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PATTERNS & PHENOTYPES

Androgen Receptor Gene Expression in the
Developing and Adult Zebrafish Brain

Daniel A. Gorelick,* William Watson, and Marnie E. Halpern

Androgens play a central role in the regulation of male sexual differentiation and behavior in many vertebrates,
including zebrafish. Their signaling is mediated by activation of the androgen receptor. A single androgen
receptor (ar) gene was recently identified in zebrafish, which encodes a protein that binds androgens in vitro.
However, the tissue-specific expression pattern of this receptor in vivo has not been described. Using whole-
mount RNA in situ hybridization, we characterized expression of the ar gene in developing zebrafish and in the
adult brain. In embryos, transcripts were found in the presumptive pronephros and in olfactory placodes. By
3-5 days postfertilization, ar transcripts were also detected in the pineal organ anlage and the retina. In the
adult brain, ar was expressed in discrete regions of the telencephalon, in the preoptic area, and throughout the
periventricular hypothalamus, regions previously implicated in the regulation of sexually dimorphic behaviors

in mammals. Developmental Dynamics 237:2987-2995, 2008. o 2008 Wiley-Liss, Inc.
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INTRODUCTION

Androgens regulate sexual differentia-
tion, tissue development, and social and
reproductive behaviors in mammals
(Arnold and Breedlove, 1985; Hart and
Leedy, 1985; Werner et al., 1996; Cooke
et al., 1998; Morris et al., 2004). They
also play similar roles in fish (Borg,
1994). For example, testosterone and
11-ketotestosterone increase muscle
size in the plainfin midshipman fish
Porichthys notatus (Brantley et al.,
1993) and regulate the size of gonado-
tropin-releasing  hormone-expressing
neurons in the brain in the cichlid As-
tatotilapia burtoni (Soma et al., 1996).
Moreover, higher levels of circulating
androgens in cichlids are associated
with social dominance (Parikh et al.,
2006). Androgens also induce masculin-
ization of the gonads in a variety of fish
(Pandian and Sheela, 1995). In the ze-

brafish Danio rerio, increasing andro-
gen levels during larval and juvenile
stages by administering testosterone or
by inhibiting the testosterone-metabo-
lizing enzyme aromatase induces male
sexual differentiation (Westerfield,
1993; Orn et al., 2003, 2006; Fenske and
Segner, 2004; Holbech et al., 2006).
Androgens act by binding to cytosolic
androgen receptors (AR), ligand induc-
ible transcription factors that, once ac-
tivated, translocate to the nucleus, bind
DNA, and regulate gene expression (re-
fer to Gao et al., 2005). Although AR
localization has been extensively char-
acterized in mammals from the time of
sexual differentiation through adult
stages of development, little is known
about AR expression in embryos before
gonad differentiation. The optical clar-
ity and external development of ze-
brafish provide a unique opportunity to

study ar expression in a vertebrate em-
bryo at developmental stages before go-
nad formation. In fish, the principal an-
drogens are testosterone and 11-
ketotestosterone (Borg, 1994), which
were recently shown to bind to and ac-
tivate a zebrafish androgen receptor in
vitro (Hossain et al., 2007; Jorgensen et
al.,, 2007; de Waal et al., 2008). Al-
though real-time polymerase chain re-
action (PCR) analysis demonstrated the
presence of ar transcripts in zebrafish
embryos, larvae, and in multiple tissues
in adults (Hossain et al., 2007), the spe-
cific sites of ar expression during devel-
opment and within the adult brain have
not been described.

Using whole-mount RNA in situ hy-
bridization, we analyzed expression of
the zebrafish androgen receptor gene
during development and in the adult
brain. In adult zebrafish, ar was ex-
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pressed in the hypothalamus and pre-
optic area, consistent with expression
in goldfish and cichlid brains (Gelinas
and Callard, 1997; Harbott et al.,
2007) and with the mammalian brain
(Simerly et al., 1990; Shah et al.,
2004). In embryos and larvae, several
unexpected sites of expression were
found in the brain and pronephros, at
developmental stages for which infor-
mation is not yet available for mam-
mals.

RESULTS

Identification of the
Zebrafish ar Gene

We performed a BLAST search of the
Ensembl zebrafish genomic sequence
database using the human AR protein
sequence as a query. A single gene
was found (ENSDARGO00000067976)
whose putative protein product over-
all was 41% identical and 53% similar
to the human AR. Within particular
subregions, however, similarity was
much higher. The putative DNA- and
ligand-binding domains were 72% and
68% identical to the homologous re-
gions of the human receptor. A strik-
ing difference was found in the N-ter-
minal domain, where the putative
zebrafish AR lacks the glutamine re-
peats present in the human AR.
Repeated BLAST searches using
different parameters failed to uncover
additional genes with high homology
to ENSDARG00000067976, suggest-
ing that there is only one ar in the
zebrafish genome. Two reports re-
cently appeared that supported our
analysis by identifying a single ze-
brafish ar gene with sequence identi-
cal to ENSDARG00000067976 (Hos-
sain et al., 2007; Jorgensen et al.,
2007). These reports demonstrated
that the in vitro synthesized protein
binds testosterone and 11-ketotestos-
terone (Jorgensen et al., 2007) and acti-
vates transcription from an androgen
response element promoter (Hossain et
al., 2007). This strongly suggests that
the zebrafish gene encodes the true or-
thologue of the human AR gene.

The ar Gene Is Expressed in
Endocrine Regions of the
Adult Brain

Androgen signaling is enriched within
the preoptic area and hypothalamus,

regions of the brain important for regu-
lating endocrine functions and repro-
ductive behaviors. Therefore, expres-
sion of the putative zebrafish ar is
expected to be robust in these brain re-
gions as well. To detect ar gene expres-
sion rapidly throughout the adult
zebrafish brain, we optimized the stan-
dard whole-mount in situ hybridization
technique used on embryos (Thisse and
Thisse, 2008) for dissected, whole adult
brains (Fig. 1; see the Experimental
Procedures section). In adult zebrafish
brains of both sexes, robust ar expres-
sion was observed throughout the pre-
optic area (POA) and hypothalamus, re-
gions that control endocrine hormone
secretion and regulate reproductive be-
haviors in vertebrates (Crews and Sil-
ver, 1985). In the POA, ar was ex-
pressed in the anterior and posterior
parts of the parvocellular preoptic nu-
clei (PPa, PPp, Fig. 1D,D’ E,E’' E") and
in the adjacent periventricular nucleus
of the posterior tuberculum (TPp; Fig.
1E’). In the hypothalamus, robust ar
expression was observed near ventri-
cles, especially in the dorsal, ventral,
and caudal zones of the periventricular
hypothalamus (Hd, Hv, He) surround-
ing the lateral recess (LR) and dience-
phalic ventricle (DiV; Fig. 1F,F’',G,G/,
H,H’). The ar gene was also expressed
in the lateral hypothalamic nuclei (LH)
and paraventricular organ (PVO, Fig.
1F’). Robust ar expression in the ze-
brafish POA and hypothalamus is con-
sistent with studies in the rat and
mouse.

In rats, the androgen receptor is
present in several nonendocrine re-
gions of the brain, such as the visual
cortex (Nunez et al., 2003) and hip-
pocampus (Simerly et al., 1990). Sim-
ilarly, ar transcripts were detected in
nonendocrine regions of the zebrafish
brain. In the optic tectum, ar tran-
scripts localized to the periventricular
gray zone (PGZ, Fig. 1F,F"). In the
dorsal telencephalon, ar was robustly
expressed in a lateral region (Fig.
1D,D") thought to correspond to the
mammalian hippocampus (Wullimann
and Mueller, 2004). Expression was not
observed in the olfactory bulbs (not
shown) and was not assayed in olfactory
epithelia, pineal or pituitary glands be-
cause these structures were not re-
tained in all brain preparations.

The ar Gene Is Expressed in
the Brain of Zebrafish
Embryos and Larvae

At 1 day postfertilization (d), ar was
expressed in the olfactory placodes, as
well as in cells in the midbrain (Fig.
2A-C). At 2 d, transcripts were ob-
served in a region of the medial dien-
cephalon that corresponds to the pre-
sumptive hypothalamus (Fig. 2D,E).
In 3- to 5-d larvae, ar transcripts
persisted in the olfactory placodes and
the developing olfactory organ (Fig.
2F,G). Beginning at 3 d, robust ex-
pression was also observed in the pre-
sumptive pineal organ (Fig. 2H). Dou-
ble-label in situ hybridization for ar
and otx5, a gene expressed in the pi-
neal complex (Gamse et al., 2002),
demonstrated ar expression in the pi-
neal but not the parapineal organ
(Fig. 2I). At 3 d, ar expression was
first observed in the pectoral fin buds
(Fig. 2F) and persisted through 5 d. At
4 d, weak expression was detected in

Fig. 1. Expression of the ar gene in the adult
zebrafish brain. A: Schematic of brain (modified
from Wullimann et al., 1996), lateral view, ante-
rior to the left, illustrating position of coronal
sections shown in subsequent panels. B,C: low
magnification of ventral brains hybridized with
antisense (B) or sense probes (C) before sec-
tioning. D-H: Whole brain brightfield images.
Panels labeled D’, D", E’, and so on, are high
magnification differential interference contrast
(DIC) images of the boxed regions from the
corresponding sections. Dorsal to the top. D:
Expression in the anterior parvocellular preoptic
nucleus (PPa, D’) and in the lateral zone (DI) of
dorsal telencephalon (Tel, D"). E: Cells lining the
diencephalic ventricle (DiV, E’), including the
periventricular nucleus of posterior tuberculum
(TPp) and the ventral zone of periventricular
hypothalamus (Hv, E") express ar. F-H: Expres-
sion in the periventricular gray zone of the
optic tectum (PGZ, F") and throughout the
hypothalamus (F',G’,H’). 1,J: Brains from
Tg(h2afv:GFP)%°3%¢ adults were analyzed for
GFP fluorescence (l) or gfp gene expression
(J) to confirm that RNA probes penetrated
deep regions of the hypothalamus. |, epifluo-
rescence image overlayed onto DIC image.
CC, crista cerebellaris; CCe, corpus cerebelli;
Hc, caudal zone of the periventricular hypo-
thalamus; Hd, dorsal zone of periventricular
hypothalamus; IL, inferior lobe of hypothala-
mus; LH, lateral hypothalamus; LR, lateral re-
cess of DiV; OB, olfactory bulb; ON, optic
nerve; PVO, paraventricular organ; TeO, optic
tectum; TH, tuberal hypothalamus. Panels D,
F-H are of female brains, panel E are male
brains. Scale bars = 200 um in D-H, D', D",
E’, and so on, 50 pm in I,J.
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the retina (data not shown), but in-
creased over time and was clearly vis-
ible in the inner nuclear cell layer of
the retina by 5 d (Fig. 2G).

The ar Gene Is Expressed in
the Pronephros Adjacent to
Primordial Germ Cells

In embryos younger than the 14-somite
stage, we failed to observe specific ex-
pression of the ar gene (data not
shown). Between the 14- and 18-somite
stages, ar transcripts were concen-
trated in a discrete population of cells in
two bilateral rows lateral to the somites
(Fig. 3A,B). By 24 hours postfertiliza-
tion (h), these cells appeared to have
migrated posteriorly along the body
axis to a region immediately dorsal to
the anterior yolk extension (Fig. 3C).
Primordial germ cells (PGCs) are
known to migrate to this region by 24 h
(Pelegri et al., 1999; Weidinger et al.,
1999). Because several reports suggest
that the androgen receptor is active in
mouse germ cells (Zhou et al., 1996;
Cupp and Skinner, 2001; Merlet et al.,
2007a,b), we assessed whether ar ex-
pression localized to zebrafish PGCs by
performing double in situ hybridization
for ar and vasa, a gene expressed exclu-
sively in PGCs (Pelegri et al., 1999; Wei-
dinger et al., 1999). The ar gene was
expressed in a row of cells immediately
posterior to the cluster of vasa-express-
ing PGCs (Fig. 3D,E). This analysis re-
vealed that ar and vasa expression did
not localize to the same cells, demon-
strating that zebrafish embryonic germ
cells do not express the ar gene.

In mammals, the androgen receptor
is required for proper gonad differenti-
ation (Werner et al., 1996). The close
positioning of ar-expressing cells and
PGCs in zebrafish embryos suggested
that PGCs might influence ar expres-
sion or the migration of ar-expressing
cells. To test this hypothesis, we exam-
ined expression in embryos that lack
PGCs. PGCs were destroyed by inject-
ing one-cell embryos with morpholino
antisense oligonucleotides that block
expression of the dead end gene (dnd-
MO). dnd gene expression is required
for PGC survival. By 24 h, PGCs in
dnd-MO injected embryos fail to mi-
grate to the presumptive gonad and die
(Weidinger et al., 2003). In situ hybrid-
ization studies demonstrated that ar
gene expression was unaffected at 24 h

in embryos that had received dnd-MO
(data not shown), indicating that PGCs
are not required for ar expression or for
the normal posterior migration of ar-
expressing cells.

PGCs migrate along the pronephros,
bilateral tubular epithelial cells that ex-
tend posteriorly from the anterior end
of the yolk extension and join together
at the cloaca (Drummond, 2003). Be-
cause ar transcripts were detected in
cells directly adjacent to PGCs, we ex-
amined whether ar expression is asso-
ciated with the pronephros. In one-
somite-thick transverse sections of the
area along the yolk extension of 24-h
embryos, ar transcript was detected
only in cells adjacent to the pronephric
lumen (Fig. 3F). Therefore, we conclude
that the position of ar-expressing cells
at 24 h corresponds to the developing
pronephros.

The zebrafish pronephros is com-
prised of several segments that can be
distinguished based on selective expres-
sion of solute transporter genes (Wing-
ert et al., 2007). From anterior to poste-
rior these segments are: the proximal
convoluted tubules, the proximal
straight tubules, the distal tubules, and
the pronephric ducts (Wingert et al.,
2007). To identify specific regions of the
pronephros where the ar gene is ex-
pressed, we performed double in situ
hybridization for ar and slc26al, a pu-
tative anion transporter expressed in
the proximal convoluted tubule (Wing-
ert et al.,, 2007). A subset of cells ex-
pressed both genes (Fig. 3G). However,
ar expression was also detected more
posteriorly, in cells that failed to ex-
press slc26al (Fig. 3G). This result in-
dicates that the ar gene is expressed in
the posterior region of the proximal con-
voluted tubule and in the anterior re-
gion of the presumptive proximal
straight tubule. Expression in the pro-
nephros is transient, observed at lower
levels in some embryos at 2 d, but ab-
sent thereafter (data not shown).

DISCUSSION

The Zebrafish Genome
Contains a Single ar Gene
Whose Expression Is
Conserved in Neuroendocrine
Regions of the Adult Brain

The ar gene we describe is identical to
one recently reported that encodes a

protein product that binds androgens
and activates transcription through an
androgen response element DNA se-
quence in vitro (Hossain et al., 2007;
Jorgensen et al., 2007). Due to a whole-
genome duplication that occurred in the
teleost lineage (Jaillon et al.,, 2004;
Postlethwait et al., 2004), many teleost
species possess two ar genes, termed
AR« and ARB (Ikeuchi et al., 2001; Har-
bott et al., 2007). The zebrafish genome,
however, contains a single ar gene, pos-
sibly arising from the loss of a duplicate
gene (Force et al., 1999). The sequence
of the zebrafish ar gene appears more
similar to the ARB family of teleost an-
drogen receptors than to the AR« fam-
ily. For example, a multiple sequence
alignment between androgen receptors
from zebrafish, cichlid (Astatotilapia
burtoni) and Nile tilapia (Oreochromis
niloticus) reveals that zebrafish AR is
58% similar to ARB from A. burtoni or
O. niloticus but only 41% similar to ARa
from A. burtoni or O. niloticus. In gen-
eral, the AR subtype is more similar to
mammalian AR than is the ARa sub-
type (Harbott et al., 2007).

Expression of the ar gene in the ze-
brafish preoptic area and hypothala-
mus (Fig. 1) is similar to that de-
scribed for other fish (Gelinas and
Callard, 1997; Harbott et al., 2007)
and mammals (Simerly et al., 1990;
McAbee and DonCarlos, 1998; Shah et
al., 2004). In both fish and mammals,
the preoptic area is implicated in the
regulation of reproductive behaviors
(Koyama et al., 1984; Crews and Sil-
ver, 1985; Hart and Leedy, 1985; Pfaff
and Modianos, 1985; Simerly, 2002),
suggesting a functional conservation
for androgen receptors in vertebrate
brains. Taken together, the in vitro
androgen binding studies (Hossain et
al., 2007; Jorgensen et al., 2007) and
our in vivo gene expression results
strongly suggest that the putative ze-
brafish ar gene encodes a functional
orthologue of the mammalian andro-
gen receptor.

Because of the prominent role
played by testosterone in masculiniz-
ing the developing mammalian brain
and in regulating sex differences in
behavior (Arnold and Breedlove, 1985;
Hart and Leedy, 1985; Cooke et al.,
1998; Morris et al., 2004), we hypoth-
esized that adult male and female ze-
brafish would display differences in ar
expression in the central nervous sys-
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tem. Moreover, Ar gene expression is
sexually dimorphic in the adult mouse
brain (Shah et al., 2004). However, we
did not detect any obvious sexual di-
morphisms in ar expression in the
adult zebrafish brain. It is possible
that subtle differences in cell number
or size may not be detected in 100-pm
tissue sections. Even with thinner sec-
tions, RNA in situ hybridization may
not be sensitive enough to discern dif-
ferences among small populations of
cells in the brain. It may be necessary
to generate transgenic fish that ro-
bustly express a readily detectable re-
porter gene, such as lacZ, under the
control of ar regulatory elements. This
strategy was used in the mouse,
where it was difficult to detect sex dif-
ferences in Ar expression by in situ
hybridization (Shah et al., 2004). It is

Yamics

Fig. 2. Expression of the ar gene in the embry-
onic brain. A: Overview of expression at 1 day
(d). Arrow indicates expression in pronephros,
detailed in Figure 3. B,C: Higher magnification
images of expression in olfactory placodes (OP)
and midbrain. V, midbrain ventricle. D,E: Ex-
pression in the presumptive hypothalamus (Hy)
appears at 2 d. F: OP expression persists at 3 d
and transcripts are detected in the pectoral fin
buds (FB, arrowhead). G: Robust expression in
the maturing olfactory organ (OIf, arrow) and the
inner nuclear layer of the retina (INL, arrowhead)
by 5 d. H: High magnification image of expres-
Fig. 2. sion in the dorsal diencephalon at 3 d. I: Dou-
ble-label in situ hybridization shows ar gene
expression colocalizes with transcripts of otx5
(red), a gene expressed in the pineal complex
(arrow). ar is not expressed in the parapineal
organ (PP, arrow head). All panels are dorsal
views, anterior to the top except E, lateral view,
anterior to the left. Scale bars = 50 um in A-G,
25 pm in H,L.
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Fig. 3. Expression of the ar gene in the embry-
onic pronephros. A,B: ar transcripts are de-
tected in a bilateral row of cells (arrows) lateral
to the somites at the 18 somite stage. C: ar
expression is displaced posteriorly (arrow) by
24 hours (h). D,E: Double-label in situ hybrid-
ization of ar (blue, arrows) and vasa (red, arrow
heads), a marker of primordial germ cells, at
24 h. E: Close association between vasa and ar
, expressing cells. F: Coronal section showing ar
ar vasa i _ ‘ expression (arrows) in cells that form proneph-

x ) ric tubules at 24 h. Tubule lumen outlined in
white, dorsal to the top. G: A subset of cells in
the proximal convoluted tubule (PCT) express
both ar (blue) and sic26al (red), a gene ex-
pressed in the PCT but not in the adjacent
proximal straight tubule (PST), at 24 h. ar ex-
pression is also present in the presumptive
PST. A,C-E,G, lateral views anterior to the left,
B, dorsal view, anterior to the top. Scale bars =
50 pm in A-D, 10 pm in F, 20 pm in E,G.
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also possible that differences in ar ex-
pression are dependent on reproduc-
tive behaviors, photoperiod, or olfac-
tory and visual stimuli affected by
population density and/or sex ratio
per tank. Our results did not control
for these parameters. Future studies
are required to determine whether
there are sex differences in the num-
ber of neurons expressing ar, their
size or their connections during differ-
ent behaviors.

ar Expression in the
Embryonic Brain

Because the ar gene is expressed in
the adult preoptic area and hypothal-
amus, we expected to find expression
in similar embryonic and larval brain
regions. Expression was detected in
the embryonic diencephalon, in a re-
gion that likely corresponds to the pre-
sumptive hypothalamus (Fig. 2D,E).
Unexpectedly, we also detected robust
ar gene expression in the olfactory
placodes. In two other fish species, an-
drogens were shown to modulate re-
sponse to pheromones, chemical sig-
nals that act by means of the olfactory
system to modulate behavior, suggest-
ing that the androgen receptor plays a
role in olfaction. Male round gobies
Neogobius melanostomus increase
their rate of ventilation (gil move-
ment) in response to estrogenic pher-
omones. Females do not respond un-
less they are pretreated with methyl-
testosterone (Murphy and Stacey,
2002). Similarly, in response to the
pheromone prostaglandin-F2a olfac-
tory epithelial cells in the male tinfoil
barb Puntius schwanenfeldi produce a
characteristic electrophysiological re-
sponse whose magnitude and sensitiv-
ity is increased upon exposure to an-
drogen (Cardwell et al., 1995). Direct
connections between olfactory neu-
rons and neurons in the preoptic area
may allow androgens to modulate be-
havioral responses to olfactory stim-
uli. Dye-labeling and immunohisto-
chemical studies in salmon, three-
spined stickleback and trout reveal a
population of olfactory neurons that
bypass the olfactory bulb and project
directly to the parvocellular preoptic
nucleus and to the caudal hypothala-
mus (Bazer et al., 1987; Honkanen
and Ekstrom, 1990, 1991; Becerra et
al., 1994; Folgueira et al., 2004). The

robust ar expression in zebrafish ol-
factory placodes initially detected at
1 d (Fig. 2B) could indicate that ar is
important for establishing connec-
tions between olfactory neurons and
the preoptic area. However, olfactory—
hypothalamic connections have not
yet been described in zebrafish. Fu-
ture studies are necessary to identify
the targets of the ar-expressing cells
in the developing zebrafish olfactory
organ and to determine whether ar
expression is required for formation of
these connections.

ar Expression in the
Embryonic Kidney

In addition to expression in the embry-
onic brain, we also detected ar tran-
scripts in the pronephros at 24 h. In
zebrafish, specification of intermediate
mesoderm to a pronephric fate is char-
acterized by compartmental wtla,
pax2.1, and sim1 gene expression (Ser-
luca and Fishman, 2001). This occurs at
the 8-10 somite stage of development,
before ar gene expression is detected.
Therefore, it is unlikely that ar plays a
role in pronephric specification. Epithe-
lialization of pronephric ducts and tu-
bules occurs during later somitogenesis
and is complete by 24 h (Drummond,
2003). Between 24 and 48 h, tubule and
duct epithelia divide into distinct seg-
ments, marked by the restricted expres-
sion boundaries of solute transporter
genes (Drummond, 2003; Wingert et al.,
2007). The temporally restricted pat-
tern of ar expression at 24 h may sug-
gest a role in tubule formation. One pos-
sibility is that ar is regulating tubule
segmentation by up-regulating solute
transporter gene expression in a re-
stricted region of the proximal tubule.
In the proximal tubule of adult mice,
androgens are known to up-regulate
metabolic genes, such as ornithine
decarboxylase, in an androgen receptor-
dependent manner (Berger and
Watson, 1989; Asadi et al., 1994). In a
human cell line derived from the proxi-
mal tubule, the androgen receptor di-
rectly up-regulates aENaC, an epithe-
lial sodium channel subunit (Quinkler
et al., 2005). The effects of androgens on
renal function, however, are not well
understood.

Androgen signaling plays a central
role in the differentiation of the mam-
malian gonad, and is required for dif-

ferentiation of the male reproductive
tract (Werner et al., 1996). It is not
clear why the ar gene is expressed in
the zebrafish embryo, weeks before
sexual differentiation occurs. The ze-
brafish gonad is initially histologically
apparent at 10 d, although at this
stage it is bipotential, differentiating
into either ovaries or testes (Taka-
hashi, 1977). It is likely that ar gene
expression is important for the sexual
differentiation of the gonad that oc-
curs at approximately 25 d (Taka-
hashi, 1977; Rodriguez-Mari et al.,
2005). In the adult zebrafish testis,
the ar gene is expressed in a subset of
Sertoli cells contacting spermatogonia
(de Waal et al., 2008).

The kidney and gonad derive from
the intermediate mesoderm and dif-
ferentiate in adjacent regions of the
embryo. In the male mouse, cells in
the bipotential gonad primordium in-
duce cells in the kidney precursor (me-
sonephros) to migrate into the gonad
and contribute to its formation (Mar-
tineau et al., 1997; Capel, 2000). It is
not known whether cells in the ze-
brafish pronephros contribute to the
formation of the gonad. However, it
seems unlikely that polarized, pro-
nephric epithelial cells expressing the
ar gene would depolarize and migrate
away from the kidney tubule to form
the gonad. One possibility is that ar ex-
pression in the pronephros influences
adjacent cells, outside of the pronephric
tubule, to undergo gonadogenesis.

Evidence That the Androgen
Receptor Protein Is Active
in Embryos

There are no studies directly measur-
ing androgen receptor activity in ze-
brafish embryos or larvae. Levels of
androgens in embryos and larvae are
also not known. However, genes that
code for steroid-synthesizing en-
zymes, required to convert cholesterol
to androgens, are expressed in em-
bryos (Hsu et al., 2002, 2003; Chai et
al., 2003; To et al., 2007). The rate
limiting enzyme in steroid synthesis is
Cypllal (P450scc). cypllal tran-
scripts are maternally deposited into
oocytes, and were detected in the yolk
syncytial layer in embryos at 50% epi-
boly (Hsu et al., 2002). Between 24
and 28 h, interrenal cells, functional
homologues of the androgen produc-
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ing cells of the mammalian adrenal
cortex, express cypllal, star, and 3p3-
hsd, genes required for the synthesis
of androgens (Hsu et al., 2003; To et
al., 2007). Moreover, 3B-hydroxys-
teroid dehydrogenase, the protein
product of the 3B-hsd gene, is active at
this stage in vivo (Chai et al., 2003).
Taken together, these studies suggest
that ligands are available to activate
the androgen receptor during develop-
ment.

In conclusion, we report the charac-
terization of ar localization in a verte-
brate embryo during developmental
stages for which little information is
available in mammals. The detailed
localization studies presented here
will enable a forward genetic screen to
identify mutants with defective ar ex-
pression, as well as morpholino exper-
iments to disrupt AR function. Be-
cause of the ability to readily visualize
ar gene expression during embryogen-
esis, the zebrafish is a powerful sys-
tem for examining the function of the
androgen receptor in vertebrate devel-
opment.

EXPERIMENTAL
PROCEDURES

Animal Husbandry

Zebrafish were raised at 28.5°C on a
14/10 hour light/dark cycle and staged
according to hours (h) or days (d) post-
fertilization (Westerfield, 1993). The
wild-type AB strain (Walker, 1999)
was used for all studies unless men-
tioned otherwise. All protocols were
approved by the institutional animal
care and use committee.

Androgen Receptor
Sequence Identification and
Amplification

We performed a tBlastn search of the
Ensembl zebrafish genomic sequence
database, release Zv7 (www.ensembl.
org), using the human AR protein se-
quence as a query. To ascertain simi-
larity between human and zebrafish
ARs, ClustalW multiple sequence
alignments were performed using
MacVector 9.0 (Accelrys Inc.). cDNA
derived from total RNA from 3 and 5d
larvae was generated as a template
for PCR (RetroScript, Ambion). Prim-
ers 5'-TGGAGTTTTTCCTTCCTCCA

and 5'-TCATTTGTGGAACAGGATT
amplified an approximately 1,100-
basepair (bp) region encoding part of
the DNA-binding domain and the en-
tire ligand-binding domain. Primers
5'-CCTCCCATTGCCATTACATC and
5'-CAGCCCTTCTGTCCACTCTC am-
plified a 730-bp region containing
317-bp of 5'-untranslated region
(UTR) followed by 413-bp encoding a
portion of the N-terminal domain.
PCR products were cloned into pCRII
vectors using the TOPO-TA system
(Invitrogen) and sequenced.

RNA In Situ Hybridization

Two RNA probes were generated from
the ar c¢cDNA fragments described
above. One probe was 1,100 bp and
contained part of the DNA-binding do-
main and the entire ligand-binding
domain, the second probe was 730 bp
and contained 317 bp of 5'UTR fol-
lowed by 413 bp encoding a portion of
the N-terminal domain. All images
shown were generated using the 1,100
bp probe, although we obtained simi-
lar results using the 730 bp probe (not
shown). No expression in either whole
embryos or in adult brains was visible
using sense RNA probes (not shown).
UTP-digoxigenin and UTP-fluores-
cein labeled RNA probes were gener-
ated using Roche Molecular Biochemi-
cals reagents. Single and double-label
whole-mount in situ hybridizations on
embryos and larvae were performed
as described (Liang et al., 2000) using
scl26al (Wingert et al., 2007) and
vasa (Pelegri et al., 1999) RNA probes.
Hybridized probes were detected us-
ing alkaline phosphatase-conjugated
antibodies and visualized by 4-nitro
blue tetrazolium (NBT) and 5-bromo-
4-chloro-3-indolyl-phosphate (BCIP)
staining for single labeling, or NBT/
BCIP followed by iodonitrotetrazo-
lium (INT) and BCIP staining for dou-
ble labeling. To generate transverse
sections at the level of pronephra, in
situ hybridization for ar or ar and
slc26al was performed on whole em-
bryos. Embryos were equilibrated in
50% glycerol in PBS and laid laterally
on a slide. A 28 gauge needle was used
to make cuts along the tail, perpendic-
ular to the body axis. The one-somite
thick sections were mounted on slides
and imaged using differential inter-
ference contrast (DIC) microscopy.

To identify regions of the adult brain
that express the ar gene, we optimized
the standard whole-mount in situ hy-
bridization technique used on embryos
(Thisse and Thisse, 2008) for use on dis-
sected, whole adult brains. Adult, 4.5-
month-old male and female zebrafish
were killed by rapid immersion in ice
water and then decapitated. The body
cavity was opened and the presence of
ovaries or testes was used to determine
sex. Brains were removed, fixed over-
night at 4°C in 4% formaldehyde, then
washed in PBS and stored in 100%
methanol at —20°C. The whole-mount
in situ hybridization protocol was per-
formed (Liang et al., 2000) with the fol-
lowing modifications: brains were
treated with 20 pg/ml proteinase K for
35 min and then fixed in 4% formalde-
hyde in PBS at room temperature for
1 h. Reactions were developed in NBT/
BCIP for several hours to ensure that
signal would be visible in deep regions
of the brain. Brains were then fixed
overnight in 4% formaldehyde in PBS
at 4°C, washed in PBS, and embedded
in 4% low melting point agarose (Cam-
brex) using a 10 mm X 10 mm X 5 mm
disposable vinyl specimen mold
(Sakura). Coronal sections (100 pm)
were collected using a Vibratome
(Leica VT1000S) and mounted on Su-
perfrost Plus slides (VWR) in 50%
glycerol in PBS. Agarose embedding
and Vibratome sectioning preserve
tissue morphology better than freez-
ing and cryosectioning and is more
rapid than embedding tissue in plastic
or paraffin. Generating 100-pm-thick
Vibratome sections provides approxi-
mately 25 sections per brain, allowing
many brains to be sectioned and ana-
lyzed in the time it takes to analyze a
single brain cut into 5- to 10-pm-thick
sections.

To confirm that RNA probes are able
to penetrate into deep regions of the
brain (such as the dorsal zone of the
periventricular hypothalamus and tu-
beral nucleus), we compared GFP fluo-
rescence and gfp gene expression brains
from adult Tg(h2afv:GFP)**%¢ fish
(Pauls et al., 2001; a generous gift from
the Campos-Ortega laboratory). This
transgenic line expresses a histone 2A-
GFP fusion protein driven by a histone
2A promoter region. Because histone
2A is expressed ubiquitously, GFP is
expressed in and labels all cell nuclei in
embryos (Pauls et al.,, 2001) and is
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thought to similarly label all cell nuclei
in adults. Therefore, if RNA probes are
able to penetrate into deep areas of
whole, adult brains, then labeling of gfp
transcripts using in situ hybridization
should completely overlap with GFP
fluorescence. Adult Tg(h2afv:GFP)*<*%¢
fish (between 4 months and 1 year old)
were killed and brains dissected and
fixed as described above. To assay fluo-
rescence, brains were washed in PBS,
embedded in agarose and sectioned as
described. To detect gfp transcripts,
brains were incubated in methanol and
the modified in situ hybridization pro-
tocol was performed as described. We
observed robust fluorescence in cells
of the paraventricular organ, lateral
hypothalamus, and in cells border-
ing the lateral recess of the dience-
phalic ventricle (Fig. 1I). gfp tran-
scripts were also detected in these
regions (Fig. 1J), indicating that the
modified whole-mount in situ hy-
bridization protocol can detect gene
expression in deep regions of the
brain. We also observed correspond-
ing patterns of GFP fluorescence and
gfp gene expression throughout the
telencephalon and cerebellum, re-
gions where ar gene expression was
not detected (not shown).

In situ hybridization images were col-
lected using a Zeiss Axioskop micro-
scope equipped with an AxioCam HRc
digital camera. Fluorescence images
were captured using a Zeiss Imager.Z1
microscope equipped with an AxioCam
MRm digital camera. All images were
captured using Zeiss Axiovision 4.5 soft-
ware. Cropping, brightness-contrast ad-
justments, and imaging artifacts out-
side of the tissue were removed using
Adobe Photoshop CS3. We assayed six
male and six female brains, but ob-
served no gross differences in the pat-
tern of ar expression. Anatomical re-
gions of the brain were identified based
on comparison with a topological atlas
of the adult zebrafish brain (Wullimann
et al., 1996) and on subsequent revised
information (Kaslin and Panula, 2001;
Rink and Wullimann, 2001; Wullimann
and Mueller, 2004).
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