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Abstract
Androgens are an important output of the hypothalamic-pituitary-gonadal (HPG) axis that controls
reproduction in all vertebrates. In male teleosts two androgens, testosterone and 11-ketotestosterone,
control sexual differentiation and development in juveniles and reproductive behavior in adults.
Androgenic signals provide feedback at many levels of the HPG axis, including the hypothalamic
neurons that synthesize and release gonadotropin-releasing hormone 1 (GnRH1), but the precise
cellular site of androgen action in the brain is not known. Here we describe two androgen receptor
subtypes, ARα and ARβ, in the cichlid Astatotilapia burtoni and show that these subtypes are
differentially located throughout the adult brain in nuclei known to function in the control of
reproduction. ARα was expressed in the ventral part of the ventral telencephalon, the preoptic area
(POA) of the hypothalamus and the ventral hypothalamus, whereas ARβ was more widely expressed
in the dorsal and ventral telencephalon, the POA, and the ventral and dorsal hypothalamus. We
provide the first evidence in any vertebrate that the GnRH1-releasing neurons, which serve as the
central control point of the HPG axis, express both subtypes of AR. Using quantitative real-time
PCR, we show that A. burtoni AR subtypes have different expression levels in adult tissue, with
ARα showing significantly higher expression than ARβ in the pituitary, and ARβ expressed at a
higher level than ARα in the anterior and middle brain. These data provide important insight into the
role of androgens in regulating the vertebrate reproductive axis.
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Androgens are one endocrine output of the hypothalamic-pituitary-gonadal (HPG) axis that
controls reproduction in all vertebrates. In male fish, the major androgens testosterone and 11-
ketotestosterone (11-KT) are important for regulating sexual differentiation and functional
development at all levels of the HPG axis (Borg, 1994). For example, exogenous androgens
accelerate gonadal differentiation, spermatogenesis, and maturation of the hypothalamic and
pituitary cells that synthesize and release the signaling peptides to mediate reproductive
function (Amano et al., 1994; Goos et al., 1986; Miura et al., 1991a; Montero et al., 1995;
Piferrer et al., 1993; Schreibman et al., 1986). If administered early enough in development in
some teleost species, sex steroids can induce complete gonadal sex inversion in either direction
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(Hunter and Donaldson, 1983). In addition androgens also influence the adult HPG axis,
mediating important social and reproductive behaviors, including courtship, territoriality, and
aggression (Borg, 1994; Breton and Sambroni, 1996; Trudeau et al., 1991).

Many physiological actions of androgens are mediated by the androgen receptor (AR) family.
As with other steroid hormone receptors, ARs are ligand-dependent transcription factors,
containing a highly conserved DNA-binding domain (DBD) and a moderately well conserved
ligand-binding domain (LBD). After ligand binding, AR monomers undergo conformational
change, dissociate from chaperone proteins (mostly of the heat-shock protein family), dimerize,
and bind coactivator proteins (Bohen et al., 1995; Pratt and Toft, 1997). Steroid receptor
dimerization, which induces activation of the receptor, is followed by translocation of the
complex to the nucleus, where ARs recognize and bind to hormone response elements (HRE)
in androgen-sensitive genes (Gelmann, 2002; Whitfield et al., 1999).

Having multiple nuclear steroid receptor isoforms within one species is a common theme
among mammals and teleosts alike (Hawkins et al., 2000). For example, the cichlid fish
Astatotilapia burtoni has three isoforms of glucocorticoid receptor, GR1, GR2a, and GR2b
(Greenwood et al., 2003) as well as three subtypes of estrogen receptor (ERα, ERβa, and
ERβb; Burmeister et al., 2006). To date, multiple isoforms of the AR have been described in
several fish species, including rainbow trout and Japanese eel, which each have two isoforms,
ARα and ARβ (Ikeuchi et al., 1999; Takeo and Yamashita, 1999, 2000; Todo et al., 1999).
Biochemical characterization has also identified two forms of AR (AR1 and AR2) in the
Atlantic croaker and Kelp bass (Sperry and Thomas, 1999a,b). Most teleost ARs display high
testosterone affinity and significantly lower 11-KT affinity, as shown by binding studies
(Pasmanik and Callard, 1988; Pottinger, 1987; Slater et al., 1995), and the ARα/AR1 subtypes
show a similar ligand-binding profile (Ikeuchi et al., 1999; Sperry and Thomas, 1999a,b,
2000; Takeo and Yamashita, 2000; Todo et al., 1999). In contrast, ARβ/AR2 subtypes in the
Japanese eel, Atlantic croaker, and kelp bass demonstrate high binding affinity for a broader
range of natural androgens (Ikeuchi et al., 1999; Sperry and Thomas, 1999a,b, 2000). In males
of many fish species, the circulating levels of 11-KT are higher than levels of other androgens,
and 11-KT, rather than testosterone, appears to be the major influence on many androgen-
dependent changes in male reproductive state (Borg, 1994). Recently an AR subtype (ARβ2)
that is preferentially activated by 11-KT compared with testosterone has been identified in the
male stickle-back (Olsson et al., 2005).

The number and functional diversity of teleost AR subtypes is particularly intriguing given the
number of fish species that show androgen-induced sex-changing ability and multiple sexual
or social phenotypes correlated with circulating androgen levels (Hirschenhauser et al.,
2004; Oliveira et al., 1996, 2002). For example, reproductively competent, territorial (T) male
A. burtoni have high circulating levels of both testosterone and 11-KT, whereas non-territorial
(NT) males, which are not reproductively competent, have lower circulating levels of both
androgens compared with T males (Burmeister et al., 2005; Fernald, 1977; Fernald and Hirata,
1977; Francis et al., 1993; Parikh et al., 2005; White et al., 2002) so that the social system of
A. burtoni provides a unique opportunity to investigate the role of androgens in the regulation
of reproductive capacity.

Androgen production is controlled by the hypothalamic neurons that synthesize and release
gonadotropin-releasing hormone 1 (GnRH1) and serve as the final control point of the HPG
axis to regulate reproduction in all vertebrates. GnRH1 induces the pituitary to release
gonadotropins (GtH), which in turn act on the gonads to regulate gametogenesis and gonadal
steroidogenesis and hence reproductive capacity (Kalra and Kalra, 1994). In A. burtoni males,
the soma size of GnRH1-releasing neurons, as well as the amount of GnRH1 synthesized by
these neurons, changes as a function of social status (Davis and Fernald, 1990; White et al.,
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2002). Increased cell size and GnRH1 production in T males induced by social ascent causes
up-regulation of the entire HPG axis, and consequent increased reproductive capacity (Francis
et al., 1993; Parikh et al., 2005). Although it has long been known that androgenic signals
provide feedback to the pituitary and brain, the precise effect of androgens on the HPG axis at
the level of GnRH1-releasing neurons, both in mammals and in fish, appears to depend on life
stage. In juvenile fish of many species, exogenous androgens increase GnRH1 expression in
the hypothalamus (Amano et al., 1994; Dubois et al., 1998; Montero et al., 1995). In adults,
however, castration of adult T A. burtoni males, which dramatically reduces the levels of
circulating testosterone and 11-KT (Francis et al., 1993), results in a further increase in the size
of the GnRH1-releasing neurons in these animals, suggesting that androgens are normally a
limiting factor in GnRH1 neuron size (Soma et al., 1996). The hypertrophy of the GnRH1
neuron soma size in castrated T A. burtoni, can be reversed by exogenous treatment with either
testosterone or 11-KT, which demonstrates that T males have large GnRH1 neurons despite
high circulating androgens and must therefore be under the influence of a socially induced
trophic signal (see the discussion of the “social set point” by Soma et al., 1996). Similarly,
exogenous testosterone decreases GnRH1 mRNA levels in castrated males of the closely
related Nile tilapia (Soga et al., 1998). These data have led to the hypothesis of a socially
regulated negative feedback control of gonadal steroid levels on GnRH1-releasing neurons in
adult A. burtoni.

However, the precise sites of androgen action in the teleost brain are not known. One hypothesis
is that androgen effects on GnRH1-releasing neurons are indirect, via androgen-sensitive
interneurons, or following aromatization of testosterone to estrogen (Belsham and Lovejoy,
2005). Estrogen alone has no effect on GnRH1-neuron soma size in A. burtoni, whereas the
nonaromatizable androgen 11-KT is as effective as testosterone in reversing the hypertrophy
induced by castration (Soma et al., 1996). Because GnRH1 release from dispersed teleost brain
cultures can be modulated by both testosterone and 11-KT (Lee et al., 2004), and A. burtoni
GnRH1 contains several putative hormone response elements (HREs; White and Fernald,
1998), it is possible that endogenous androgen action on the HPG axis is mediated by AR
expressed on the GnRH1-releasing neurons themselves. The precise cellular and tissue
distributions of AR subtypes within one species are unknown, so we have localized multiple
AR subtypes in A. burtoni. Because social regulation of maturation and reproduction occurs
in many species, discovering the cellular circuits responsible for androgen action in A.
burtoni will be an important step in understanding how social information is translated into
physiological change.

MATERIALS AND METHODS
Animals

A. burtoni were taken from a laboratory breeding population derived from wild-caught stock
originating in Lake Tanganyika, Africa (Fernald and Hirata, 1977). The animals were kept
under conditions matching their natural environment and were maintained according to the
animal care guidelines of Stanford University. Aquaria were filled with treated water (Cichlid
Lake Salt and Tanganyika Buffer; Seachem Laboratories, Stone Mountain, GA) to maintain
pH at 8.6 and carbonate hardness of 170 mg/liter CaCO3. Temperature was 29°C with a 12-
hour light/12-hour dark cycle with full-spectrum illumination (Vita-Lite; Duro-Test, Fairfield,
NJ). Fish were fed once daily at 9:00–9:30 AM with cichlid formula pellets and flakes (Aquadine,
Healdsburg, CA). Gravel and terra cotta pot shards were provided to allow the males to establish
and maintain territories, which is an integral component of their reproductive and social
behavior (Fernald, 1977). Focal observations were performed to determine the dominance
status of individual males over a period of >3 weeks using previously established criteria
(Fernald, 1977).
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AR sequence
To identify the ARα sequence, total RNA from the whole brain of an adult male A. burtoni
was prepared (Ultraspec-II RNA; Biotecx Laboratories, Houston, TX). The RNA was treated
(DNAse I, proteinase K), and 2 μg per reaction was reverse transcribed (Superscript II RT;
Life Technologies, Gaithersburg, MD) as recommended by the manufacturer, except that oligo-
(dT18) priming was used. Polymerase chain reaction (PCR) was used to amplify the A.
burtoni ARα with degenerate primers. Degenerate primer sequences were identified from
previously cloned fish androgen receptors (rainbow trout ARα and red sea bream AR; see Table
1) using the web-based COnsensus-DEgenerate Hybrid Oligonucleotide Primers program
(CODEHOP; http://blocks.fhcrc.org/blocks/codehop.html). The 5′ degenerate primer
sequence was GGYAGCTGCAARGTNTTYTTYAA and the 3′ degenerate primer sequence
was MACAAGRTCYGGRGCRAARTANA. PCR was done in 20-μl glass microcapillary
tubes (Rapidcycler; Idaho Technologies, Idaho Falls, ID) with a touchdown cycling protocol
as follows: an initial 15-second denaturation at 94°C, followed by 40 cycles of a 15-second
hold at 94°C, a 15-second primer annealing step at 55°C (every five cycles the annealing
temperature was lowered 1°C), and a 15-second extension step at 72°C. Klentaq1 DNA
polymerase was used with supplied buffer (AB Peptides, St. Louis, MO), prebound with
TaqStart Antibody (Clontech, Palo Alto, CA) for an automatic hot-start to reduce nonspecific
priming. Fluorescent DNA sequencing was performed by dideoxy termination methods with
automated base calling. To obtain the complete cDNA, 5′- and 3′-RACE was performed on
brain total RNA (Marathon cDNA Amplification Kit; Clontech). Based on the cDNA sequence
amplified by the degenerate primers, unique A. burtoni androgen receptor primers (3′-RACE
TGTCATGGATGGGGGTGATGGTGTTTGC and 5′-RACE
AGGTCCCGAAACCCTGGTATTGCCTTGG) were designed (Oligo; Molecular Biology
Insights, Cascade, CO). The RACE products from this cDNA were sequenced and were found
to contain the start and end codons. New primers, specific for the 5′- and 3′-UTRs of the A.
burtoni ARα, were then used to obtain the full-length cDNA.

To identify ARβ, we designed primers to recognize O. niloticus ARβ (3′
CCAGCCATTCGCCGACCTC, 5′ CCTTTTCTGCCTGCGCCACAA). Based on the
sequence amplified, specific A. burtoni primers (5′-RACE TGAACAGTGGTACCC
TGGCGGAATGCTG, 3′-RACE CTCGTGTCA CCGGACTCCATGGTCAGAC) were used
to generate RACE products, and these in turn were subsequently used to design primers to
amplify a full-length transcript of 2,290 bp.

Phylogenetic analysis
Translated protein sequences based on A. burtoni ARα and ARβ gene sequences were
compared with AR sequences from 23 additional androgen receptors and one progesterone
receptor using ClustalW (ClustalW 1.8;
http://searchlauncher.bcm.tmc.edu/multi-align/multi-align.html; BCM Search Launcher). Full
species names and GenBank accession numbers for the receptor cDNAs are shown in Table
1. Human progesterone receptor was included as an outgroup. Phylogenetic trees were
generated by using full protein sequences of the multiple species (Mega
http://www.megasoftware.net/m_con_select.html) to identify relationships between the alpha
and beta androgen receptors of A. burtoni and among other known sequences. Bootstrap values
are shown.

Localizing AR receptors in the brain by using in situ hybridization
Gene-specific primers for amplification of ARα and ARβ were designed (Oligo; Molecular
Biology Insights, Cascade, CO). The oligonucleotide sequences used are given in Table 2.
Adult brain cDNA from A. burtoni was generated as described above and used as template for
touchdown PCR (PCR Express, Hybaid, Basingstoke, United Kingdom) under the following
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conditions; an initial 3-minute 95°C denaturation step, 17 cycles of 30-second 95°C
denaturation, 65°C annealing (this step reduced by 0.5°C each cycle), and 1.5-minute 72°C
elongation step, 25 cycles of 30 seconds at 95°C, 30 seconds at 57°C and 1.5min at 72°C,
followed by a final elongation step of 15 minutes at 72°C. The amplified AR subsequences
were a 1,052-bp fragment containing parts of the hinge region and the LBD (ARα) and a 1,020-
bp fragment within the hypervariable transactivation domain (ARβ). The AR fragments were
cloned into the pcRTOPO-II plasmid (Invitrogen) for subsequent in vitro transcription.
Radioisotopically labeled AR sense and antisense probes (see Table 2) were generated by
using 35S-UTP (Amersham) and Maxiscript in vitro transcription kit (Ambion) with either T7
or SP6 polymerase. Digoxigenin (DIG)-labeled GnRH1 probe was generated as described by
Chen and Fernald (2006).

By following standard in situ hybridization procedures as modified in our laboratory
(Burmeister et al., 2005; Grens et al., 2005), stable T adult males were killed by rapid
decapitation, and the brain was removed and snap frozen in OCT embedding medium (Ted
Pella Inc, Redding, CA). Brains were sectioned at 14 μm in the transverse plane and stored
overnight at -80°C before being fixed in 4% formaldehyde in PBS (pH 7.4) for 10 minutes.
Slides were washed twice in PBS, washed once in 0.1 M triethanolamine (TEA; pH 8.0), and
then incubated in 0.25% acetic anhydride in TEA. After washing twice in 2× SSC (pH 7.0)
buffer, slides were dehydrated in a series of ethanol dilutions and left to air dry. The labeled
probes were diluted in hybridization buffer (Sigma, St. Louis, MO) to a final concentration
equivalent to 5 × 105 CPM per slide (AR probes) or 2 ng/μl (GnRH1 probe). The slides were
coverslipped and incubated overnight in a mineral oil bath at 60°C. After two chloroform
washes to remove the mineral oil, labeled slides were washed twice in 4× SSC, washed twice
in 2× SSC containing 1 mM dithiothreitol (DTT), and then incubated in 10 μg/ml RNAseA in
2× SSC-DTT at 37°C for 30 minutes. After washing twice in 2× SSC-DTT at room temperature,
slides were washed in 50% formamide-2× SSC-DTT at 60°C, followed by two washes in 0.1×
SSC containing 1 mM DTT at 60°C and one further wash in 0.1× SSC-DTT at RT. For double
in situ hybridization studies, slides were rinsed in PBS, quenched with 3% H2O2 in PBS for
10 minutes, rinsed once in PBS and once in PBS-0.05% Tween-20 (PBS-T), blocked in PBSB
(PBS containing 0.5% blocking reagent from TSA biotin kit; Perkin Elmer Life Sciences,
Boston, MA) for 30 minutes, and incubated in primary antibody (anti-Digoxigenin-POD;
Roche Diagnostics, Mannheim, Germany) diluted 1:250 in PBSB for 1 hour at RT. After two
5-minute washes in PBS-T, slides were incubated in biotinyl tyramide diluted 1:50 in
amplification diluent (both TSA biotin kit; Perkin Elmer Life Sciences) for 10 minutes, washed
twice in PBS-T, and incubated for 30 minutes in streptavidin-HRP diluted 1:100 in PBSB.
After two further washes in PBS-T, slides were incubated in diaminobenzidine (DAB) solution
(0.05%) in PBS with 0.012% H2O2 for 8–20 minutes and washed in PBS.

After dehydration in a series of ethanol dilutions, slides were coated with NTB-2 emulsion
(Kodak), exposed at 4°C for 4 weeks, developed, and counterstained with 0.5% cresyl violet
acetate. Sense probes for A. burtoni ARα and ARβ were used to test the specificity of the in
situ hybridization data, and in no case was signal above background levels observed with the
sense probes. A. burtoni midbrain nuclei were identified with nomenclature from Fernald and
Shelton (1985), and telencephalic nuclei were identified by using zebrafish, tilapia, rainbow
trout, and sea bream brain atlases (Ando et al., 1999; Munoz-Cueto et al., 2001; Pepels et al.,
2002; Wullimann et al., 1996) as used by Burmeister and Fernald (2005). Brain sections were
viewed (Axioscope; Carl Zeiss Inc.) and digital images captured (Spot camera; Diagnostic
Instruments, Sterling Heights, MI) for subsequent analysis. The silver grains in the darkfield
and merged images were pseudocolored green (Adobe Photoshop 7; Adobe Systems Inc., San
Jose, CA) to facilitate demonstration of colocalization with the DAB product. The contrast of
darkfield images was adjusted for clarity, and the illumination of bright-field images was
equalized (Adobe Photoshop 7).
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Measuring AR mRNA abundance in A. burtoni brains
Three dominant males from three different community tanks (total n = 9) were chosen for
quantitative real-time polymerase chain reaction (QRT-PCR; see below) based on maintaining
a consistent social status over time. Subjects were weighed and then killed by rapid
decapitation, and their brains and pituitaries were collected. For QRT-PCR the brain was
divided into anterior, middle, and posterior parts by sectioning the tissue, at an angle of 45° to
horizontal, at the anterior commissure and between the optic tectum and cerebellum with a
scalpel. As a result of the trisection, the anterior portion contained the entire telencephalon and
a portion of the anterior parvocellular preoptic nucleus (aPPn). The middle portion contained
the diencephalon, including the remainder of the aPPn, the pretectum, and the midbrain; the
posterior portion contained the cerebellum and brainstem. We were able to determine that the
anterior portion of the brain included part, but not all, of the aPPn, because both the anterior
and middle portions show GnRH1 expression (see below) and GnRH1-expressing neurons are
located in the most anterior part of the aPPn (Davis and Fernald, 1990; Fernald and Shelton,
1985).

After dissection, tissue was immersed in Trizol, frozen in an ethanol-dry ice bath, and stored
at – 80°C until RNA extraction. For QRT-PCR, tissue was homogenized in Trizol (Invitrogen,
Carlsbad, CA) and the RNA was extracted according to the standard Trizol protocol. Because
of the large number of samples, we extracted RNA in multiple groups organized by tissue and
tank (e.g., we extracted RNA from all the testes of males from each tank simultaneously). RNA
integrity and concentration were estimated spectrophotometrically, and the RNA was treated
with DNase (Turbo DNA-free; Ambion, Austin, TX) to remove contaminating genomic DNA
before synthesizing cDNA with random hexamer primers and Transcriptor reverse
transcription (Roche Applied Science, In-dianapolis, IN). The primers for QRT-PCR were
designed by using a strategy described by Greenwood et al. (2003) that maximizes reaction
efficiency, and the sequences are given in Table 2. During development of the QRT-RCR
primers, QRT-PCRs were analyzed by gel electrophoresis to verify the presence of a single
amplicon of the predicted size. Melt-curve analysis was also performed on a subset of PCR
plates to verify that the reaction produced a single amplicon. The absence of multiple amplicons
indicated that the primers bound only to single sites in the template DNA, along with the
absence of contaminating genomic DNA. Negative controls (no DNA template) were
performed for all QRT-PCR. The level of 18S mRNA in each sample was measured to control
for variation between total RNA levels between samples. For the QRT-PCR, iQ Sybr Green
Supermix (Bio-Rad Laboratories, Hercules, CA) was used with 0.5 μM of each primer. The
PCR parameters were 3 minutes at 95°C, followed by 40 cycles of 95°C, 60°C, and 72°C for
30 seconds each, and PCR Miner (Zhao and Fernald, 2005) was used to calculate the reaction
efficiencies and cycle thresholds from the fluorescence readings of individual wells during the
reaction. The reaction efficiencies were 1.9 –2.1. For each sample, the mean cycle threshold
of three PCRs was determined. The expression of each target gene of interest relative to 18S
mRNA levels was calculated using the equation: relative target gene expression = 100 ×
(E18S

CT18S)/ (Etarget
CTtarget), where E was reaction efficiency and CT was cycle threshold

(Pfaffl, 2001). Thus, expression of the target genes is expressed as a percentage of 18S mRNA
expression. Sample sizes were 9 for each tissue and gene. In addition to the primary genes of
interest, GnRH1 mRNA expression levels were measured in the anterior and middle portions
of the brain to determine the location of the GnRH1-expressing neurons in the dissected brain
tissue. GnRH1 mRNA expression levels were similar in the anterior and middle portions of
the brain (data not shown), suggesting that the aPPn was divided between these two brain
regions.
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Statistical analysis
To compare the level of AR mRNA expressed in each tissue, multiple general linear models
with AR subtype as a within-subject variable and with tank/RNA-extraction group as between-
subject variables were used. Error attributable to the confounding variables of community tank
and RNA extraction group were accounted for by including the between-subject factor “tank/
group” in the analyses. The effects of status or tank/group are not reported or discussed, and
in all ANOVA models the type III sums of squares was used. When comparing expression
levels of the two AR subtypes in our graphs, the estimated marginal means and standard errors
(which represent the effect tested by the model in which is the receptor subtype with effects
of group/tank removed) are reported. Sample sizes were 9 for each tissue and gene.

RESULTS
We found two transcripts in A. burtoni encoding putative androgen receptors. Both identified
sequences have canonical steroid receptor domains [Krust et al., 1986; transactivation, DNA
binding domain (DBD), hinge, ligand binding domain (LBD); see Fig. 1B] and, based on
comparison with other androgen receptors, are designated ARα and ARβ following the
convention of Ikeuchi et al. (1999). ARα encoded a predicted 692-aa protein, with a 23-aa
insert in the hinge region compared with ARβ encoding a 763-aa predicted protein. Alignment
of the two A. burtoni AR predicted protein sequences revealed only moderate overall homology
between the transcripts and 39% identity overall (Table 3). Similar to other steroid receptors,
the A. burtoni ARα and ARβ had the highest homology within the putative DBD (75% identical;
Table 3). In the DBD, eight cysteine residues in two zinc-finger motifs and the P-box important
for HRE recognition were completely conserved between both A. burtoni AR sub-types and
human AR (hAR). Within the A. burtoni AR D-box, which plays a role in half-site spacing,
the arginine residue at position 597 in hAR was substituted by a lysine. This substitution is
found in some, but not all, known teleost AR subtypes. For example, sea bream AR and Nile
tilapia ARβ each contain R597K, but neither Japanese eel AR subtypes have the substitution
(Ikeuchi et al., 1999, 2001; Todo et al., 1999). A. burtoni ARα and ARβ each had a putative
nuclear localization sequence (ARα aa 367–383 and ARβ aa 467– 483) and shared high
homology within the LBD (62% identical; Table 3). The four LBD amino acids that are thought
to interact directly with ligand in hAR (N705, Q711, R52, and T877) were all conserved in A.
burtoni ARα and ARβ. In contrast, the A/B domain, which contains the cell-type-and promoter-
specific transactivation function and is commonly the region of lowest homology between
steroid receptors, was only 18% identical between ARα and ARβ (Table 3). The previously
described rainbow trout isoforms (ARα and ARβ) are likely the result of salmonid tetraploidy,
since they show very high overall identity (85%; Takeo and Yamashita, 1999).

Sequence comparison analysis showed that each of the A. burtoni AR subtypes clustered with
the appropriate teleost ARα or ARβ isotypes (Fig. 1B). Generally, teleost ARβ/2-like receptors
have greater homology with mam-malian ARs than do ARα/1-like receptors (Ikeuchi et al.,
1999; Sperry and Thomas, 1999a,b; Takeo and Yamashita, 1999,2000;Todo et al., 1999), and
this trend was maintained by the A. burtoni AR subtypes, illustrated by the clustering of A.
burtoni ARβ closer to the mammalian ARs (Fig. 1B). The high similarity between ARβ and
mammalian ARs is particularly pronounced in the ARβ DBD, which was 92% identical to the
DBD of the hAR, compared with the ARα DBD, which shared only 72% identity with the
equivalent region in hAR.

Expression of ARα and ARβ in the brain and pituitary of A. burtoni
By using in situ hybridization, we found that the two AR subtypes were expressed in the A.
burtoni telencephalon and diencephalon but with little detectable expression in the hindbrain.
In particular ARα and ARβ expression patterns had considerable overlap within the preoptic
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area (POA) of the hypothalamus. ARα mRNA was expressed in the ventral portion of the
ventral telencephalon (Vv; Fig. 2a2,a3). In the diencephalon, a high density of ARα-expressing
neurons was located in the POA, specifically the anterior portion of the parvocellular preoptic
nucleus (aPPn), and dorsally along the edge of the third ventricle (3V; Fig. 2b2,b3, arrow).
ARα-expressing cells were also located throughout the ventral hypothalamus (VH; Fig.
2c2,c3), distributed over a total rostrocaudal distance of more than 400 μm.

Overall, ARβ shows a more widespread distribution than ARα in the A. burtoni brain. There
was dense ARβ expression in the central nucleus of the dorsal telencephalon (Dc; Fig. 3a2,a3),
and more diffuse labeling at the lateral edge of part 3 of the medial zone of the dorsal
telencephalon (Dm3; Fig. 3b2,b3) bordering the dorsal nucleus of the dorsal telencephalon
(Dd). In both of these nuclei, ARβ-expressing neurons were distributed over a similar
rostrocaudal distance (approximately 400 μm in total). ARβ-expressing neurons were also
localized to the dorsal (Vd) and ventral (Vv) portions of the ventral telencephalon (Fig. 3c2,c3).
In the POA, a very dense pattern of ARβ mRNA was detected in the anterior portion of the
parvocellular preoptic nucleus (aPPn), the parvocellular portion of the magnocellular preoptic
nucleus (pMPn), a nucleus not evident in the zebrafish brain, but with a direct anatomical
equivalent in the goldfish (Bradford and Northcutt, 1983; Wullimann et al., 1996) and the
magnocellular portion of the anterior preoptic nucleus (maPn Fig. 3d2,d3). Unlike ARα
expression, ARβ expression does not extend dorsally from the aPPn along the edge of 3V
(compare Fig. 2b2,b3 with Fig. 3d2,d3). ARβ-expressing neurons were also detected in the
ventral hypothalamus (VH; Fig. 3e2,e3) and, to a lesser extent, in the dorsal hypothalamus
(DH; Fig. 3f2,f3).

Both ARα and ARβ mRNA were detected in the A. burtoni pituitary, with a similarly striking
expression pattern. Expression of ARα (Fig. 4a1,a2) and ARβ (Fig. 4b1,b2) is limited to the
area of the ventral pituitary that corresponds to the pars distali, with no expression in the dorsal
portion. Coronal sections shown in Figure 4 are through the posterior pituitary.

Colocalization of AR mRNA with GnRH1-releasing neurons
As described above, androgen levels influence reproductive competence via feedback on
GnRH1 release, and, as shown, both ARα and ARβ expression levels are high in aPPn of A.
burtoni, where GnRH1-releasing neurons are located (Chen and Fernald, 2006; White and
Fernald, 1998). Consequently, we mapped the distribution of AR mRNA in relation to the
GnRH1-releasing neurons. A double in situ hybridization for GnRH1 and ARα or ARβ revealed
that GnRH1-releasing neurons in the aPPn of A. burtoni expressed both ARα (Fig. 5c, arrows)
and ARβ (Fig. 5i, arrows; note that the silver grains in Fig. 5 have been psuedocolored green
in Fig. 5 to facilitate demonstration of colocalization). Expression of either AR mRNA subtype
in the aPPn was not limited to the GnRH1-releasing neurons; surrounding cells also expressed
both (Fig. 5, arrowheads). It should be noted that the non-GRH1-releasing neurons were more
densely labeled with probes for both AR subtypes, suggesting that the GnRH1-releasing
neurons express ARα and ARβ at lower levels than the surrounding cells. Double in situ
hybridization with the equivalent AR sense probes (Fig. 5d-f,j-l) demonstrates that the ARα
antisense signal (Fig. 5a-c) and the ARβ antisense signal (Fig. 5g-i) that is colocalized with
GnRH1 are well above background levels. To our knowledge, this is the first description of
coexpression of ARs and GnRH1 in a teleost brain.

Relative expression levels of A. burtoni ARα and ARβ mRNA in the brain and pituitary
In situ hybridization data suggested that the level of ARα expression in the A. burtoni pituitary
was higher than that of ARβ but that ARβ, which was more widespread throughout the
telencephalon and diencephalon, had higher expression levels in these regions of the brain. By
using QRT-PCR, we found that expression of ARβ mRNA was significantly higher than
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expression of ARα in the anterior (F1,6 = 95.1, P < 0.001) and middle (F1,6 = 162.9, P < 0.001)
A. burtoni brain (Fig. 6a,b), which is consistent with the observation that ARβ is expressed in
more nuclei throughout the telencephalon and diencephalon by in situ hybridization. In
contrast, ARα expression in the A. burtoni pituitary (Fig. 6d) was significantly higher than
ARβ (F1,6 = 45.2, P = 0.001). Our in situ hybridization studies did not reveal AR signal above
background in the posterior A. burtoni brain for either transcript (data not shown). The more
sensitive technique of QRT-PCR, however, detected very low expression of AR subtypes in
the posterior brain compared with other brain regions (Fig. 6c), with ARα mRNA expressed
at higher levels in the posterior brain than ARβ (F1,6 = 24.5, P = 0.003). This is the first report
of differential expression levels of AR subtypes in one species.

DISCUSSION
Here we identify two AR subtypes expressed by A. burtoni and demonstrate that phylogenetic
analysis classifies the predicted A. burtoni AR proteins as ARα and ARβ. We provide a detailed
description of the expression patterns of the two AR subtypes in the brain and pituitary of A.
burtoni. We show for the first time in a teleost that GnRH1 and both AR types are coexpressed
by neurons in the POA and that AR subtypes within one species are differentially expressed
in the brain and pituitary.

A. burtoni express two AR subtypes
The two predicted A. burtoni AR proteins likely arise from different genes. Both the
comparatively low homology between ARα and ARβ and the observation that these amino
acid differences are distributed throughout the protein suggest that these receptors are unlikely
to be the result of tetraploidy or alternative splicing of a single gene product. The presence of
two subtypes of AR in A. burtoni was not unexpected given the number of teleost species that
express multiple AR isoforms. In general, teleost ARs of the ARα/AR1 family show high ligand
binding affinity for testosterone and its metabolite DHT, but lower affinity for 11-KT, whereas
ARβ/AR2-like receptors tend to have a high affinity for a broad range of androgens (Ikeuchi
et al., 1999; Sperry and Thomas, 1999a,b, 2000; Takeo and Yamashita, 2000; Todo et al.,
1999). In cases of gene duplication, one or both of the subtypes can assume one of three fates;
become nonfunctional, assume a related but different function (subfunctionalization), or
assume a new, less related function (neofunctionalization; Postlethwait et al., 2004). The
expression of A. burtoni ARα and ARβ in overlapping regions of the brain, particularly their
coexpression on GnRH1-releasing neurons, suggests that the two subtypes are
subfunctionalized. Few studies have directly compared the ligand-induced transactivation
profiles of AR subtypes in any one species, but it has recently been shown that the stickleback
ARβ2 is preferentially activated by 11-KT compared with testosterone (Olsson et al., 2005).
A. burtoni ARβ is very closely related to the stickleback ARβ2 (for example 89.9% identical
in the LBD) as evidenced by their proximity in the phylogenetic tree presented in Figure 1a.
This raises the intriguing possibility that A. burtoni ARβ shows preferential activity with 11-
KT, but ARα exhibits ARα/AR1-like characteristics in its preferential activation by
testosterone. For teleosts, data suggest that 11-KT is the major physiological androgen in the
control of male reproduction (Borg, 1994). For example 11-KT is far more potent than
testosterone at inducing male sexual differentiation in female salmonids (Piferrer et al.,
1993), and, of all androgens tested, only 11-KT can induce all stages of spermatogenesis in the
Japanese eel (Miura et al., 1991a,b). In A. burtoni males of either social status, the levels of
circulating 11-KT are an order of magnitude lower than those of testosterone (Parikh et al.,
2005). Teleost sex steroid binding protein (SBP), identified in numerous teleost species to date,
reduces the effectiveness of sex steroids and is known to have a higher affinity for testosterone
than for 11-KT (Borg, 1994). It is therefore possible that the circulating level of available 11-
KT in male teleosts may be effectively greater relative to that of testosterone. Preliminary data
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on A. burtoni suggest that a dominance hierarchy within the territorial male population may
correlate with 11-KT, but not testosterone (W.J. Korzan and R.D. Fernald, unpublished results).

Expression of two AR subtypes throughout the brain and pituitary of A. burtoni
We found ARα and ARβ mRNA in distinct nuclei throughout the A. burtoni telencephalon and
diencephalon, with ARβ expressed more widely and at higher levels than ARα. Many of the
brain areas for which we report AR expression, including Dc, Vv, POA, and Vd, maintain
strong reciprocal interactions in a variety of fish species (Folgueira et al., 2004a,b;Rink and
Wullimann, 2004), suggesting multiple levels of potential androgen influence within the teleost
brain.

In most cases, the regions of A. burtoni brain that express AR are known to play a role in
reproductive function and/or behavior in fish. Of particular note is the expression of AR in
regions of the brain closely associated with the olfactory system. We found ARα and ARβ in
Vv and ARβ in Dc, both of which receive olfactory projections in cod (Rooney et al., 1992),
zebrafish (Rink and Wullimann, 2004), and rainbow trout (Folgueira et al., 2004a,b). AR
immunoreactivity has been described for these regions of the goldfish brain, as well as the
goldfish olfactory bulb itself (Gelinas and Callard, 1997). We do not see AR transcripts in the
A. burtoni olfactory bulb, which we believe is more likely to reflect a discrepancy in the
specificities of the techniques, perhaps arising from the use of an antibody raised against
mammalian AR (Gelinas and Callard, 1997), rather than differential expression between teleost
species. The influence of sex steroids in the behavioral response to olfactory cues in mammals
is well described (Bakker, 2003; Kelliher and Baum, 2002; Woodley and Baum, 2003), and
there is increasing evidence that androgens exert a stimulatory effect on the olfactory-driven
mating responses of male fish (Bhatt et al., 2002; Cardwell et al., 1995; Murphy and Stacey,
2002). In addition to its role in olfactory responses, Dc receives a visual input in fish (Lee and
Bullock, 1990; Saidel et al., 2001). The expression of ARβ mRNA in this region in A.
burtoni, in addition to the demonstration of AR protein in the goldfish retina (Gelinas and
Callard, 1997), suggests that androgens may also influence visual processing in teleosts.

A. burtoni AR subtypes are segregated in some regions of the brain, whereas other regions
contain mRNA for both AR isoforms. Without double labeling of both subtypes of AR, we
cannot conclude that the two forms are coexpressed on the same cells, but this is a tempting
hypothesis, in that both ARα and ARβ are expressed by GnRH1-releasing neurons (see below)
and are localized in the same brain nuclei. In the Japanese eel, ARα and ARβ are coexpressed
in cells in the testes (Ikeuchi et al., 2001). Both subtypes of A. burtoni AR contain the expected
leucine-zipper, which is essential for steroid receptor dimerization. Colocalization would
suggest the possibility that the two AR receptor types could form heterodimers, as shown in
vitro the Japanese eel AR subtypes (Ikeuchi et al., 2001), facilitating a more complex
interaction between them.

The main brain areas where expression of ARα and ARβ overlapped were the preoptic area,
the ventral hypothalamus, and the ventral pituitary. These areas participate in regulating
gonadotropin release, control of sexual differentiation and regulation of reproductive behavior
in fish, all of which are androgen-sensitive processes. In the pituitary, ARα and ARβ were
expressed in similar patterns, with ARα mRNA at a higher level. The cells in the ventral region
of the pituitary, to which AR expression was limited, are the gonadotropin (GtH)-releasing
cells, whereas AR expression was excluded from the dorsal cells, which are growth hormone
(GH)-releasing cell (Chen and Fernald, 2006; Parhar et al., 2002). There are conflicting reports
regarding the effect of androgen on GH release in fish, likely resulting from methodological
differences in vitro and seasonal variations in vivo (Degani et al., 1998; Huggard et al.,
1996; Larson et al., 2003; Onuma et al., 2005). There is some evidence that the effect of
testosterone on plasma GH levels is dependent on testosterone’s conversion to E2 (Holloway
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and Leatherland, 1997). The absence of AR on presumptive GH-releasing cells in the A.
burtoni pituitary is consistent with the idea that ER, rather than AR, mediates androgenic effects
on GH-releasing neurons.

In teleosts, both T and 11-KT can potentiate GnRH-induced GtH release (Antonopoulou et al.,
1999; Borg, 1994; Breton and Sambroni, 1996; Lo and Chang, 1998a,b; Weil and Marcuzzi,
1990). The results presented here, together with a recent report that describes GnRH-R1 but
not GnRH-R2 expression in the ventral pituitary of A. burtoni (Chen and Fernald, 2006),
suggest that the effect of androgen on GtH release at the level of the pituitary is potentially
sensitive to influence by the GnRH-R1 pathway in LH/FSH-releasing gonadotropes.

Previous research has not examined the relative expression levels of AR mRNA between
isoforms (Sperry and Thomas, 1999a,b;Takeo and Yamashita, 1999;Todo et al., 1999). Our
data showing differential expression levels of AR subtypes in the brain and pituitary suggest
differential influence of these two forms of receptor.

Expression of two AR subtypes by GnRH1-releasing neurons in A. burtoni
GnRH1-releasing neurons in A. burtoni express both ARα and ARβ, which, as discussed above,
may have different ligand-induced transactivation profiles. Although mammalian neurons in
the preoptic area near GnRH1-releasing cells express AR, expression has not been detected in
mammalian GnRH1-releasing cells (Huang and Harlan, 1993). Functional ARs are expressed
at low levels by the immortalized mouse GnRH-releasing cell line GT1 (Belsham et al.,
1998; Poletti et al., 1994, 2001). If the GT1 AR expression levels are representative of those
in vivo, it is possible that mammalian AR expression in GnRH neurons is below levels
detectable by the techniques used to date (Belsham and Lovejoy, 2005). In the teleost brain,
AR expression levels are 100–1,000-fold higher than in mammals (Pasmanik and Callard,
1988), which may reflect fundamental differences in androgen regulation of reproduction in
teleosts and mammals.

The prediction that A. burtoni ARα and ARβ will show different activation profiles in response
to 11-KT and testosterone based on comparative data makes this report of the expression of
both subtypes by GnRH1-releasing neurons particularly important. Both testosterone and 11-
KT, but not E2, restore the soma size of the GnRH1-releasing neurons in the aPPn of A.
burtoni following castration (Soma et al., 1996). AR expression by GnRH1-releasing neurons
themselves supports the idea of direct effects (i.e., not via aromatization) of testosterone and
11-KT on these GnRH1 neurons. In isolated black porgy neurons, there was no significant
difference between 11-KT- and testosterone-induced GnRH1 release over a short time (1 hour;
Lee at al., 2004). However, extended 11-KT treatment stimulated a greater total amount of
GnRH1 release over 6 hours (Lee et al., 2004), suggesting potential differential regulation of
GnRH1-releasing neurons by 11-KT and testosterone.

The expression of both ARα and ARβ in the aPPn is extremely dense. The results presented
here are a representative example of AR expression in the brain of a stable T male, in which
the entire HPG axis is up-regulated relative to NT males (Davis and Fernald, 1990; Francis et
al., 1993; Parikh et al., 2005; White et al., 2002). ARα and ARβ mRNA levels are significantly
lower in the telencephalon of NT males compared with T males (Burmeister et al., 2006). Since
GnRH1-releasing neurons are the central point of control for the up-regulation of the
reproductive axis in A. burtoni, future studies revealing whether social regulation of AR mRNA
in the brain occurs at the level of the GnRH1 neurons themselves, the surrounding neurons in
the aPPn, or both, will be important.
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AR mRNA expression and possible interaction with GnRHR
ARα and ARβ mRNA levels were detected in nuclei throughout the brain that express both
GnRH-R1 and GnRH-R2 (Chen and Fernald, 2006). In the absence of double in situ
hybridization studies, we cannot conclude definitively that AR and GnRHR are coexpressed
in the ventral telencephalon, ventral and dorsal hypothalamus, and ventral pituitary. However,
given the evidence that all GnRH1-releasing neurons in the POA of A. burtoni express both
ARα and ARβ mRNA (this study) and GnRH-R2 (Chen and Fernald, 2006), this suggests that
there is coexpression of GnRHR and AR on hypothalamic neurons in teleosts. This raises the
intriguing possibility that androgens not only regulate basal GnRH release but might also have
a modulatory role in the presumptive GnRH feedback loop.
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3V, third ventricle
aPPn, anterior part of the parvocellular preoptic nucleus
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Dc, central nucleus of the dorsal telencephalon
Dd, dorsal nucleus of the dorsal telencephalon
DH, dorsal hypothalamus
Dlv, ventral nucleus of the lateral part of the dorsal telencephalon
Dm3, part 3 of the medial zone of the dorsal telencephalon
Dm4, part 4 of the medial zone of the dorsal telencephalon
icOB, internal cell layer of OB
maPn, magnocellular portion of the anterior preoptic nucleus
OB, olfactory bulb
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PC, posterior commisure
Pit, pituitary
pMPn, parvocellular portion of the magnocellular preoptic nucleus
Tel, telencephalon
Vd, dorsal nucleus of the ventral telencephalon
VH, ventral hypothalamus
Vv, ventral nucleus of the ventral telencephalon
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Fig. 1.
a: Comparison of A. burtoni ARα and ARβ predicted protein sequences. The canonical
functional steroid receptor domains (A—F) are represented schematically, and their roles are
given accordingly. Numbers indicate amino acid position from the start of the coding sequence.
ARα contains a 23-aa insert in the hinge region (domain C) absent in ARβ. b: Phylogenetic
comparison of A. burtoni ARα and ARβ protein sequences with AR in other species. As shown,
A. burtoni ARβ clusters with the other ARβ/AR2 family members identified to date in teleosts,
and this AR subtype is more similar to mammalian ARs than is A. burtoni ARα. A. burtoni
ARα clusters with other ARα/AR1-type receptors previously described in teleosts. ARs that
are marked with an asterisk have nomenclature that does not correspond to their position in
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the ARβ/AR2 family, defined by their position in the phylogenetic tree. Some of these species
(marked with a dagger) likely have two forms of the ARβ/AR2 family as a result of tetraploidy.
Bootstrap values are shown.
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Fig. 2.
In situ hybridization showing the distribution of ARα expression in A. burtoni brain. Cartoon
of a sagittal section through the A. burtoni brain (top) shows the positions of the coronal
sections shown in a1—c3. OB, olfactory bulb; Tel, telencephalon; OT, optic tectum; C,
cerebellum; Pit, pituitary. Cartoon of coronal sections through the A. burtoni brain (a1,b1,c1)
show the region magnified in a2,3, b2,3, and c2,3, respectively. Brightfield images
(a2,b2,c2) show cresyl violet counterstain (purple) of coronal brain sections, with the brain
nuclei depicted schematically. Darkfield images (a3,b3,c3) show silver grains specific for the
antisense ARα probe in the corresponding nuclei. Specific expression of A. burtoni ARα can
be seen in the ventral portion of the ventral telencephalon (Vv; a2,a3), anterior portion of the
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parvocellular preoptic nucleus (aPPn) and extending dorsally along the boundary of the third
ventricle (3V; b2,b3, arrow) and scattered diffusely in the ventral hypothalamus (VH; c2,c3).
Scale bar = 250 μm. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Fig. 3.
In situ hybridization showing the distribution of ARβ in A. burtoni brain. Cartoon of a sagittal
section through the A. burtoni brain (top) shows the positions of the coronal sections shown
in panels a1—h3. OB, olfactory bulb; Tel, telencephalon; OT, optic tectum; C, cerebellum;
Pit, pituitary. Cartoon of coronal sections through the A. burtoni brain
(a1,b1,c1,d1,e1,f1,g1,h1) show the region magnified in a2,3, b2,3, c2,3, d2,3, e2,3, f2,3, g2,3,
and h2,3, respectively. Brightfield images (a2,b2,c2,d2,e2,f2,g2,h2) show cresyl violet
counterstain (purple) of coronal sections, with the corresponding brain nuclei depicted
schematically. Darkfield images (a3,b3,c3,d3,e3,f3,g3,h3) show silver grains specific for the
antisense ARβ probe in the corresponding nuclei. Specific A. burtoni ARβ expression can be
seen in the central nucleus of the dorsal telencephalon (Dc; a2,a3), at the lateral edge of part 3
of the medial zone of the dorsal telencephalon (Dm3; b2,b3), dorsal (Vd) and ventral (Vv)
portion of the ventral telencephalon (c2,c3), in the anterior portion of the parvocellular preoptic
nucleus (aPPn), the magnocellular portion of the anterior preoptic nucleus (maPn) and the
parvocellular portion of the magnocellular preoptic nucleus (pMPn; d2,d3). More posterior
sections through the A. burtoni brain reveal ARβ expression in the ventral (VH; e2,e3) and
dorsal (DH; f2,f3) hypothalamus. Scale bars = 250 μm. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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Fig. 4.
In situ hybridization showing the distribution of ARα (a1,a2) and ARβ (b1,b2) in the A.
burtoni pituitary. Brightfield images (a1,b1) show cresyl violet counterstain (purple) and silver
grains (black spots) of coronal sections through the posterior pituitary, and darkfield images.
b1 and b2 show silver grains specific for antisense ARα (a2) and ARβ (b2). Expression of both
A. burtoni ARα (a1,a2) and ARβ (b1,b2) is seen restricted to the ventral pituitary. Scale bars
= 250 μm. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Fig. 5.
Double in situ hybridization showing coexpression pattern of GnRH1 with ARα (a—c) and
ARβ (g—i) in the POA of A. burtoni. Brightfield images (a,d,g,j) show DAB-labeled GnRH1
mRNA (brown), cresyl violet counterstain (purple) and silver grains (black spots). Darkfield
(b,e,h,k) and merged (c,f,i,l) images show silver grains pseuocolored in green to facilitate
demonstration of colocalization. Both A. burtoni ARα (c) and ARβ (i) are expressed in GnRH1-
releasing neurons (c, i, arrows) and surrounding neurons (c, i, arrowheads). Double in situ
hybridization with the equivalent sense probes for ARα (d—f) and ARβ (j—l) demonstrate the
specificity of the antisense probe above background. Scale bars = 50 μm. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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Fig. 6.
Relative expression levels of ARα and ARβ in brain and pituitary of A. burtoni. QRT-PCR
reveals that ARα and ARβ are differentially expressed in regions of the brain (see Materials
and Methods) and in the pituitary of adult A. burtoni males. ARβ mRNA is expressed at
significantly higher levels than ARα in the anterior (a) and middle (b) brain regions (*P <
0.001), but ARα expression is significantly higher than ARβ expression in the pituitary (d,
**P = 0.001). Although AR expression levels in the posterior brain are low compared with
those in other brain regions (c), expression of ARα is significantly higher than ARβ in this area
(†P = 0.003). Data are plotted as mean percentage of 18s mRNA expression as a control for
variation in total mRNA levels between samples, with standard errors designated by error bars.
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TABLE 1
Species and Genbank Accession Number for AR Genes Used in Phylogenetic Comparison

Scientific name Common name Gene Genbank accession No.

Anolis carolinensis Green anole Androgen receptor AAF28356

Pimephales promelas Fathead minnow Androgen receptor AAF88138

Xenopus laevis African claw frog Androgen receptor CAA41726

Carassius auratus Goldfish Androgen receptor AAM09278

Homo sapiens Human Androgen receptor AAD45921

Cotournix japonica Japanese quail Androgen receptor BAD38679

Gambusia affinis Mosquitofish Androgen receptor alpha BAD81045

Gambusia affinis Mosquitofish Androgen receptor beta BAD81046

Mus musculus House mouse Androgen receptor NP 038504

Rattus norvegicus Norweigen rat Androgen receptor AAA40759

Pagrus major Red seabream Androgen receptor BAA33451

Halichoeres trimaculatus Threespot wrasse Androgen receptor AAG48340

Danio rerio Zebrafish Androgen receptor AAS80170

Oryzias latipes Japanese medaka Androgen receptor alpha BAC98301

Gasterosteus aculeatus Three spined stickleback Androgen receptor beta 2 AAO83572

Anguilla japonica Japanese eel Androgen receptor alpha BAA75464

Anguilla japonica Japanese eel Androgen receptor beta BAA83805

Oreochromis niloticus Nile tilapia Androgen receptor alpha BAB20081

Oreochromis niloticus Nile tilapia Androgen receptor beta BAB20082

Oncorhynchus mykiss Rainbow trout Androgen receptor alpha BAA32784

Oncorhynchus mykiss Rainbow trout Androgen receptor beta BAA32785

Salmo salar Atlantic Salmon Androgen receptor beta AAL29928

Astatotilapia burtoni Burton’s mouthbrooder Androgen receptor alpha AAD25074

Astatotilapia burtoni Burton’s mouthbrooder Androgen receptor beta AAL92878

Homo sapiens Human Progesterone receptor AAA60081
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TABLE 3
Percentage Identity Between A. burtoni ARα and ARβ Predicted Protein Sequence

Domain Amino acid identity (%)

Entire sequence 39

A/B [Transactivation] 18

C [DNA binding] 75

D [Hinge] 20

E/F [Ligand binding] 62

J Comp Neurol. Author manuscript; available in PMC 2009 September 14.


