe AGGTTCTGGGAATGTTCGCCTC
Reverse AGAGTCATCATCACCATCATGTAGGT

v1a2 Forward CATCTGCCACCCTCTGAAGAC 85 98.8
Probe AGCCCACCCGGCGCTCATACAT
Reverse CACCAGGCTGCACATCCA

ef1a Forward ATCGGCGGTATTGGAACTGT 67 97.6
Probe CCCGTCGGTCGTGTTGAGACTGGT
Reverse CGACCATACCGGGCTTCA

Note: ‘‘n/a’’ indicates ‘‘not applicable’’.
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reverse gene-specific primer (10 mM) under the following thermal
profile: 95 �C for 2 min, 24–34 cycles of 95 �C for 30 s, 54 �C for
30 s, and 72 �C for 1 min, followed by 72 �C for 2 min. Gene-specific
primers for the v1a1 and v1a2 transcripts for bluehead wrasse, as
well as for the control gene b-actin, are provided in Table 2. All
PCR products (range: 121–210 bp nucleotides in size) were visual-
ized on 2% agarose gels with ethidium bromide (Life Technologies,
Inc.) and photographed using a BioRad Gel Doc 2000 Gel Documen-
tation System (BioRad Laboratories, Hercules, CA).

2.4. In situ hybridization (ISH) for v1a1 and v1a2 mRNAs in the brain

Brains from 2 female and 2 TP male T. bifasciatum collected in
October 2010 from the Florida Keys, USA, were flash frozen,
embedded in OCT Compound (Tissue-Tek, Torrance, CA), and cryo-
sectioned at 20 lm in six alternating series. Sections were fixed
using 4% paraformaldehyde in 1� phosphate buffer saline (PBS)
for 10 min, followed by acetylation in triethanolamine and dehy-
dration in ethanol, and then stored at �80 �C.

Gene-specific primers were designed to generate partial cDNAs
encoding v1a1 and v1a2 using PrimerQuest (Integrated DNA Tech-
nologies). The primers for v1a1 were (forward) 50-GTTCATGATCGA-
TAACTGGTTCCC-30 and (reverse) 50-AAACAGCTAAATGGTGCAGTG
CGG-30, and for v1a2 were (forward) 50-CTGAGAGCATCAGGTA
GCTCCATA-30 and (reverse) 50-TGTGTAGCTGTCACCATCATGAGC-
30. The resulting partial cDNA fragments of v1a1 and v1a2 were
amplified from cDNA obtained from the whole brain of T. bifascia-
tum using GoTaq Master Mix (Promega Corp.) under the following
thermal conditions: 95 �C for 2 min, followed by 38 cycles of 95 �C
for 2 min, 55 �C for 30 s, and 72 �C for 2 min, and a final extension
at 72 �C for 4 min. PCR products were purified (QIAquick PCR Puri-
fication Kit, Qiagen) and then ligated into pGEM T-Easy Vectors
(Promega Corp.) and inserted into JM109 Escherichia coli cells (Pro-
mega Corp.). After growth overnight, plasmids were purified using
a Plasmid Mini Kit (Qiagen), and sequenced (DNA Sequencing
Facility, Univ. of Chicago) to confirm v1a1 and v1a2 identity.

The resulting v1a1 and v1a2 plasmids were then amplified in
PCR reactions containing 37.2 lL nuclease-free water, 1 lL dNTPs
(10 mM), 1 lL plasmid DNA (10 ng/uL), 0.8 lL Green Taq DNA
Polymerase (5 U/lL, GenScript), 5 lL 10� buffer, and 2.5 lL of
either T7 and SP6 primers (10 lM) under the thermal profile:
94 �C for 3 min, followed by 30 cycles of 94 �C for 30 s, 45 �C for
30 s, and 68 �C for 2 min, and a final extension at 68 �C for 7 min.
Treatment with Proteinase K (100 ng/uL final) was performed at
50 �C for 30 min to remove nuclease contamination, and DNA tem-
plate was purified using phenol–chloroform extraction and ethanol
precipitation.

Digoxigenin (DIG) antisense and sense probes were synthesized
from the resulting PCR-amplified v1a1 and v1a2 templates. For
v1a1, the T7 MEGAscript Kit (Ambion) was used to transcribe a
1,416-bp antisense RNA probe, and the SP6 MEGAscript Kit (Ambi-
on) was used to synthesize the sense probe. For v1a2, the SP6
MEGAscript Kit was used to synthesize a 1,598-bp antisense RNA
probe, and the T7 MEGAscript Kit was used for the sense probe.
Probes were synthesized to contain 33% DIG-labeled UTPs and
67% unlabeled UTPs using the following reaction mixes: a) SP6
reactions: 2.0 ll each of ATP, GTP, and CTP solutions (50 mM),
1.34 lL UTP solution (50 mM), 3.3 lL Digoxigenin-11-UTP
(10 mM, Roche Applied Science, Indianapolis, IN, USA), 2.0 lL SP6
enzyme, 1 lg v1a1 or v1a2 purified DNA, and nuclease-free water
to 20 lL; b) T7 reactions: 2.0 ll each of ATP, GTP, and CTP solutions
(75 mM), 1.32 lL UTP solution (75 mM), 4.5 lL Digoxigenin-11-
UTP, 2.0 lL T7 enzyme, 1 lg v1a1 or v1a2, and nuclease-free water
to 20 lL. Each reaction was incubated at 37 �C for 3 3=4 h, cleaned
using a MEGAclear Kit (Ambion), and then run in an RNase-free
1% MOPS denaturing gel to verify formation of the RNA probes.
Probe concentrations were quantified in triplicate (NanoDrop
1000, ThermoScientific) and diluted to 100 ng/lL.

Slides were pre-hybridized in hybridization solution (50% form-
amide, 5� saline-sodium citrate [SSC], 5� Denhardt’s Solution
[Invitrogen], 500 lg/lL herring sperm DNA [Promega Corp.] or sal-
mon sperm DNA [Invitrogen], and 250 lg/lL yeast tRNA) for 3 h at
60 �C for v1a1 and 55 �C for v1a2. Slides were then hybridized in a
humidified chamber (18 h) in hybridization solution containing
50 ng of either v1a1 or v1a2 probe (antisense or sense) per slide
(50 ng probe per 200 lL hybridization solution). After hybridiza-
tion, slides were washed twice in 2� SSC at room temperature
(5 min each), followed by RNase treatment (0.2 lg/mL RNase A,
10 mM Tris pH 8.0, 500 mM NaCl, and 1 mM EDTA) at 37 �C for
30 min to remove unbound probe. Slides were then rinsed in a ser-
ies of 5 min SSC washes (2�, 1�, 0.5�, and 0.25� SSC) followed by
Buffer B1 (100 mM Tris pH 7.5 and 150 mM NaCl) (30 min) at room
temperature, and then incubated with anti-DIG-AP antibody
(Roche Applied Science) diluted 1:5000 in 1X PBS/0.05% Tween
20 for 2 h at room temperature. Slides were subsequently washed
twice in Buffer B1 to remove unbound antibody, and then incu-
bated for 30 min in a blocking solution containing 5 mM levam-
isole, 100 mM Tris pH 9.5, 100 mM NaCl, and 50 mM MgCl2.
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Color detection was carried out with NBT/BCIP (Roche Applied Sci-
ence) in 100 mM Tris pH 9.5, 100 mM NaCl, 50 mM MgCl2, and 1%
Tween 20. Once the desired signal intensity was achieved, color
detection was terminated with three 5-min washes in ultrapure
water. Slides were dehydrated in a series of ethanol washes, cov-
erslipped with Permount, and imaged on an AxioImager M2 micro-
scope (Carl Zeiss, Inc.) with an AxioCam HRc camera (Carl Zeiss,
Inc.).

2.5. Quantitative comparison of v1a1 and v1a2 mRNA levels among
sexual phenotypes

Bluehead wrasse were collected from coral patch reefs in the la-
goon near the vicinity of the Glover’s Reef Marine Research Station
(Glover’s Reef atoll, Belize, 16o440N, 87o490W). Wrasses were cap-
tured using a lift net between 1315 and 1515 h on 16–27 August
2009, during their daily spawning period. Fish were euthanized
on capture with MS222, each fish’s brain was dissected immedi-
ately in a waiting boat (within 5 min of capture), and tissues were
preserved in RNAlater (Life Technologies, Inc.) on ice followed by
storage at �20 �C for approximately two weeks and finally transfer
to a �80 �C freezer until RNA extraction. Sex change was induced
in large IP females through removal of large TP males from patch
reefs, following methods of previous studies [18,19,56,57]. Briefly,
all bluehead wrasses over approximately 45 mm SL on a given reef
were captured by lift netting between 09:00 and 11:00 h and
transported back to the Glovers Reef Marine Research Station. Fish
were sexed by examination of the dimorphic genital papilla and
extrusion of gametes by gentle abdominal pressure. Large females
were measured to the nearest 0.1 mm (63.5 ± 6.1 mm SL [mean ±
SEM], range 53.6–81.3 mm), tagged with floy tags with unique
combinations of two colored seed beads. All females were then re-
turned to their home reefs in the afternoon of the day of capture.
Females were allowed to behave dominantly for three (n = 2) or
five days (n = 5) to allow these females to undergo sex change be-
fore recapture. Behavioral observations prior to capture ensured
these females were exhibiting TP-typical behavior characteristic
of sex changers. On recapture, sex changers were measured
(64.7 ± 2.1 mm SL]) and sacrificed for tissue samples within
3 min of capture.

The relative abundance of transcripts encoding v1a1 and v1a2
within the whole brain, isolated telencephalon and hypothalamus
brain regions, and gonadal tissues was compared among female, IP
male, TP male, and transitional (fish in the process of changing
from female/IP male to TP male) sexual phases using quantitative
real-time RT-PCR. TP male (n = 11), IP male (n = 11), female
(n = 12), and transitional sex-changing (n = 7) bluehead wrasse
used for assessing whole brain mRNA levels were collected from
reefs in the vicinity of the Glovers Reef Marine Research Station,
Glovers Reef Atoll, Belize. Tissues used to quantify the mRNA abun-
dance in the telencephalon and hypothalamus were dissected from
TP male (n = 4), IP male (n = 4) and female (n = 4) wrasse collected
in Curaçao, the Netherlands Antilles, between 15 and 21 May 2009,
as described above. And, gonadal tissues used to assess v1a1 and
v1a2 mRNA levels were taken from TP male (n = 8), IP male
(n = 5), female (n = 13), and sex-changing wrasse (n = 3) collected
either on reefs near Key Largo, Florida (USA), between October 8
and 10, 2010, or from Curaçao, the Netherlands Antilles (as de-
scribed above).

Total RNA was extracted from the whole brain, isolated telen-
cephalon and hypothalamic regions, and gonadal tissues using
TriReagent with bromocholorpropane. The resulting RNA was
quantified (NanoDrop 2000), and diluted to 15 ng/lL concentration
before being reverse transcribed in 20 ll reactions according to
methods of the High Capacity cDNA Reverse Transcription Kit (Ap-
plied Biosystems, Inc.), with 2.0 ll 10� RT buffer, 0.8 ll 25� dNTP
mix (0.1 M), 2.0 ll RT random primers, 1.0 ll RNase inhibitor,
1.0 ll MultiScribeTM reverse transcriptase, 3.2 ll nuclease-free
H20, and 10.0 ll of total RNA template (15 ng/ll). All reactions
were run in 96 well plates under a thermal profile of 25 �C for
10 min, 37 �C for 120 min, and 85 �C for 5 min.

Taqman probes and primers for quantitative real-time PCR were
designed to the v1a1 and v1a2 cDNAs using Primer Express soft-
ware (Applied Biosystems, Inc.). An additional probe and primer
set was also designed to ef1a for use as an internal control gene.
All primers and probes were synthesized by Integrated DNA Tech-
nologies and are provided in Table 2. Quantitative real-time PCR
reactions were run in 18 ll volumes comprised of 8.5 ll iQSuper-
mix (Bio-Rad), 0.34 ll each of forward and reverse primers
(45 mM), 0.34 ll probe (10 mM), 3 ll cDNA template, and 5.48 ll
nuclease-free water. PCR reactions were conducted with a thermal
profile of 50 �C for 2 min, 95 �C for 10 min, and 40–45 cycles of
95 �C for 15 s followed by 60 �C for 1 min. A serial dilution of
pooled total RNA samples comprised of fish from each sexual phase
and tissue was used as a standard curve reference. All standard
curve samples were run in triplicate, and correlation coefficients
(r2) of the standard curves were >0.98. PCR efficiencies for each
gene were calculated from the standard curves using the following
formula: E = �1 + 10(�1/slope) and are presented in Table 2. All
experimental samples were run in duplicate. Each run also in-
cluded duplicate samples without cDNA to check for DNA contam-
ination from the RNA preparation process. For each tissue
examined, transcript levels of ef1a within that tissue were similar
across all fish sexual phases (range: p = 0.487–0.836). Relative v1a1
and v1a2 transcript abundance values were therefore first obtained
using the serially diluted standard curve, and then expressed as
relative to ef1a mRNA levels in the given sample.
2.6. Statistical analyses

Relative levels of mRNAs encoding the v1a1 and v1a2 receptors,
as well as ef1a, were compared among female, IP male, transitional
individuals (when applicable), and TP male wrasse for each tissue
examined using one-factor ANOVA models (a = 0.05) followed by
Tukey–Kramer HSD tests for multiple pairwise comparisons. In
cases where the data failed to conform to the assumptions of equal
variances (Levene’s tests), data were square root transformed prior
to ANOVA analyses. All data are shown as mean ± SEM.
3. Results

3.1. Identification of two V1a-type receptors in bluehead wrasse

Degenerate primer PCR and sequencing isolated two distinct
partial cDNA sequences, which were shown by BLAST analysis to
have high amino acid sequence similarity to AVT receptors from
other fishes and V1a-type receptors from vertebrates more gener-
ally. ClustalW alignments of these two partial cDNA sequences
with the v1a1 and v1a2 full-length AVT receptor cDNAs identified
previously from pupfish [36] revealed that the two bluehead
wrasse partial cDNAs encoded distinct V1a1 and V1a2 receptor
proteins. Subsequent extension and sequencing of these two par-
tial cDNAs using 50- and 30-rapid amplification of cDNA ends
(RACE) PCR resulted in two cDNAs with full-length coding regions.
The first cDNA of 1,611 bp nucleotides contained an open reading
frame of 1,233 bp nucleotides that encoded a V1a1 AVT receptor
protein of 410 amino acids (GenBank accession No. JQ639049).
The second cDNA, encoding for a V1a2 AVT receptor, was
1,674 bp nucleotides in length and contained an 1,155 bp nucleo-
tide open reading frame coding for 384 amino acid residues (Gen-
Bank accession No. JQ639050).



Fig. 1. Sequences for the deduced amino acid residues of the v1a1 (GenBank accession No. JQ639049) and v1a2 (JQ639050) vasotocin receptor cDNAs identified from
bluehead wrasse aligned against deduced V1a1 and V1a2 protein sequences from medaka (Oryzias latipes; v1a1 [AB646237] and v1a2 [AB646238]), rock hind (Epinephelus
adscensionis; v1a1 [HQ662334] and v1a2 [HQ141396] [32]), and Amargosa pupfish (Cyprinodon nevadensis amargosae; v1a1 [GQ981412] and v1a2 [GQ981413]) [36]. Putative
transmembrane helices (TM1 to TM7) were predicted for each receptor using MEMSTAT v. 3 (http://bioinf.cs.ucl.ac.uk/psipred/) and are indicated by gray (inside and outside
helix caps) and black (central transmembrane helical segment) highlighted regions. Intracellular loop (ICL) and extracellular loop (ECL) regions are also indicated. Consensus
residues among the sequences are indicated by asterisks (identical residues among all receptors), double dots (sites with ‘conserved’ residue substitutions, where side chains of
the residues all have similar biochemical properties), or single dots (sites with ‘semi-conserved’ substitutions, where side chains of residues have similar shapes). Amino acid
residues important for AVT peptide binding are denoted by arrows; black arrows indicate residues forming a hydrophobic cleft, and white arrows demark residues that make
a lipophilic pocket in the receptor.
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Fig. 2. Phylogenetic tree based on alignment of deduced amino acid sequences for vasopressin/vasotocin and oxytocin/mesotocin/isotocin receptors (OTR/MTR/ITR) from
vertebrates, and for the cephalotocin receptors (cephalotocin-R) and octopressin receptors (octopressin-R) from common octopus (Octopus vulgaris), and the Lys-conopressin
receptors LSCPR1 and LSCPR2 of the mollusk Lymnaea stagnalis. Arrows indicate the phylogenetic locations of the deduced V1a1 and V1a2 receptor proteins from bluehead
wrasse. The branch for V1a-type from Actinopterygiian fishes is shown magnified (within the box) to illustrate the distinct V1a1 and V1a2 clades within the broader grouping
of teleost V1a-type receptors. The tree was assembled using the Neighbor-Joining method with partial deletion (75%) of gaps. Bootstrap values (1000 replicates) are indicated
at each node. Only bootstrap values 40 or greater are shown. Asterisks indicate partial length proteins. GenBank accession Nos. for each taxon’s sequence are provided in
Online Supplementary materials, Table 2.

S.C. Lema et al. / General and Comparative Endocrinology 179 (2012) 451–464 457
Sequence alignment of the deduced amino acid sequences for
these two cDNAs confirmed their homologies to the v1a1 and
v1a2 AVT receptor cDNAs identified previously from pupfish, rock
hind and medaka (Fig. 1). Moreover, examinations of the secondary
structures of the two predicted receptors revealed both proteins
contained seven transmembrane domains in locations similar to
those found in the receptors from these other fishes (Fig. 1). The
presence of these seven transmembrane domains is a structural
characteristic of class A rhodopsin-like family of G-protein coupled
membrane receptors, which includes all AVT/AVP receptors. Subse-
quent amino acid sequence alignment and phylogenetic analysis of
the predicted protein sequences for these two bluehead wrasse
AVT receptors with V1a-, V1b-, and V2-type AVT/AVP receptors
and OT/MT/IT receptors from fish and other vertebrates confirmed
that the two newly identified wrasse receptors are both V1a-type
receptors (Fig. 2). Phylogenetic analysis also revealed a bifurcation
within the clade of teleost fish V1a-type AVT receptors, with one
subgroup forming a monophyletic group of V1a1 receptors, and a
second subgroup forming a clade of V1a2 receptors (Fig. 2).
Although the limited number of teleost species where both v1a1
and v1a2 receptor cDNAs or genes have been identified to date re-
stricts our ability to make clear conclusions about the events that
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led to the evolution of these two V1a-type receptors, the close
structural similarity and distinct monophyletic groupings of the
V1a1 and V1a2 receptors suggests that the genes encoding these
two receptors constitute evolutionary paralogs.
3.2. Sexual phase comparisons of tissue distribution for v1a1 and v1a2
mRNAs

RT-PCR methods revealed that the distribution patterns of v1a1
and v1a2 gene transcript abundance varied both among tissues and
with sexual phase (Fig. 3). Transcripts encoding v1a1 were most
abundant in the telencephalon, hypothalamus, optic tectum, cere-
bellum and medulla oblongata regions of the brain. RT-PCR also
suggested the presence of a gonadal difference in v1a1 mRNA
abundance, with v1a1 transcripts more abundant in the testis of
both IP males (Fig. 3B) and TP males (Fig. 3C), than in the ovarian
tissues of female wrasse (Fig. 3A). The expression pattern of v1a2
mRNAs was distinct from that of v1a1, with relative transcript
abundance greatest in the hypothalamus, cerebellum and gills,
and lower levels of transcript in the telencephalon, optic tectum,
medulla, heart and skeletal muscle in tissues of all sexual phases.
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Fig. 3. Relative distribution of AVT receptor v1a1 and v1a2 mRNAs in the tissues
and organs of female (A), IP male (B), and TP male (C) bluehead wrasse. RT-PCR
products were analyzed by electrophoresis on 2% agarose gels with ethidium
bromide staining. Relative levels of b-actin mRNAs were used as a control for cDNA
template loading. All RT-PCR products ranged in length from 121 to 210 bp
nucleotides.
3.3. Brain localization of v1a1 and v1a2 by in situ hybridization

In situ hybridization with digoxigenin-labeled cRNA probes re-
vealed widespread localization of v1a1 and v1a2 mRNAs in the
bluehead wrasse brain (Figs. 4 and 5). We observed hybridization
signal for v1a1 mRNA in the ventral telencephalon, medial and dor-
sal portions of the dorsal telencephalon, the preoptic area (POA) of
the hypothalamus, the ventral hypothalamus and lining the third
ventricle in the region of the anterior tuberal nucleus and posterior
tuberculum, and into the lateral recess of the third ventricle
(Fig. 4A, Fig. 5A and B). Particularly strong v1a1 hybridization sig-
nal was found bilaterally in groups of cells in the lateral recess (LR)
(Fig. 5A) and in the periventricular portion of the posterior tuber-
culum (TPp) (Fig. 5B). Hybridization signal for transcripts encoding
v1a2 were observed in most of the same brain regions as v1a1 sig-
nal. These regions included the central portion of the dorsal telen-
cephalon, ventral telencephalon, preoptic area of the
hypothalamus, ventral hypothalamus, the lateral recess of the third
ventricle, the periventricular portion of the posterior tuberculum,
pretectal nucleus, and the toris semicircularis.
3.4. Quantitative assessment of AVT receptor mRNA abundance among
sexual phases

In the whole brain, transcript abundance for v1a2 – but not v1a1
– varied among sexual phase phenotypes, with relative v1a2 mRNA
levels in the brain higher in TP males compared to IP male and fe-
male fish (F3,37 = 7.121, p = 0.0007) (Fig. 6). Wrasse in the process
of transitioning from female or IP male phenotypes to the TP phe-
notype also exhibited elevated v1a2 transcript abundance,
although the relative mRNA level in these transitional fish was
intermediate between the levels observed in TP males and fe-
males/IP males (Fig. 6B). Further examination of the telencephalon
and hypothalamus brain regions separately revealed that relative
v1a1 mRNA levels in both brain regions were similar among all
wrasse sexual phases (Fig. 7A). However, TP male wrasse showed
elevated relative v1a2 mRNA abundance in the hypothalamus –
but not telencephalon – compared to females (F2,9 = 6.035,
p = 0.023) (Fig. 7B). Hypothalamic v1a2 mRNAs in IP males were
also found to be intermediate in abundance compared to the fe-
males and TP males; this pattern of sexual phase variation was
similar to the pattern observed for v1a2 transcripts in whole brain.

Relative abundance for the two AVT receptor transcripts also
varied in the gonads among sexual phases, although the patterns
of variation were distinct from those observed in the brain. Rela-
tive levels of v1a1 mRNAs in the gonads were at lowest abundance
in ovarian tissues and greater abundance in the testes of both IP
and TP males (F3,25 = 18.653, p < 0.0001) (Fig. 8A). The magnitude
of this difference was dependent on sexual phase. IP males showed
a nearly threefold increase in gonadal v1a1 abundance relative to
females. Both TP males and individuals transitioning from the fe-
male or IP male phenotype to the TP male phenotype exhibited a
four to five fold greater abundance of gonadal v1a1 expression rel-
ative to females. Transcripts encoding v1a2 also varied in abun-
dance in the gonads (F3,25 = 6.229, p = 0.0026), with levels
significantly elevated in the gonads of fish transitioning between
the female/IP male and TP male sexual phenotypes (Fig. 8B).
4. Discussion

Previous studies in the protogynous bluehead wrasse estab-
lished a key role for the neural AVT system in mediating behavioral
sex change. Levels of pro-AVT mRNAs and AVT protein vary in the
hypothalamus over the process of sex change [19,56], and the
administration of exogenous AVT induces shifts in courtship and



Fig. 4. Expression of v1a1 and v1a2 mRNAs in the preoptic area and telencephalon. Antisense hybridization signal for v1a1 (A) and v1a2 (B) mRNAs localizes to the lateral
recess of the ventral telencephalon (VT) and the parvocellular preoptic area of the hypothalamus (POA). Sense control probes for v1a1 (C) and v1a2 (D) were hybridized to
adjacent sections. Scale bars = 100 lm.
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aggression in patterns reflective of the behavioral differences be-
tween sexual phases [55] (reviewed in [17]). These behavioral ef-
fects of AVT appear to be mediated via a V1a-type receptor
mechanism, since administration of the mammalian V1a-type
receptor antagonist Manning compound inhibits aggression and
courtship in territorial TP males and even engenders some males
to stop guarding territories [55]. Beyond these findings with Man-
ning compound, however, no study has yet examined whether the
AVT system’s role in hermaphroditic sex change in fishes may in-
clude changes in the density, distribution or type of AVT receptors
in neural tissues.

4.1. Identification of two distinct V1a-type receptor cDNAs

Although the presence of three types of AVP receptors (V1a-,
V1b-, V2-type) in mammals has been established for some time,
only recently was it discovered that teleost fish also possess more
than one type of AVT receptor. In a study of the Amargosa pupfish
(C. n. amargosae), Lema [36] isolated and sequenced three distinct
AVT receptors: two V1a-type receptors referred to as v1a1 and
v1a2, and a third receptor transcript v2, which constituted the first
V2-type receptor identified in any teleost fish. A subsequent inves-
tigation of two other teleost fishes, the gray bichir (Polypterus
senegalus) and medaka (O. latipes), identified v2 cDNAs from each
species as well, and went onto demonstrate that the medaka v2
transcript encodes for a functional V2-type AVT receptor [33].
Kline et al. [32] subsequently identified a v1a1 cDNA (GenBank
accession No. HQ662334) and a v1a2 cDNA from the rock hind
(E. adscensionis), confirming the evolution of multiple V1a-type
receptors in some teleost fishes. And, most recently, a study of neu-
rohypophyseal receptor evolution in gnathostomes with se-
quenced genomes identified the presence of two distinct V1a-
type receptor genes in other Actinopterygii fishes (e.g., stickleback
[G. aculeatus], pufferfish [T. rubripes], medaka [O. latipes], zebrafish
[Danio rerio]) [8,70].

Here, we sequenced cDNAs encoding two distinct V1a-type
receptors from bluehead wrasse for the first time, and then exam-
ined expressional variation in these mRNAs among wrasse sexual
phases. Phylogenetic analysis of the deduced amino acid sequences
of these two wrasse AVT receptor cDNAs revealed that both recep-
tors belong to the V1a-type family of AVP/AVT receptors, and fur-
ther categorized the receptors into distinct V1a1- and V1a2-type
groupings of teleost fish V1a-type receptors. Alignment of deduced
amino acid sequences against previously identified v1a1 and v1a2
V1a-type receptors from medaka (O. latipes), rock hind (E. adscen-
sionis), and pupfish (C. n. amargosae) indicated conservation at
key amino acid sequences for AVT peptide binding [1,6,25]. V1a-
type v1a1 and v1a2 receptors from all four species contained a
Lys residue (deduced amino acid 125 in wrasse v1a1; see Fig. 1)
within transmembrane domain (TM) 3, a Thr residue in TM 5



Fig. 5. Expression of mRNAs encoding v1a1 and v1a2 in the tuberal hypothalamus. Antisense hybridization signal for v1a1 and v1a2 mRNAs is shown in A and B, respectively.
Arrows denote antisense signal labeling in the lateral recess of the third ventricle (LR) (A) and the periventricular nucleus of the posterior tuberculum (TPp) (B). Sense control
probes for v1a1 (C) and v1a2 (D) were hybridized to the adjacent sections. Scale bars = 100 lm.
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(wrasse v1a1 amino acid 218), and Phe and Gln residues in TM 6
(wrasse v1a1 deduced amino acids 304 and 307). These residues
generate a lipophilic pocket in the AVT/AVP V1a-type receptor
[25]. Similarly, v1a1 and v1a2 receptors from all three species con-
tain Gln residues at positions in the TM 2 and 3 domains (wrasse
v1a1 deduced amino acids 128 and 215); these residues generate
a hydrophilic cleft that facilitates AVT hormone binding. The
v1a2 receptor of teleosts has previously been characterized to
function via the PLC/IP3/Ca+2 second messenger pathway typical
of mammalian V1a-type receptors (reviewed in [36]), and Yamag-
uchi and coworkers [70] recently demonstrated that the v1a1
cDNA of medaka encodes a membrane receptor that also functions
by triggering the release of intracellular Ca+2. Conservation of key
residues involved in hormone binding between the deduced
V1a1 and V1a2 receptors of wrasse and medaka therefore suggests
that the wrasse v1a1 and v1a2 cDNAs likely encode receptors with
similar functional properties.

Phylogenetic analysis of the deduced protein sequences for the
two wrasse V1a-type receptor cDNAs further confirmed these
structural similarities and indicated that v1a1 receptors from pup-
fish, rock hind, and medaka formed a clade that includes predicted
V1a1-type receptor sequences from stickleback, pufferfish and Nile
tilapia (Oreochromis niloticus), while the v1a2 receptor transcripts
formed a second clade comprised of most previously identified
AVT receptors from teleost fishes (see Fig. 2). This pattern of phy-
logenetic structure suggests that the v1a1 and v1a2 genes of teleost
fish likely represent gene paralogs. Recent gene synteny analyses
of the v1a1 and v1a2 receptors in medaka, coupled with the pres-
ence of only a single V1a-type receptor in the cartilaginous holo-
cephalan Callorhinchus milii, suggests that the v1a1 and v1a2
genes arose through duplication of a single ancestral gene after
the divergence of cartilaginous fishes from the lineage containing
Osteichthyan fishes and tetrapods [70]. Whole or partial genome
duplications have occurred repeatedly in teleost fishes (e.g., [34]),
and those duplications likely contributed to the evolution of two
V1a-type AVT receptors in teleost fishes.

The tissue distribution patterns observed for these two V1a-
type receptors in wrasse suggest that the two V1a-type receptors
have evolved divergent functional roles. Transcripts encoding the
v1a1 receptor were at greatest levels in the telencephalon, hypo-
thalamus, optic tectum, cerebellum of both female and male (IP
and TP) fish, and at high abundance in the testis tissue as well.
Meanwhile, transcripts encoding the v1a2 receptor transcripts
were most abundant in the wrasse hypothalamus, cerebellum
and gills. Although few comparable data are available from other
teleost fishes, the tissue distribution profile of v1a1 mRNAs in pup-
fish generally resembles that observed here with wrasse. In both
male and female pupfish, v1a1 transcripts were observed at great-
est abundance in the midbrain, cerebellum, and testes [36]. Like-
wise, the v1a2 transcript was observed to be present in high
abundance in the midbrain, cerebellum and gills of pupfish [36]
(see also [32]), just as observed here in bluehead wrasse.

In situ hybridization further confirmed that v1a1 and v1a2
mRNAs exhibit a widespread distribution in the bluehead wrasse
brain, and both transcripts were particularly prevalent in areas
implicated in the regulation of reproduction (POA, ventral tuberal
hypothalamus) and social and sexual behaviors (POA, ventral tel-
encephalon). The distribution of these mRNAs in wrasse was gen-
erally consistent with that described recently for v1a2 mRNA and
protein in the cichlid fish Astatotilapia burtoni [26]. While this
may not be unexpected given the relatively close relationship of
cichlid fishes and the wrasses as members of the suborder Labroi-
dei (see discussion in [69]), we cannot exclude the possibility of
differences in V1a-type AVT receptor neural distribution between
the bluehead wrasse and A. burtoni without a more detailed study
in the wrasse, and because only the distribution of the v1a2 recep-
tor subtype was examined in the cichlid. Clearly, additional work
aimed at assessing potential differences in v1a1 and v1a2 receptor
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distributions either between regions or within nuclei in the blue-
head wrasse brain is necessary. Such future work will ideally em-
ploy double-label in situ hybridization or double-label
immunocytochemistry following development of the appropriate
antibodies, and quantification of hybridization signal within spe-
cific nuclei, but was beyond the scope of the current study here.
4.2. Variation in V1a-type receptor mRNA abundance among sexual
phases

In the current study, significant variation in V1a-type AVT
receptor mRNA abundance was observed among sexual phases of
the bluehead wrasse. Transcripts encoding v1a2 were at higher rel-
ative levels in the whole brain and hypothalamus of TP males com-
pared to IP males and females, and v1a1 transcripts were observed
to be at greater relative levels in the testicular tissues of both TP
males and IP males, compared to the ovarian tissues of females.
Although very little is presently known about the regulation of
v1a1 and v1a2 AVT receptor transcript and protein expression in
teleost fishes, previous studies in pupfish do provide some insights
into possible functional roles for these two V1a-type receptors. In a
study of adult Amargosa pupfish in their natural desert stream
habitat, relative transcript abundance for v1a2 – but not v1a1 –
in the whole brain was observed to vary diurnally in sex-specific
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Fig. 6. Comparisons of whole brain gene transcript abundance for v1a1 (A) and v1a2
(B) among females, IP males, IP (female or male) to TP transitional individuals, and
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phases (p < 0.05; Tukey HSD tests). Data are shown as mean ± SEM.
patterns [41]. The frequency and intensity of aggressive and court-
ship/spawning behaviors in these fish also varied diurnally in
accordance with the physical conditions (sunlight intensity, water
temperature) of their river habitat [41]. Pupfish are behaviorally
dimorphic, with males exhibiting higher levels of aggression and
courtship than females [4]. The behavioral effects of AVT have like-
wise been found to be sexually dimorphic, usually with males – but
not females – responding to exogenous AVT by altering aggressive
or courtship behaviors [22,55,57] (see also [2,39,52,53,62]).
Although, experiments remain to be conducted that would explic-
itly link the diurnal variation in v1a2 mRNA abundance in the
brains of these wild pupfish to the daily shifts in aggressive and
reproductive behaviors, rather than to the diurnal changes in water
temperature, the sex-specific patterns of diurnal v1a2 mRNA regu-
lation are consistent with the v1a2 receptor – but not the v1a1
receptor – mediating differential effects of AVT on behavior or neu-
ral physiology between males and females.

Our results here lend further support for that idea, as significant
differences in relative mRNA abundance for the v1a2 receptor were
observed between female, IP male and TP male bluehead wrasse,
but mRNA levels for the v1a1 receptor were similar among these
sexual phases. Transcripts encoding the v1a2 receptor were local-
ized by in situ hybridization to brain regions linked to the regula-
tion of social and reproductive behaviors (e.g., POA, ventral
telencephalon), suggesting that sex- or sexual phenotype-specific
differences in social and reproductive behaviors may be underlain
by divergent v1a2 receptor-mediated neural AVT signaling. Com-
bined with previous evidence from bluehead wrasse that exoge-
nous AVT regulates social behaviors and that administration of
the V1a-type receptor antagonist Manning compound has the
opposing behavioral effects, the overall picture that is emerging
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from these studies implies that differences in v1a2 neural expres-
sion may underlie the AVT-mediated shifts in aggression and
courtship behaviors that occur as part of the sex change process.

Relative levels of v1a1 receptor mRNAs did not vary in either
the whole brain or in the isolated telencephalon or hypothalamus
of the different wrasse sexual phenotypes, and the functional sig-
nificance of the v1a1 receptor in the brain still remains largely un-
clear. In pupfish, Lema [36] found that relative v1a1 mRNA levels in
the hypothalamus were elevated both 5 and 20 h after fish were
exposed to hyperosmotic challenge (transfer of fish from 2.1 ppt
salinity to 34 ppt salinity). Combined with the lack of variation
in v1a1 transcript levels among wrasse sexual phases here, and
AVT’s other established roles in regulating hydromineral balance
and the hypothalamic-pituitary-interrenal (HPI) stress responses
in teleost fishes [3], the currently available evidence points to the
possibility that v1a1 receptor expression in the brain may be
important for how fish respond to stressful environments, such
as a hyperosmotic challenge [36], rather than function in the regu-
lation of social or reproductive behaviors.

In any case, it is clear that additional studies are needed to fully
understand the mechanisms of v1a1 and v1a2 AVT receptor regula-
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tion in fish and clarify the role of the two teleost V1a-type AVT
receptors in behavioral sex change. In other vertebrates, neural
AVT protein and pro-AVT mRNA levels are both regulated by gona-
dal steroids [21,43], and gonadal steroids and glucocorticoids have
been shown to regulate AVT/AVP receptor density in select brain
regions of mammals (e.g., [7,29,68,71]). AVT receptor mRNAs in
the hindbrain have been shown to vary seasonally in teleosts
[62], but no study has yet examined whether v1a2 gene transcrip-
tion in the teleost brain is regulated by steroid hormones. The
androgen 11-ketotestosterone (11-KT) has been shown to be inef-
fective at altering either AVT immunoreactivity or AVT mRNA lev-
els in the hypothalamus of female bluehead wrasse, and castration
fails to alter hypothalamic AVT mRNA abundance in TP males [56].
Given the absence of evidence for steroid hormone influences on
hypothalamic AVT content – and the observation that the timing
of hypothalamic AVT-immunoreactivity and pro-AVT mRNA
changes corresponds to the period of increasing sexual and aggres-
sive behaviors as fish adopt the TP male phenotype [19], rather
than the changes in testicular tissue development and 11-KT pro-
duction that occur days later – it currently appears that the neural
AVT peptide expression in the wrasse hypothalamus is more
strongly influenced by social status than by gonadal function
[56]. Whether this is also the case for AVT receptors in wrasse is
unknown, and future studies need to explore both the regulation
of these pathways in the hypothalamus by social and gonadal sta-
tus, as well as possibility that hindbrain AVT and AVT receptor
pathways may be linked to behavior [62].

In addition to the differences in hypothalamic v1a2 gene tran-
script abundance observed among sexual phases, we also found
significant variation in relative levels of mRNAs encoding v1a1
transcripts in the gonads. Compared to the brain, even less is
known about the function of nonapeptides in the gonad, although
it is now clear from studies in several vertebrates that AVT/AVP
and OT/MT/IT may have endocrine or paracrine regulatory roles
in gonadal function (e.g., [48,58]). In fish, AVT peptide has been
localized to the gonads of the catfish Heteropneustes fossilis and
found to be at greater levels in ovary than in testis [60]. AVT levels
in both gonad types of this species change over the reproductive
season, suggesting a possible role in gametogenesis [60]. AVT has
also been shown to regulate 17b-estradiol production from the cat-
fish ovary, with the effects of AVT on 17b-estradiol secretion being
either stimulatory or inhibitory depending on where a female is in
its reproductive cycle [59]. In this same catfish species, AVT has
also been demonstrated to stimulate production of 17,20-dihy-
droxy-4-pregnen-3-one, which regulates oocyte maturation and
ovulation [58]. Incubation with the mammalian V1-type receptor
antagonist [deamino-Pen1,O-Me-Try2,Arg8]-vasopressin was found
to have a greater inhibitory effect on AVT-induction of ovulation
and 17,20-dihydroxy-4-pregnen-3-one production than the mam-
malian V2-type receptor antagonist [adamantaneacetyl1,O-Et-D-
Try2,Val4, aminobutyryl6,Arg8,9]-vasopressin, indicating that these
gonadal effects are mediated via a V1a-type receptor [58].

Although much remains unknown about the role of AVT recep-
tors in the ovary and testis, our observation of sex differences in
gonadal v1a1 mRNA levels here in bluehead wrasse – combined
with similar observations of sex differences in gonadal v1a1 mRNA
abundance in pupfish [36] – point to a possible role for this recep-
tor in mediating AVT’s effects within the gonad. In the context of
protogyny in the bluehead wrasse, the behavioral aspect of the
sex change process is rapid and can occur within minutes
[50,67], even though changes in gonadal sex are slower. AVT-ir
neurons in the preoptic area of the hypothalamus show changes
in size and/or number in response to social cues [2,56], and many
of these neurons have projections to the pituitary gland. Given our
observation here that sexual phases exhibit variation in v1a1
mRNA abundance in the gonads, and evidence from other fishes
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that AVT regulates 17b-estradiol production in the gonads [59],
might socially-induced changes in AVT signaling from the neuro-
hypophysis influence the changes in gonadal functioning that oc-
cur during sex change? AVT’s role in regulating the sex change
process is likely to be multifold, and if the socially-induced changes
in hypothalamic AVT production that regulate the behavioral as-
pect of protogyny also lead to changes in AVT release from the
pituitary gland, might this circulating AVT may have effects at
the level of the gonad on v1a1 mRNA abundance, gonadal steroid
production, or gonadal function? Alternatively, given that coordi-
nated changes in behavior and gonadal function that must occur
together during sex change, and that multiple endocrine signaling
mechanisms are likely involved [46,56] (see also reviews [15–17]),
what influences might social status and gonadal steroids have on
in the transcriptional and translational regulation of v1a1 and
v1a2 V1a-type receptors in brain regions like the hypothalamus?
The identification of two distinct V1a-type receptors might be
key to understanding the complexity of interactions between the
AVT system, gonadal steroids, and other endocrine signaling path-
ways in the sex change process, and future studies of teleost v1a1
and v1a2 AVT receptor function should not only inform how the
AVT system mediates sex change in fish, but also how neurohypo-
physial nonapeptides link shifting social status and gonadal influ-
ences to individual variation in sociosexual behaviors for other
vertebrates.
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