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Abstract

In female fish estrogen is required for the development of primary and secondary sex characteristics and is derived from the aromatization
of androgens by aromatase. There are two isoforms of aromatase in several teleost species, brain and ovarian. The objective of this study
was two-fold: clone and sequence the coding and promoter region of brain aromatase in medaka, and determine the effects of exposure to ar
environmental estrogen,p-DDT) on sex determination and brain aromatase transcription and activity. The brain aromatase coding sequence
was obtained by reverse transcription polymerase chain reaction (RT-PCR) and PCR-based genomic DNA walking was used to clone the
promoter of the brain aromatase gene. The promoter sequence revealed potential binding sites for the estrogen receptor and for transcriptior
factors involved in primary neurogenesis and sex determination. Medaka fry were exposed to ino;pd3Di§ concentrations (0-545g/L)
from days 1 to 15 after hatch and brain aromatase expression and activity were measured on days 5, 9, and 14. A complete male-to-female se»
reversal occurred at 5)5g/L o,p-DDT and aromatase activity and expression data showed a significant five-fold increase at this concentration
at day 14. This information suggests that brain aromatase is involved in the abnormal sexual differentiation of fish treated with xenoestrogens.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction and anti-estrogens, especially during critical developmen-
tal stages, can have deleterious effects in the male repro-
Endocrine disrupters are exogenous chemicals that affectductive system including decreased fertility, reduced gonad
organisms in ways similar or antagonistic to those of endoge- size, development of testis-ova, and complete sex reversal
nous endocrine factors. Some effects of these chemicals in{6,7].
clude skewed sex ratios of alligators in pesticide ravaged Lake  There are many genes involved in the sex-determining
Apopka, Florida[1], inter-sex fish downstream of sewage cascade that are influenced by xenoestrogens, but one of par-
treatment plant in the United Kingdom and U[3,3], and ticular importance ixypl9. A member of the cytochrome
feminized testis in common cafg] and medakgb] treated P450 superfamilycypl9 codes for the aromatase enzyme.
with xenoestrogens in the laboratory. Aromatase converts androgens to estrogens and is expressed
Some of the most studied endocrine disrupters are en-in a number of tissues including the brain, liver, and gonads.
vironmental estrogens, or xenoestrogens. These are comAromatization of androgen is the main source of estrogen,
pounds that mimic estrogen in the body. Due to estrogen’s which is an important factor in the sex-determining path-
importance in development of sexual phenotype, reproduc-way. Inhibition of aromatase in fish, reptiles, and birds re-
tive tract morphology, and sexual differentiation of the cen- sults in masculinization of femalg¢8—11]. In rainbow trout
tral nervous system, exposure to environmental estrogensgOncorhynchus mykiysaromatase could be detected 3 weeks
before the first signs of histological sex differentiation. These
* Corresponding author. Tel.: +1 228 872 4294; fax: +1 228 872 4204,  Observations, along with high aromatase activity associated
E-mail addressmarius.brouwer@usm.edu (M. Brouwer). with ovarian differentiation, implicate estrogen, and possibly
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aromatase, performing an essential role in gonadal differen-nizing effects on male medaka through immersion exposure
tiation in lower vertebratef8,12]. [26] and direct injection into oocytd7]. Bioaccumulation
Of late, a second isoform of aromatasgl9b) has been (increasing concentration in an organism that exceeds that of
found in the brain of several teleost species, including ze- its environment) and biomagnification (increasing concentra-
brafish Danio rerio), goldfish Carassius auratysand Nile tion as a function of trophic level) has led to DDT concentra-
tilapia (Oreochromis niloticus [13-15] This isoform has  tionsin higher-level organisms in Long Island sound to reach
much higher activity and mRNA levels in the brain than the 0.5 ppm in small fish and 2.0 ppm in larger fi&8].
ovary has of ovarian aromatase (now ternoggl9a) [16]. In this study we report the complete cDNA and promoter
Both isoforms show greater homology to the same isoform sequences of brain aromatase of Japanese medaka. The fem-
across species than they do for the other isoform within the inizing capacity ofo,p-DDT is demonstrated and its effects
same species. on brain aromatase expression and activity are characterized.
Both endogenous and environmental estrogens influenceThis study suggests that aromatase is involved in male-to-
aromatase activity and expression. Medaka treated withfemale sex reversal in response to an environmental estrogen.
the synthetic estrogen lo-ethinylestradiol show increased
cypl9a expression in the testis, an organ in which aromatase
is usually not preserji 7]. Melo and Ramsde[lL8] demon- 2. Materials and methods
strated an increase in aromatase activity and an induction of
female-specific localization afypl9b activity in the brain 2.1. Experimental animals
of medaka when treated with estradiol. For these reasons, we
postulate that the production of estrogen by the brainisoform  Animals used in this study were drR medaka, which con-
of aromatase is a driving force behind early sexual differenti- tain a red pigment color marker on the male Y chromosome.
ation and is affected by environmental estrogens which may Fish with an XY chromosome have an orange-red phenotype
result in sex reversal. and XX are white. However, if a male-to-female phenotypic
Analysis of the promoter region of the ovarian aromatase sex reversal occurs, which can be distinguished from sec-
gene shows that the promoter contains two estrogen responendary sex characteristics, an orange-red female fish can be
sive elements (EREJ}19], which mediate transcriptional produced. drR fry were hatched from broodstock cultured
activation via the estrogen receptor. The presence ofand maintained at the Gulf Coast Research Laboratory, Uni-
these elements suggests that xenoestrogens may influenceersity of Southern Mississippi, Ocean Springs, MS. Ani-
aromatase expression and activity through binding to the mal care and experimentation were conducted in accordance

estrogen receptor. with University of Southern Mississippi guidelines for ani-
The estrogen receptor (ER) is a member of the nuclear mal care and use. Eggs were collected from broodstock and
steroid receptor family. Three isoforms of ER, 3, andv) combined into culture bowls and microscopically confirmed

have been identified in fisfR0]. These multiple isoforms  as fertilized. Embryos were transferred to glass hatching jars
allow control of tissue and cell-specific expression of estro- containing approximately 4 L of hatching solution (1.00 g/L
gen responsive genes. Activation of the ER begins with the NaCl; 0.030 g/L KCI; 0.040 g/L CaGj 0.162 g/L MgSQ in
binding of a ligand to the ligand-binding domain and dimer- distilled water). Salinity of the hatching solution was brought
ization with another ligand bound ER. The homodimer binds to 5 g/L with NaCl to control fungus growth. Hatching jars
to a specific palindromic DNA sequence, the ERE, in the were maintained under continuous fluorescent light in a wa-
promoter region of an estrogen responsive gene, contribut-ter bath at 24 1°C and vigorously aerated to suspend em-
ing to transcription activation. Unlike the DNA binding re- bryos and keep them separated from each other. On day 0,
gion, the ligand-binding region is non-specific, which allows newly-hatched fry were removed and randomly distributed
non-specific ligand binding21]. Thus, structurally diverse into retention chambers that were housed in each treatment
compounds such as pesticides, heavy metals, and PCBs caaquarium.
bind to the estrogen receptor causing agonistic or antagonis-
tic response$21-23] The estrogen receptor in medaka is 2.2. Exposure
expressed from early embryonic stages at basal levels in both
sexes. Expression increases upon maturity and has a posi- o,p-DDT (96% purity) was obtained from Sigma Chemi-
tive feedback loop in which estrogen positively regulates the cal (St. Louis, MO). Exposure concentrations were selected
expression of more ER4]. on basis of published responses for sex reversal,fsDDT

This study examines the effect of the estrogen agoxpst [26]. Exposures consisted of seven 2-week exposures in du-
DDT, a synthetic pesticide constituting between 10 and 25% plicate at various treatment concentrations. Seventy-five drR
of manufactured DDT, on a small freshwater fish. While DDT fry for each of the seven exposures were housed in three re-
was banned in the United States in 1973, worldwide levels of tention chambers (100 mm Petri dish bottoms with attached
DDT and its metabolites are between 1 and 10 ng/L in estuar-475p.m nylon collar) of 25 fish each. Fourteen test aquaria
ies and coastal areas, and between 0.1 and 1 ng/L in the opewere 35 L with a water depth of 19 cm maintained by drain
sea[25]. More importantly, it has been shown to have femi- siphon. Compound delivery was conducted in a setup similar
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to that described by Walker et §9] and Manning et a[30]. The 3 and B ends of the gene were elucidated usifi@8d 3-

A water partitioner delivered 2 L of test solution each cycle RACE kits from Invitrogen. Primers for RACE were oligo

to splitter/mixing boxes that dispensed 1L to each duplicate 3 and 4, while 5RACE used oligo 5, 6 and 7. Promoter se-
aquarium for between 5 and 6 cycles/h. Test concentrationsquences were determined using genomic DNA and Universal
were prepared each cycle by injection of appropriate stock to Genome Walker Kit from Clontech (Palo Alto, CA) accord-
the splitter boxes of each treatment. Triethylene glycol (TEG) ingto manufacturer’s protocols. Genomic DNA was extracted
was used as a carrier for compounds due to the low solubility and isolated using Qiagen (Valencia, CA) Genomic tip 100/G
of DDT in water. Exposure treatment concentrations were genomic DNA extraction kit. Gene specific primers designed
water control, 0, 0.1, 0.5, 1, 2.5, and T.§/L. The addi- from the 5 end of the fully sequenced cDNA (oligo 8 and 9)
tion of 25, 1-day-old fish to each retention chamber initiated were used with outer adaptor primers provided with the kit to
exposure. Test aquaria were housed within a central waterobtain the sequence of the promoter region. PCR conditions
bath kept at 22 1°C and provided with a 16 h light:8 hdark  for the primary PCR were seven cycles of°“@for 2s and
photoperiod supplied by fluorescent bulbs. Medaka were fed 72°C for 3 min, and then 22 cycles of 9€ for 2s and 67C

a minimum of twice daily but may be fed up to four times for 3 min. Secondary PCR cycle conditions were five cycles
daily to stimulate growth. Feeding consisted of microworms of 94°C for 2s and 72C for 3min, and then 20 cycles of
and brine shrimp nauplii for days 0-8 fish, and brine shrimp 94°C for 2s and 67C for 3 min. Promoter sequences were
and commercial flake (Zigler Brothers, Santa Anna, CA) for analyzed with the web-based Matinspector from Genomatix
days 8+. Survival was monitored on days 3, 5, 9, and 14. All (http://www.genomatix.d¢/ and Transcription Element
dead fish were removed and recorded. Four fish per duplicateSearch System (TESShtp://www.cbil.upenn.edu/tejs$o
(eight per treatment) were sampled, weighed, and archivedsearch for putative transcription binding sites.

for molecular analysis on days 5, 9, and 14. Two sampled fish

per duplicate were preserved-a20°C in 200pn.L RNAlater 2.5. Phylogenetic analysis

(Ambion, Austin, TX) for mRNA analysis, and two were pre-

served at-70°C in 200u.L phosphate buffer (100 mM KClI, Amino acid sequences of medaka brain aromatase, brain
10 MM KH2PQ4, 1 MM EDTA, 10 mMdithiothreitol, pH7.4)  aromatase from seven other teleost species, and ovarian aro-
for enzyme activity analysis. Water quality (pH, temperature, matase from 11 species were aligned with Clustal W 1.74
and dissolved oxygen) was measured twice a week and wa{31]. The aligned sequences were used as input into the SE-
ter samples were removed four times (days 0, 5, 8, and 14)QBOOT algorithm from Felsenstein’s PHYLIP pack482]

for analytical analysis of the test chemical. Upon exposure to generate 500 data sets by bootstrap resam#igig The
completion, fry were transferred to 18.5 L grow-out aquaria multiple data sets were used to calculate 500 most parsi-
until sexual maturity so secondary sex characteristics could monious trees with PROTPARS. For each of the 500 trees,

be observed. the aromatase sequences were put in random order and the
_ _ tree-building process was repeated 10 times, each with a dif-
2.3. Analytical chemistry ferent random order of adding sequences. The resulting tree

output file, composed of the 500 best trees found among the

Magnolia Scientific Services Inc. (Purvis, MS) mea- 500x 10 runs, was used as input in the program CONSENSE

suredo,p-DDT concentrations according to EPA method 608  that calculates a majority rule consensus tree with confidence
(http://www.epa.gov/waterscience/methods/guide/608.pdf intervals. Human aromatase was used as the outgroup.

2.4. Cloning of brain aromatase 2.6. Real-time quantitative RT-PCR

Specific primers (oligo 1 and 2Yéble 1 were designed Aromatase expression was measured using real-time
from regions ofcyl9b with high interspecies homology, but quantitative RT-PCR. cDNA was prepared from fish that were
low homology in the same region betwegyl 9% andcyl%a. sampled as described above. Primers were designed from

cDNA from cyl9% was created using brain tissue from adult the sequences of brain aromatase. Real-time PCR was ac-
fish that had been subjected to a 1-week immersion exposurecomplished using Tagman chemistry. Aromatase primers and
to 1 ppb estradiol to stimulate aromatase expression. NucleicFAM (excitation: 490 nm/emission: 520 nm)—Black Hole
acids were extracted using a Trizol procedure with glycogen Quencher dual labeled Tagman probe were used to amplify
as a carrier and cDNA created using Life Technologies Su- brain aromatase (oligo 10, 11, and 12). 18S primers designed
perscript Il reverse transcriptase. A PCR reaction using Life from published medaka 18S sequence and Texas Red (ex-
Technologies Platinum Pfx Taq polymerase and oligo 1 and 2 citation: 596 nm/emission: 615 nm)—Black Hole Quencher
as primers gave a 931 bp amplification product. Bands weredual labeled Tagman probed were used as internal normal-
visualized by ethidium bromide on a 1% agarose gel and pu-ization standard (oligo 13, 14, 15). Qiagen (Alameda, CA)
rified with Promega (Madison, WI) DNA purification kitand  supplied probes and Cephid’s (Sunnyvale, California) Smart-
T/A cloned using a Promega cloning kit into pGeni=asy Cycler real-time PCR system was used to amplify and mea-
vector according to manufacturer’s protocol and sequenced.sure fluorescence of aromatase and 18S. Reactions contained
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100 nM probe, 900 nM primer for aromatase, and 100 nM followed by centrifugation at 1700 gfor 25 minat £ C. Ad-
probe and 200 nM primers for 18S. Platinfifuantitative dition of a 5% charcoal/0.5% Dextran slurry followed by a
PCR SuperMix-UDG from Invitrogen (Carlsbad, CA) was 40-s vortex and 30-min centrifugation (10,00®) was used
used according to instructions with a Smart Cycler Additive to remove radiolabeled Androst-4-ene-3, 17-dione. Radioac-
Reagent at a final concentration of 0.2 mg/ml bovine serum tivity of tritiated water was measured in a Beckman LS6500
albumin, 150 mM trehalose, and 0.2% Tween-20. Cycle pa- liquid scintillation counter and background subtracted using
rameters were 50C for 120 s, 95C for 120's, and 50 cycles  samples without homogenate.

of 95°C for 15 s, and 55C for 30 s. Relative expression was

calculated through th& AC; method. Gene expression for 2.8, Statistical analysis

each sampling time point is expressed as fold increase over

control. In all exposures, survival and sex reversals compared to
control exposures were assessedyBytest. The statistical
2.7. Aromatase activity analysis of aromatase mRNA expression and aromatase ac-

tivity were determined by a Mann—Whitney non-parametric

Aromatase activity was measured by a tritiated water rank-sum test due to a small sample size 4). Statistical
release assajB4] as adapted for medaka by Melo and significance was acceptedmt 0.05.
Ramsdell[18] and Contractor et a[35]. Whole fry sam-
pled during exposure were homogenized in a phosphate
buffer (KCI (1 M), KoHPO, (0.01 M) and EDTA (0.001 M) 3. Results
pH 7.4) with a hand-held pestle homogenizer and cen-
trifuged at 21,00« g to remove insoluble material. Pro- 3.1. Isolation and characterization of medaka
tein concentration of homogenate was determined using aP450aromB cDNA
bicinchoninic acid (BCA) protein assay kit (Pierce, Rock-
ford, IL). Homogenate containing approximately 20 mg Brain aromatase in medaka was cloned using a combi-
of protein was incubated with 5nM Androst-4-ene-3, 17- nation of RT-PCR and’5and 3 RACE. Using total RNA
dione [18-3H(N)] (Perkin-Elmer, Boston, MA) in 20Q.L extracted from the adult brain of medaka, and oligos 1 and 2
solution of 1mM NADPH, 10 mM glucose-6-phosphate, (Table 1 as primers, a 931 bp product was isolated and se-
1 U/mL glucose-6-dehydrogenase, 10 mM potassium phos-quenced. A BLAST search revealed high homology to other
phate (dibasic), 1000 mM potassium chloride, 1 mM EDTA, teleost brain aromatase cDNA, i.e. it showed 85 and 86%
and 1 mM dithiothreitol at 37C for 3h. The glucose-6- identity with brain aromatase cDNA from Mozambique and
phosphate/ glucose-6-dehydrogenase NADPH regeneratiorNile tilapia, respectively. 5 and 3-RACE yielded a com-
system keeps the system saturated with NADPH, which is plete 1905 bp transcript with a 1497 bp open reading frame
essential in providing electrons to cyt19b via cytochrome (GenBank accession no. AY319970).

p450 reductasgd6]. After incubation, reactions were termi- The deduced amino acid sequence derived from the ORF
nated by immersioninice-cold water and adding jLl(B0% yields a 499 amino acid proteirfrig. 1) with the initiation
trichloro-acetic acid, and centrifuged at 170@ for 10 min methionine at position 106bp and stop codon TAA at

to remove precipitated protein. Unconverted substrate was re-1603 bp and molecular weight of 57.06 kDa. There is an
moved by vortexing vigorously for 60 s with 1 ml chloroform overall~61-64% homology with medaka and other ovarian

Table 1
Oligonucleotide sequence, location, and functions
Oligo Sequence Location Function
1 ACAGGACATGACTGACCCCTCT 621-643 Brain aromatase forward
2 GTGGGATGAAGCGCATGGC 1533-1552 Brain aromatase reverse
3 AGTGGTTGATTTCACGATGCG 1171-1192 "RACE GSP1
4 CTGTGTGGGCAAACATATCG 1376-1396 "RACE GSP2
5 ACAGGCTGCTGAGACAGGTT 1492-1512 "IRACE GSP1
6 TCATCCTCCAGAGCTTTGCG 1190-1210 "RACE GSP2
7 CAATCACCATCTCCAACACG 992-1012 '8RACE GSP3
8 ACACTGTGAAACAACTCGTCGAGGGTT 125-152 Gene walking GSP1
9 CTCTTGCTGGATCATCTTCTTGTCTCTG 94-122 Gene walking GSP2
10 CAGAGACAAGAAGATGATCCAG 94-115 Aromatase forward
11 GAAGTATCAGCATCAGAAGAAG 171-192 Aromatase reverse
12 TxRed-AACCCTCGACGAGTTGTTTCACAGTGT-BHQ 126-152 Aromatase probe
13 CATCTAAGGGCATCACAGACC 1445-1465 18s Forward
14 GAGACTCCGGCATGCTAACT 1344-1363 18s Reverse

15 FAM-TGGCTGAACGCCACTTGTCCCTCTAA-BHQ 1400-1425 18s Probe
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Fig. 1. Medaka brain aromatase deduced amino acid sequence showing functionally important highly conserved regions. GenBank accessi®hnos.: goldfi
brain (GldfshBrn) AB009335; zebrafish brain (ZbrfshBrn) NI81642; tilapia Mozambique brain (TIpamsbcBrn) AF135850; tilapia Nile brain (TIpaNItcBrn)
AF306786; medaka brain (MdkBrn) AY319970; medaka ovary (MdkOvary) D82968.
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Fig. 2. Phylogenetic tree of fish aromatase. Numbers indicate the branching pattern from 500 bootstraps. GenBank accession nos.: medaka Boain AY3199
medaka ovary D82968; goldfish brain AB009335; goldfish ovary AB009336; zebrafish braih3lBu2; zebrafish ovary NM31154; tilapia Mozambique

brain AF135850; tilapia Mozambique ovary AF135851; tilapia Nile brain AF306786; tilapia Nile ovary U72071; catfish brain AY325907; catfish ovary
AY325908; fathead minnow brain AJ277866; rainbow trout | AJ311937; rainbow trout 1l AJ311938; guilthead sea bream ovary AF399824; red sea bream
ovary AB051290; European sea bass AJ31177; halibut ovary AJ410171; Japanese founder ovary AB017182; human X13589.

aromatase and a76-83% homology with othecypl%b. sites (175,507, —1503), six MyT1 sites {246, —660,

Regions important to enzymatic function, which includes —862,—1130,—1160, 1601), four MEIS sites{409,—564,

the heme-binding region, I-helix, and aromatase specific —1000,—1647), and one Nur77-1037) binding site. The

substrate binding region are highly conserved across specie&'-flanking region also contains three putative SRY/Sox ele-

and isoform. ments (152,—688,—1636) and a binding site for steroido-
The deduced amino acid sequence from medaka braingenic factor 1 (SF-1:-1299).

aromatase, along with amino acid sequences from several

publishedcypl9a andb in various teleost species, was used 3.3. Juvenile medaka exposure to 0,p-DDT

to infer phylogenetic relationships. Human aromatase was

used as an outgroup. The resulting trégy(2) shows a dis- Juvenile medaka were exposed in a flow-through aqueous

tinct grouping of brain and ovarian aromatases. As expectedsystem, too,p-DDT for 2 weeks beginning at hatch. Mea-

from sequence analysis, meday@l S clustered firmlywith  sured doses were approximately 60—73% of nominal con-

other brain aromatases. centrations Table 3. Survival ranged from 79 to 94% and
there is no significant difference in survival between controls

3.2. Isolation and characteristics of P450aromB and exposed groups (data not shown).

promoter Developmental exposure to DDT resulted in a signifi-

cantly (p<0.001) female-skewed sex ratio (89 females and
Using a PCR-based genomic walking technique the 5
flanking region of the medaka P450aromB was isolated. A Table 2
1893 bp product WaS_Obtamed with ohgo; 8, andatfe 9 Potential transcription factor binding sites in the promoter regiooyuif9a
and sequence analysis revealed a TATA binding bex2&t bp andcyplob
relative to transcription start site (GenBank accession no. F

h . . actor cypl9 cyfdl9a Function

AY705086). Examination of the brain promoter sequences — . n NS dovel
using Transcription Element Search System (TESS) and 2" N> development

. . . MEIS 4 2 Hindbrain development
Matinspector from Genomatix revealed a palindromic es- 1y 6 3 Primary neurogenesis
trogen responsive element, or ERE-a473, and another  pLx1 5 2 Forebrain development
ERE half-site at—505. Other potential transcription fac-  Nurr7/Nur77 1 0 Neuroendocrine development
tor binding sites discovered in this analysis are shown in Sry/SOX9 3 3 Sex-determ Y-gene product

1 1 Estrogen receptor

Table 2 These include two Brn2{200,—554) and four Brn3
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Table 3 c 6
Nominal and actuab,p-DDT exposure concentrations o DDay5 *
1]
Nominal (v.g/L) Mean (g/L) S.E.M. Nominal (%) 3 5 4 @Day 9
0 _ s mDay 14
TEG only - w o,
0.1 0.065 0.0065 65 §
0.5 0.3 0.0021 60 =
1 0.76 0.07 76 £ 3
2.5 1.6 0.22 64 g
7.5 5.5 0.14 73
o 2
o
g
4 males) upon grow-out to adult at the highest (5ga.) 51
concentration levelKig. 3). %
w 04
3.4. Aromatase expression 0 TEG 0065 03 0.76 16 5.5
Treatment (pg/L)

Gene expression was measured in individual whole fry at _ ) ) )

days 5,9, and 14 for each treatment and quantitated using tthlg' 4. Brain aromatase expression as fold chaﬁge relative to same_—day con-
. . rol treatment £S.E.M.) as measured by real-time polymerase chain reac-

AAC;method Fig. 4). 18S was used as the internal standard +jon. 185 rRNA is used as internal normalization standard. Exposure con-
and expression data for each time point are expressed as foldentrations are measured concentrations. Stars indicate significant difference
increase over the average of the same-day controls. from control (day 9N=8,z= —2.309,0=0.021); (day 14N=8,z=—2.309,

A carrier control treatment of TEG only shows no effect P=0-021)-
on gene expression. Day 5 expression shows no significant s
effects on gene expression at any treatment level. Day 9

bDay5
expression data show that g/L treatment resulted in EDay 9 .
a significant 2.33-fold increase in gene expressiim 8, 61 MDay14

=—-2.021,p=0.043). There is no significant increase in
expression at day 9 for any other treatment levels. Day 14
also shows an increase in aromatase levels according to
treatment levels. 5.pg/L o,p-DDT resulted in a 4.55-fold
increaseNl=8,z=-2.309,p=0.021) and 1.G.g/L resulted
in a 2.04-fold increaseN=8, z=—2.309,p=0.021).

Fold Change Aromatase Activity

3.5. Aromatase activity

0 TEG  0.065 0.3 0.76 1.6 55

Aromatase activity is expressed as relative activity

compared to same-day control treatments. Only day 14 had Treatment (pg/L)
120 Fig. 5. Aromatase enzyme activity relative to same-day control treat-
ment @&S.E.M.). Star indicates significant difference from conthdF(8,
so5| [™== Female * z=-2.309,p=0.021).
™ £/ Male
‘:::; - consistently detectable levels of activitfFig. 5). Activ-
= ity rates follow the same pattern as gene expression at
2 this day. There is no significant difference between any
= 60 o
5 activity in any treatment level except for qug/L at day
2 w0l 14 (N=8, z=-2.309, p=0.021). There is also a high
g correlation between enzyme activity and gene expression
iy data ¢2=0.74). Ovarian aromatase was not expressed in
control ando,p-DDT-treated juvenile (days 0-14) medaka
0 (data not shown). Therefore, measured aromatase activity is
CTL TEG-CTL 0.065 0.300 0.760 1.600 5.500 likely from brain aromatase.
Treatment (ug/L)

Fig. 3. Adult sex ratio of medaka after 2-weejpo-DDT exposure follow- 4. Discussion

ing hatch. Exposure concentrations are measured concentrations. Star in- . .
dicates significant difference from a 1:1 male:female populatjgh((, The purpose of this study was to examine the effects of a
N=204)=59.8p<0.001). known endocrine disruptor on the sexual development of a
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freshwater fish during a critical period of development and to mones are produced by or act on the gonads, the sex steroids
examine a postulated molecular mechanism that may underhave been the most extensively examined. The major sex
lie observed effect. Exposure studies in this test confirmed hormone believed to be responsible for inducing and main-
previous studies that shoayp-DDT has feminizing effects  taining ovarian development is g#estradiol (E2), while the

on developing medakg6,27] In this study a 2-week im-  corresponding male sex hormone is 11-ketotestost¢4&he
mersion exposure to 5g/L of o,p-DDT resulted ina96%  Production of these sex steroids is very strongly linked with

female population. the early steps of gonadal differentiation and can influence
In the environment,p-DDT has been found at concentra-  long-term sex determination choici®].
tions of 0.413.g/L in the water and 7.2g/L in the sediment Estrogen is synthesized from testosterone by cytochome

[37]. Although our concentrations are above these measuredP450 aromatase, which is expressed in the brain, gonads and
values for DDT, it is important to point out that effective liver. Recently, there has been increasing evidence that in fish
feminizing concentrations are dependent on the time of ex- multiple loci exist encoding at least two distinct isozymes of
posure, with an exposure during sexual development and pu-P450arom that are differentially expressed in the brain and
berty being 2.2 times more effective than exposure during ovary. Sexual development requires tissue-specific and tem-
sexual development alofi26]. DDT has been banned inthe  poral variations in aromatase expression. In humans alternate
United States since 1972 and since then levels have droppedplicing and multiple promoters accomplish this variable ex-
[38,39] However, DDT is still produced and used in Mex- pression of a single gene. In fish, multiple aromatase genes
ico, China and many non-industrialized countries. Due to its perform the same task. Separate aromatase isoforms present
persistence, detectable levels will exist for decades to come.an extra level of regulatory intricacy to estrogen biosynthesis.
DDT is a very hydrophobic compound and readily dis- In zebrafish, Tong et a[50] showed that the brain iso-
solves in apolar solvents. This property is responsible for form is expressed mainly in the hypothalamus, pituitary and
bioaccumulation in lipid matter in organisms. DDT concen- sensory control tissues, and production of estrogen in these
trations in fish tissue in highly contaminated sites of the regions influences neuroendocrine functions, sexual behav-
Southern California Bight have historically exceeded the ior, and sexual differentiation during the development of the
Food and Drug Administration action level of 5mg/kg wet central nervous system (CNS). Inthe CNS, estrogen also has
weight [40,41] These compounds can also be transferred a permanent developmental effect by promoting neuronal dif-
maternally as they dissolve into the yolk in the eggs and are ferentiation and growth. It is also associated with neuronal
transferred to the embryo. Hence feminization can result from survival and repaif51,52] Furthermore, there is sexually
direct exposure from the environment in addition to maternal dimorphic expression of brain aromatase in developing ze-
transfer from an exposed and contaminated mother. Edmunddsrafish that is not present in ovarian aromatase expression
et al.[27] showed a 227 ng injection into the yolk of an egg [12]. Studies have also shown an upregulation of brain aro-
results in an 86% male-to-female sex reversal. Estrogenicmatase resulting from estradiol treatment occurs as early as
responses can also occur in response to other endocrine dis24 h post fertilization16]. Additionally, preliminary work
rupting compounds such as the alkylphenols, nonylphenolin this project shows that ovarian aromatase is not expressed
and octylphenol, the pesticide methoxychlor, ethinyl estra- in developing (days 0—14) fry. Taken together these observa-

diol, and sewage effluefd2—-46] tions suggest that brain aromatase plays a critical role in sex
To understand the mechanisms behind xenoestrogen-differentiation.
induced feminization, how sex is determined and dif- Tanaka et al[19] sequenced theypl9a in medaka. In

ferentiated in fish naturally must first be examined. Sex this study, a 1905 bp product that codesdgpl9b was iso-
determination refers to genetic and environmental influenceslated and sequenced. As in other species, medaka brain aro-
on sex differentiation, while sex differentiation refers to the matase shows a higher degree of homology to the brain form
process of cellular development of testis and ovaries after sexfrom other species (76—83%) than it does to the medaka ovar-
has been determined. Sex differentiation is the developmentian form (60%). However, all aromatase sequences showed
of primary and secondary sexual characteristics. Fish arehigh homology in functionally important regions such as
unusual in that they have highly variable means of sex differ- the I-helix (hydrophobic region important in substrate bind-
entiation and determination. Both genetic and environmental ing pocket formation allowing electron transport), heme-
factors can influence sex differentiation and determination binding region, and androgen binding (aromatase specific)
and these effects can be transient or permanent. region [53,14] Phylogenetic analysis of brain and ovarian
Beginning early in sex determination and gonadogene- aromatases confirms this pattern of relationship between the
sis, communication between nonadjacent tissues is necesaromatases. The phylogenetic tree shows separate clustering
sary, which is accomplished through the endocrine systemof the two isozymes suggesting a branching of the two forms
and the hypothalamic-pituitary-gonad axis. The endocrine early in teleost evolution.
system controls sex differentiation through complex path-  Estrogen regulates estrogen responsive genes by bind-
ways between the central nervous system and gonads usingng to and activating the nuclear estrogen receptor. This
pituitary-derived gonadotropins and sex steroids producedestrogen—ER complex then interacts with estrogen respon-
in the gonad and braif#7]. While many non-steroidal hor-  sive elements (ERE) in the promoter regions of target genes
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to alter transcriptional activityl7]. Tanaka et al[19] se- With this information a hypothesis on the mechanism
guenced the’Sflanking region of the P450aromA and report  of xenoestrogen activity can be proposed. As stated earlier,
a 1170 bp product with a TATA box 24 bp upstream from the certain xenoestrogens, includinge-DDT, can bind to and
transcription initiation site. Transcription factor analysis re- activate the ER17,23,66] This activated ER-xenoestrogen
vealed half the estrogen receptor binding sites at two sitescomplex can bind to EREs present in the promoter region
(—40 and—51) suggesting that ovarian aromatase is respon- of aromatase to induce transcription and creating more
sive to the ER-estrogen complex. In our study, a 1893 bp pro-aromatase. The increase in activity of aromatase might
moter region of medakeypl9b was isolated and sequenced. create a female level of estrogen in the developing brain,
This sequence was examined for potential transcription fac- which can feminize brain neurogenesis and be the impetus
tor binding sites using TESS and Genomatix’s Matinspector. behind the observed male-to-female sex reversal.

Potential sites that had core and matrix similarity which ex-  To test this hypothesis, aromatase activity ayglo%
ceeded 0.85 were further examined for sites reported in themRNA levels were measured in tlgp-DDT treated juve-
literature to be involved in either reproductive or CNS devel- niles. Ovarian aromatase was not expressed in juvenile (days
opment. Analysis revealed a TATA box a5, a consensus  0-14) medaka (results not shown), and aromatase activity
ERE at—1340, and a second ERE half-site-a505. Taken is therefore likely to be frontypl9. While no significant
together with the upregulation of aromatase in response toincreases were seen during early development, by day 14
estrogen treatment, the presence of EREs in the promotersignificant increases in both enzyme activity and mRNA lev-
of cypl% suggests that neuronal estrogen expression can beels were observed at 5.&)/L. This is the same concentration
regulated by estrogen and the ER. Likgil9a, thecypl9% thatresulted in an almost complete female population, clearly
promoter also contains potential binding site for Steroido- establishing the link betweenp-DDT exposure, sex reversal
genic Factor 1 (SF-1)«1299) which is involved in tran-  and increased levels of/pl9 expression and activity.

scriptional regulation of P450 steroidogenic germgl1A Other studies have also demonstrated aromatase playing
andB, steroid hydroxylases; aromatase) and in the formation a critical role in non-genetic sex determination. In the red-
of the gonad$54,19] eared slider turtleTfrachemys scriptaa species that has tem-

Three copies of SRY/SOX9 binding sites have also been perature sensitive sex determination, the female-determining
found in both medaka&ypl9a (—130, —361, —1074) and temperature shows a higher aromatase activity than the male-
cyplob (—152,—688,—1636) promoters. SRY has been sug- determining temperaturgs7]. Inhibition of aromatase at
gested as the testis-determining gene, but expression is noa temperature that normally would produce 80% females
limited to the gonadal ridge (area from which testes origi- produces almost 100% males. In Japanese flourfear (
nate) or early developmef85]. Sox9 is a gene thoughtto be alichthys olivaceusnhibition of aromatase leads to a repres-
regulated by SRY, functioning in the male sex-determination sion ofcypl9 expression and masculinization of larvae results
pathway[56] and its expression pattern is similar to that of [59].
aromatasgs7,58] This information suggests that aromatase In summary, this study presents a possible mechanism
is downstream of SRY in the sex-determining pathway and by which estrogenic compounds can exert their femi-
therefore, along with estrogen production, is important in nizing potential. We have shown that extra-gonadal aro-
sex-determination, sex differentiation, and sex reversal in fish matase is also present in Japanese medaka. The presence
[59]. of putative transcription factor binding elements in the

Further potential binding sites in medakgpl% pro- promoter region of medakaypl9, including the ERE
moter include several factors known to be involved in and several neurogenesis factors, suggests significance of
primary neurogenesis and CNS development. These includecypl9b in brain development and responsiveness to estro-
Brn 2 (—200, —554) and Brn3 €175, —507, —1503; genic compounds. This study presents evidence of an in-
CNS development), MEIS<409, —564, —1000, —1647; crease in aromatase activity aogl9 expression at fem-
hindbrain development), and MyT1-246, —660, —862, inizing treatment levels of a xenoestrogen. All this in-
—1130, —1160, 1601; primary neurogenesi$p0-63] formation suggests the importance of brain aromatase in
Also present is Nur77 {£1037), a transcription factor male-to-female sex reversal in response to environmental
important in the neuroendocrine-regulatory role of the estrogens.
hypothalamic/pituitary/adrenal axi§4] and which has also
been implicated in neuronal differentiatid65]. Studies
to determine whether these potential binding sites are Acknowledgements
functionally active are necessary. Nevertheless, the presence
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