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a b s t r a c t

Exposure of fish to the synthetic estrogen ethinylestradiol (EE2) has been shown to induce a large set
of deleterious effects. In addition to the negative impact of EE2 in reproductive endpoints, concern
has recently increased on the potential effects of EE2 in fish embryonic development. Therefore, the
present study aimed at examining the effects of EE2 on the full embryonic development of zebrafish
in order to identify the actual phases where EE2 disrupts this process. Hence, zebrafish were exposed
to environmentally relevant low levels of EE2, 0.5, 1 and 2 ng/L (actual concentrations of 0.19, 0.24 and
1 ng/L, respectively) from egg up to eight months of age (F1), and the survival as well as the occur-
rence of abnormalities in their offsprings (F2), per stage of embryonic development, was investigated.
A thorough evaluation of reproductive endpoints and transcription of vtg1 gene in the parental gen-
eration (F1) at adulthood, was performed. No significant differences could be observed for the two
lowest EE2 treatments, in comparison with controls, whereas vtg1 transcripts were significantly ele-
vated (40-fold) in the 2 ng/L EE2 treatment. In contrast to the findings in the F1 generation,a significant
concentration-dependent increase in egg mortality between 8 and 24 hours post-fertilization (hpf) was
observed for all EE2 treatments, when compared with controls. The screening of egg and embryo devel-
opment showed a significant increase in the percentage of abnormalities at 8 hpf for the highest EE2
concentration, a fact that might explain the increased embryo mortality at the 24 hpf time-point obser-
vation. Taken together, these findings indicate that the two lowest tested EE2 concentations impact late
gastrulation and/or early organogenesis, whereas exposure to 2 ng/L EE2 also disrupts development in

the blastula phase. After early organogenesis has been completed (24 hpf), no further mortality was
observed. These results show that increased embryo mortality occurs at EE2 levels below those inducing
reproductive impairment and vtg1 gene induction in the male parental generation, thus suggesting that
EE2 may impact some fish populations at levels below those inducing an increase in vtg1 transcripts.
Hence, these findings have important implications for environmental risk assessment, strongly support-

yonic
ing the inclusion of embr

populations.
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development studies in the screening of endocrine disruption in wild fish

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

The presence, in the aquatic ecosystems, of chemicals able
to interfere with the normal endocrine function of animals,
generally named endocrine disrupting chemicals (EDCs), is a mat-

http://www.sciencedirect.com/science/journal/0166445X
http://www.elsevier.com/locate/aquatox
mailto:santos@ciimar.up.pt
dx.doi.org/10.1016/j.aquatox.2009.07.021


oxicol

t
2
l
a
i
B
m
s
2
s
t
(
2

f
U
m
B
e
(
e
u
T
r
d
f
e
s
h
r
f
n
a
p
d
o
t
t
d
f

p
m
2
s
t
t
d
e
o
u
d
a

i
l
t
z
t
a
o
r
d
t
p
t

J. Soares et al. / Aquatic T

er of great concern (Ashby et al., 1997; Mills and Chichester,
005; Iguchi et al., 2006; Sanderson, 2006). Many EDCs modu-

ate sex steroid signalling and the hypothalamic–pituitary–gonad
xis (Ankley and Johnson, 2004; Segner et al., 2006), interfer-
ng with both development and reproduction (Guillette, 1995;
igsby et al., 1999). Estrogenic chemicals (ECs) are among the
ost widely studied EDCs, mostly because field studies have

hown fish feminization in many aquatic ecosystems (Sumpter,
005). Fish can be exposed to EDCs through a variety of
ources, but waste waters are the primary source of ECs such as
he active ingredient of contraceptive pills, 17�-ethynilestradiol
EE2) (Folmar et al., 2000; Metcalfe et al., 2001; Kolpin et al.,
002).

Environmental EE2 concentrations in water are highly variable,
rom non-detectable to a maximum concentration of 830 ng/L in
SA rivers (Kolpin et al., 2002). In Europe, the majority of the
easured concentrations are below 5 ng/L (Desbrow et al., 1998;

elfroid et al., 1999; Ternes et al., 1999; Johnson et al., 2000; Svenson
t al., 2002). EE2 has the ability to bioconcentrate in fish tissue
650-fold in whole body tissues), and is not only more effective in
liciting estrogenic responses but also more stable than the nat-
ral estrogen 17�-estradiol (Länge et al., 2001; Lai et al., 2002;
horpe et al., 2003). Under laboratory conditions, EE2 has been
eported to cause a wide variety of negative effects in fish repro-
uction, such as a bias in the sex ratio toward females, decreased

ertility and fecundity, and vitellogenin induction in males (Nash
t al., 2004). In the model teleost, zebrafish (Danio rerio), several
tudies involving EE2 exposure have been performed. Only few,
owever, cover the full life-cycle, and have tested the impact on
eproductive parameters. Segner et al. (2003) tested EE2 exposure
rom fertilization to adult stage and observed a decline in the egg
umber per female and the fertilization success at concentrations
bove 1.67 ng/L; Fenske et al. (2005) found an inhibition on egg
roduction when fish were exposed to 3 ng EE2/L from 0 to 180
ays post-fertilization (dpf). More recently, Schäfers et al. (2007)
bserved a decrease in the number of eggs and also a decline on
he number of fertilized eggs of zebrafish exposed to concentra-
ions of 1.1 ng/L, from 0 to 177 dpf; Larsen et al. (2008) observed a
ecline in the number of fertilized eggs at 0.05 and 0.5 ng EE2/L,

rom 1 to 124 dpf.
In addition to the negative effects of EE2 in reproductive end-

oints, it has recently been pointed out that embryo development
ay also be a target of EE2 (Länge et al., 2001; Nash et al.,

004; Brown et al., 2007). The effects of EE2 on fish embryo
urvival have been reported after chronic parental EE2 exposure,
hus raising considerable concern as it occurs at environmen-
ally relevant EE2 concentrations. While these early studies have
etermined embryo mortality at specific time-points over the
mbryonic period, none has investigated in detail the effects
f EE2 on the full embryonic development. Hence, in order to
nderstand the mechanism(s) by which EE2 disrupts embryonic
evelopment, it is essential to identify the actual phases where EE2
cts.

Therefore, the main aim of the present study was to exam-
ne the concentration-dependent effects of parental zebrafish full
ife-cycle exposure to low levels of EE2 on the different stages of
he offspring embryonic development. In order to achieve this,
ebrafish were exposed to low levels of EE2 (nominal concen-
rations of 0.5, 1 and 2 ng/L), from egg up to eight months of
ge, and the survival and the occurrence of abnormalities in their
ffspring, per stage of embryonic development, evaluated. The

esults of embryo mortality patterns were integrated with the
ata of the reproductive parameters and vitellogenin gene induc-
ion in the parental generation and discussed in relation to the
otential population-level impact of EE2 for wildlife fish popula-
ions.
ogy 95 (2009) 330–338 331

2. Materials and methods

2.1. Species selection

Zebrafish (Danio rerio) are recommended as test species in a
number of ecotoxicological test protocols (Oberemm, 2000). This
species size, robustness, short life-cycle and the fact that it can be
induced to breed all year round under laboratory conditions, are
advantages for its use as bioassay organism. Furthermore, particu-
larly important for the present study, zebrafish eggs are translucent
and non-sticky thus allowing an easy screening of embryonic devel-
opment under a stereo-microscope.

2.2. Parental animals (F0)

Adult wild-type zebrafish, obtained from local suppliers in Sin-
gapore, were used as breeding stocks. The stock was kept at a
water temperature of 28 ± 1 ◦C and under a photoperiod of 14:10 h
(light:dark), in 250 L aquaria with dechlorinated and aerated water
in a recirculation system with both mechanical and biological fil-
ters. The fish were fed ad libitum twice a day with a commercial
fish diet Tetramin (Tetra, Melle, Germany) supplemented with live
brine shrimp (Artemia spp.).

2.3. Egg production of F0 generation

In the afternoon before breeding, two groups of 4–6 males and
10–12 females were independently housed in cages with a net bot-
tom cover with glass marbles within a 30 L aquarium under the
same water and photoperiod conditions as the stock and fed with
live brine shrimp. At the following day, breeding fish were removed
1.5 h after the beginning of the light period and the eggs were
collected and cleaned. Fertilized eggs were randomly allocated to
experimental aquaria.

2.4. Exposure of F1 generation

Exposures were performed using a flow through system with
slight modifications from the experimental setup described in
Santos et al. (2006). Before entering the system, the water was
heated and charcoal-filtered. The water flow (50 mL/min) was
maintained by a peristaltic pump (ISM 144, ISMATEC) whereas EE2
and DMSO solutions (0.018 mL/min flow) were administered by a
second peristaltic pump (205U Watson-Marlow). The water and
the solutions were mixed together, in a mixing chamber, before
entering, by gravity, in the continuously aerated aquaria. The uti-
lization of peristaltic pumps to control water and contaminant
fluxes increases the accuracy of dosage over time, which was con-
firmed by weekly measurements. Throughout the experimental
period, zebrafish were under a 14:10 h (light:dark) photoperiod
and water physical–chemical parameters were measured weekly
with the exception of temperature that was checked on a daily
basis (28 ± 1 ◦C of temperature; pH 7.7 ± 0.2; 6 ± 1 mg/L of dissolved
oxygen; 376 �S/cm of conductivity; 0.08 ± 0.06 mg/L of ammonium
and 0.01 ± 0.01 mg/L of nitrite).

Five exposure conditions, in duplicate, were set up: an
experimental control, a solvent control (DMSO) and three EE2 con-
centrations (nominal concentration: 0.5; 1 and 2 ng/L).

17�-Ethynilestradiol (EE2 98%, Sigma) (stock solution: 1 mg/mL)
was diluted in dimethylsulfoxide (DMSO 99.5%, Sigma). From this
solution, aliquots of the working solutions were prepared and kept

at −20 ◦C until use. Working EE2 solutions were diluted in MilliQ
water and renewed three times a week; all solutions were prepared
in order to have a final DMSO volume of 0.000002%.

In order to test EE2 effects when zebrafish reached their maximal
fecundity, the study lasted for 8 months, with continuous exposure
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f the F1 generation (Westerfield, 2000). Before the beginning of
he exposure, the aquaria were equilibrated during 15 days. The
xperiment was initiated by randomly allocating 450 eggs ≈2 h
ost-fertilization (hpf) in 5 L aquaria, placed within each 30 L aquar-

um. At 20 dpf, zebrafish were allocated to 30 L aquaria and their
umber adjusted to fit 100 juveniles per aquarium. The number of
ebrafish in each aquarium was again reduced to 70 at 40 dpf, and
ater to 30 at 60 dpf, a density that was maintained up to the end
f the experiment (8 months). Feeding was initiated at 6 dpf with
wo meals of Tetramin supplemented with one brine shrimp meal
er day based on a slight modification of Carvalho et al. (2006); at
dpf this was changed to two brine shrimp meals and one Tetramin
eal per day, which was maintained up to the end of exposure.

Mortality was assessed by daily recordings during the entire
xposure period, and dead eggs/individuals removed. At the
nd of the experiment, the remaining zebrafish were immo-
ilized in ice-cold water, immediately decapitated, and their
eight and length recorded for body condition factor calcula-

ion (K = weight × length−3 × 100). Liver was removed and stored
n RNAlater (Sigma) for molecular biology determinations. Gonads

ere also excised and weighed for gonadosomatic index calculation
GSI = gonad weight as percentage of total weight), and observed
nder a stereo-microscope for sex determination, complemented
ith histology.

.5. EE2 concentration in water

In order to determine actual EE2 concentrations, water samples
ere collected twice during the exposure of F1 generation (at 40 and

10 dpf) and pre-treated according to the “Sample Pre-treatment
rotocol for Female Steroid Hormones” (Japan Envirochemicals).
riefly, steroids were extracted in a solid phase C18 column (Sep-
ak Plus C18 cartridges, Waters Corporation), 80% methanol eluted,
oncentrated under nitrogen gas flow and frozen at −20 ◦C until
nalysis. EE2 concentration was determined using the “Jec ELISA
it” (Japan Envirochemicals) according to the manufacturer’s pro-
ocol. Concentrations of EE2 were found to be below the detection
imit in the reference aquaria and to be 1.00 ± 0.12, 0.24 ± 0.02 and
.19 ± 0.02 ng/L, respectively, for the 2, 1 and 0.5 ng/L nominal con-
entrations. The extraction procedure rendered a recovery of over
0%, and therefore no correction was performed to the obtained
E2 concentrations.

.6. Reproductive capability of F1 generation

Reproductive capability studies were performed after 8 mpf

months post-fertilization) in all experimental groups. Reproduc-
ive success was evaluated as fecundity (number of eggs per female
er day) and % of viable eggs per female per day after 1–1.5 hpf. For
eproductive studies, the 30 L aquaria were divided in two compart-

ents and female and male zebrafish were randomly distributed

ig. 1. Schematic representation of the experimental setup used for breeding trials of the F
rials were performed using four replicates per treatment (R1, R2, R3, and R4). Viable eg
eaker). From each replicate, one beaker per stage (8 hpf, 24 hpf, 32 hpf, 55 hpf, and 80 hp
eakers per treatment were used.
ogy 95 (2009) 330–338

in cages, with a net bottom covered with glass marbles, in a man-
ner that matched the sex ratio of each treatment (4 replicates per
treatment) (Fig. 1). Subsequently, during three consecutive days,
1–1.5 h after the beginning of the light period, eggs were collected,
counted and the percentage of viable eggs recorded. The sex ratio
per replicate was confirmed at the end of the reproductive trial.

2.7. Histology and stereological analysis of F1 generation

In order to perform a histological sex determination, approxi-
mately 50 fish per treatment (30 fish for the 0.5 ng/L EE2 treatment)
were collected at the end of exposure (8 months). Animals were
fixed in Bouin solution (Panreac) for 48 h, paraffin-embedded, sec-
tioned into 5 �m sections and mounted on slides. Slides were
stained with hematoxylin–eosin and mounted with Entellan®.
Identification of gonad cell populations was conducted according
to Weber et al. (2003). Briefly, ovarian follicles were staged as:
oogonia (Oo – small in size and eosinophilic ooplasm with rela-
tively large nucleus); previtellogenic follicles (PreV – small in size
with basophilic ooplasm, large nucleus with visible chromatin and
single somatic cell layer); vitellogenic follicles (Vit – basophilic
ooplasm that is enlarging relative to nucleus and has one or more
layers of somatic cells) and preovulatory follicles (PreO – distinct
zona radiata, multiple differentiated somatic cell layers and vacuo-
lated ooplasm). Testicular populations were identified as follows:
spermatogonia (Sg – eosinophilic cytoplasm with relatively large
nucleus); spermatocytes (Sc – thread-like or condensed chromatin,
with relatively smaller cytoplasm) and spermatids or mature sperm
(M – tightly packaged nuclear material lacking surrounding cyto-
plasm).

To determine the relative volume density (VV) of spermato-
gonia, spermatocytes, spermatids and spermatozoa in testes as
well as oogonia, previtellogenic follicles, vitellogenic follicles and
preovulatory follicles in ovaries, from 8 months zebrafish (n = 6),
a stereological approach was designed based on point counting
(Freere and Weibel, 1967), using a microscope (Olympus IX 51,
Japan) equipped with a CCD camera (Olympus U CMDA3, Color View
soft imaging system). A detailed description of the method can be
found in Monteiro et al. (2009).

2.8. Sperm quality parameters in F1 males

Functional imaging of the spermatozoids was performed with
a system composed of an inverted microscope (Eclipse TE300,
Nikon, Tokyo, Japan) equipped with a 40× air objective and a
CCD camera (C6790; Hamamatsu Photonics, Hamamatsu, Japan).

Sperm motility analysis was performed as previously described by
Wilson-Leedy and Ingermann (2007), with minor modifications,
namely a 53 Hz capture rate and a resolution of 329 × 247 pix-
els (2 × 2 binning). Sperm was collected from one testicle of 6
males exposed to the above-described treatments. Sperm motil-

1 generation and the embryonic assay with their offspring (F2). After 8 mpf, breeding
gs from each replicate were randomly distributed to 100 mL beakers (40 eggs per
f) was set, which means that during the five studied embryonic stages, a total of 20
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ty videos were acquired during 44 s and sub-sequentially split into
2 videos of 2 s. Image processing was performed with Aquacos-
os 2.5 (Hamamatsu Photonics) and ImageJ (National Institutes of
ealth; available at http://rsb.info.nih.gov/ij/). Video and numerical
ata calculations were automated with ImageJ.

Several parameters were collected from the video analysis
see Wilson-Leedy and Ingermann, 2007), namely sperm motility
MOT), curvilinear velocity (VCL), velocity over a straight line (VSL)
nd progression (PROG).

.9. Embryogenesis studies of F2 generation

When reproductive trials of F1 generation reached the third
ay, 200 viable eggs per replicate were kept for the embryogen-
sis studies. Eggs that had passed the 4 cell stage (1–1.5 hpf) were
andomly distributed to 100 mL beakers (40 eggs per beaker) with
aily replacement of water obtained from the flow through system
here dosing of F1 generation was taking place. Thus, embryos were

xposed to the same treatments as the parental F1 generation, mim-
cking a scenario where fish are exposed to ECs through the entire
ife-cycle. The beakers were randomly maintained on a water bath
t 26.5 ± 0.5 ◦C and kept under the same photoperiod conditions as
he adults. For each treatment, four beakers per stage were set (four
eplicates), which means that during the five studied embryonic
tages, a total of 20 beakers per treatment were used (Fig. 1).

For embryogenesis studies embryo tests and endpoints were
erformed with slight modifications of the protocol proposed by
beremm (2000). The following endpoints were evaluated during
ebrafish egg/embryo development stages, briefly: at 8 hpf (65–75%

epiboly) progression of ectodermal front and homogeneity of
ront and tissue; at 24 hpf (prim 5–6), head and tail differenti-
tion, length of tail, spontaneous movements and the presence
f heart beat; at 32 hpf (prim 15–16) and 55 hpf (Long-pec, pec-
n), heart rate, malformations of the blood circulatory system,
edema and melanophores distribution; and at 80 hpf (protrud-

ng mouth), heart rate, expression of pigmentation, oedema and
n fold lesions; the mortality rate was assessed at all stages. Dif-

erent embryos, even within a single clutch, develop at slightly
ifferent rates (Kimmel et al., 1995). Therefore, our time-point
bservations included eggs/embryos in slightly different phases,
hich have been indicated above. However, for simplicity, in the
gures we have adopted the classification of Oberemm (2000),
ith a single stage per time-point observation. Inspection started

y checking mortality and discharging dead eggs/embryos to avoid
ater quality decay. Then, 15 eggs/embryos from each beaker (60
er treatment/developmental stage) were randomly collected and
laced on a Petri dish for observation under a stereo-microscope
SMZ1000, Nikon, magnification up to 80 times). Any modifica-
ion from normal development and/or morphological anomalies
ere recorded by digital photography (Nikon Coolpix 5400) and

cored as presence/absence. A detailed description and categoriza-
ion of the different anomalies will be performed in the future. After
ach time-point observation, the beakers were removed, thus assur-
ng the independence of data between developmental stages. The
eart beat and spontaneous mobility were evaluated at 24 hpf in
hree embryos per replicate and the cardiac frequency was deter-

ined in one embryo per replicate at 32, 55 and 80 hpf, using a
top-watch, during two 15 s periods, restarting the counting if the
mbryo moved.

.10. vtg1 gene transcription in F1 zebrafish males after 8 months

f EE2 exposure

For vtg1 transcription in adult male zebrafish, after 8 months
f exposure to EE2, total RNA was isolated from liver using
illustra RNAspin Mini kit” (GE Healthcare kit) according to the
ogy 95 (2009) 330–338 333

manufacturer’s protocol, with on column DNase digestion dur-
ing the extraction procedure. After column elution with 30 �L
of RNase-free water, RNA concentration was determined by fluo-
rescence (Fluoroskan Ascent, Labsystems) using the “Quant-iTTM

RiboGreen® RNA Assay Kit” (Invitrogen) and RNA quality was
checked in a 1% agarose gel. All RNA samples were stored at −80 ◦C
until further use. For cDNA synthesis, the iScript cDNA synthesis kit
(Bio-Rad) was used with 0.5 �g of total RNA.

For amplification and mRNA expression analysis through real-
time PCR (RT-PCR) of vtg1 (NM 170767), primers were designed in
a region outflanking an intron using Beacons DesignTM software
(Premier Biosoft International) and synthesised by SigmaProligo:

orward primer 5′-CTT ACG ACA CAG GAT TCA G-3′;
Reverse primer 5′-GTC TTC ATA GGT CTC AAT GG-3′.

The PCR reaction was prepared to a final volume of 25 �L with
primers final concentration of 200 nM and using 2 �L of cDNA.

RT-PCR was initiated at 95 ◦C for 3 min. Thereafter, 35 cycles
of amplification were carried out with denaturation at 95 ◦C for
10 s, annealing at 53 ◦C for 30 s and extension at 72 ◦C for 30 s (data
collection), followed by a melting curve analysis to determine the
specificity of the reaction. A standard curve consisted of eight 10-
fold serial dilutions of positive control cDNA prepared from a total
RNA sample isolated from a spawning female liver and used as
reference sample for construction of a standard curve (reaction
efficiency close to 100%, and r2 = 0.994) and for vtg1 relative concen-
tration determination (�Ct method), together with the male test
samples and negative control (template-free). The RT-PCR prod-
ucts were analysed by agarose gel electrophoresis to confirm the
presence of a single band with the expected size (200 bp) (data not
shown). The identity of the PCR product amplified by the real-time
primers was confirmed by cloning and subsequent sequencing.
For sequencing, the PCR product was excised from the gel using
the QIAquick Gel Extraction kit (Qiagen) and cloned into pGEM®-

Easy Vector (Promega). The ligation product was transformed
into Novablue Singles cells I (Novagen) and grown over-night on
IPTG/X-gal-coated LB-plates with ampicillin (50 �g/mL) at 37 ◦C.
Three colonies were selected and cultured over-night in LB-medium
with ampicillin (50 �g/mL) at 37 ◦C with orbital shaking. Plasmid
preparations were prepared using QUIprep Spin Miniprep Kit (Qia-
gen).

2.11. Statistics

Data were analysed using Statistica 6.0 software. After testing
for ANOVA assumptions (homogeneity of variances and normality
of data), statistical differences in embryo mortality rate and abnor-
mal eggs/embryos among treatments and stages were evaluated by
a two-way factorial ANOVA, followed by Fisher LSD multiple com-
parison test. Mortality data were Arcsine-square root transformed
before ANOVA analysis. Significant differences in the reproductive
parameters, vtg1 gene expression, and stereological analyses were
evaluated by a one-way ANOVA, followed by Fisher LSD multiple
comparison test. Sex ratio differences were tested by the �2 test,
using the solvent control group as expected values. For sperm qual-
ity assessment, a preliminary analysis of the data showed a great
degree of homogeneity among the analysed videos and, thus, values
were averaged among each treatment (control, solvent control, and
the three tested EE2 concentrations) only to determine the break-
point of the curve that indicated the onset of the decay. A piecewise

regression was used and the estimated breakpoint (38 s) was similar
in all tested parameters (MOT, VCL, VSL and PROG) and treatments
(data not shown). Thus, the values comprised between the onset
of analysis and the calculated breakpoint were averaged (for each
tested fish) and used in a MANOVA (4 parameters: MOT, VCL, VSL

http://rsb.info.nih.gov/ij/


334 J. Soares et al. / Aquatic Toxicology 95 (2009) 330–338

Table 1
Reproductive parameters for all treatments groups (F1 generation) at 8 mpf.

Group EE2

Control DMSO 0.5 ng/L 1 ng/L 2 ng/L

Reproductive parameters (8 mpf)
Female

% Females 60.9a 49.2 34.6a 57.1 55.8
Fecundity 183 ± 79 114 ± 24 75 ± 30 78 ± 33 140 ± 50
Viable eggs 1–1.5 hpf (%) 96 ± 1.0 99 ± 0.4 96 ± 0.3 94 ± 2.2 94 ± 2.8
% Previtellogenic follicles 5.4 ± 1.1 5.5 ± 0.3 6.8 ± 0.6 8.6 ± 1.4 6.2 ± 0.6
% Vitellogenic follicles 6.8 ± 0.6 7.8 ± 0.9 11.4 ± 1.7 11.2 ± 1.5 7.0 ± 0.9
% Preovulatory follicles 62.6 ± 2.8 62.8 ± 1.8 58.5 ± 2.4 53.2 ± 5.3 62.4 ± 3.8

Male
% Males 39.1a 50.8 65.4a 42.9 44.2
% Spermatogonia 8.5 ± 1.0 8.4 ± 2.1 7.6 ± 1.2 7.0 ± 0.8 8.4 ± 1.6
% Spermatocyst 9.3 ± 0.9 12.6 ± 1.2 12.1 ± 1.7 12.0 ± 1.5 12.7 ± 1.5
% Spermatid 13.9 ± 1.4 11.9 ± 1.2 17.8 ± 1.4 18.1 ± 2.1 12.4 ± 1.5
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% Spermatozoa 34.1 ± 2.7 40.7 ± 2

a Significantly different from solvent control (DMSO). Values presented as mean
est. % of females and males tested by �2 test.

nd PROG; 5 factors: Control, solvent control group, three tested
E2 concentrations).

. Results

.1. Mortality of F1 generation

The mortality rates, from embryo up to 20 dpf, varied between
6% and 55% and no differences were observed between control
nd EE2-exposed zebrafish groups (data not shown). No mortality
ccurred after this period. These mortality rates were within the
ormal expected values for zebrafish (Hill and Janz, 2003; Santos
t al., 2006).

.2. Weight, length, K and GSI of F1 generation

With the exception of male total length, which was significantly
ncreased (p < 0.05; one-way ANOVA, followed by Fisher LSD mul-
iple comparison test) in all groups of zebrafish exposed to EE2
f compared with solvent control (4.37 ± 0.06 and 4.37 ± 0.04 cm
or control and solvent control, and 4.60 ± 0.04, 4.52 ± 0.05 and
.57 ± 0.05 cm for, EE2 0.5, 1 and 2 ng/L, respectively), the remain-

ng tested parameters were not affected by EE2 exposure (data not
hown).

.3. Sex ratio of F1 generation
At the end of the experiment, with the exception of EE2 0.5 ng/L,
ll groups showed a percentage of females between 49% and 61%,
hich is within the normal range in zebrafish raised in captivity

Hill and Janz, 2003) (Table 1). Despite this fact, control showed
percentage of females that was significantly higher than that of

able 2
perm quality parameters registered for F1 males (motility, curvilinear velocity, velocity
eviation).

reatment Motility (MOT; %) Curvilinear velocity
(VCL; �m/s)

Velocity over str
(VSL; �m/s)

ontrol 58.02 ± 17.24 88.92 ± 8.49 56.12 ± 6.37
MSO 48.59 ± 22.04 80.42 ± 5.59 46.79 ± 5.73
E2 0.5 ng/L 52.96 ± 17.37 86.67 ± 14.11 49.30 ± 9.44
E2 1 ng/L 37.56 ± 16.12 79.07 ± 9.79 48.98 ± 7.90
E2 2 ng/L 47.03 ± 13.73 87.60 ± 13.12 51.48 ± 6.22

or simplicity purposes, presented values result from the averaged values between the onse
reakpoint common to all treatments.
28.2 ± 1.4 32.4 ± 3.8 36.5 ± 2.6

dard error; p < 0.05, one-way ANOVA, followed by Fisher LSD multiple comparison

solvent control. Animals exposed to the lowest EE2 concentration
showed a significant increase (p < 0.05, �2 test) in the percentage of
males in comparison to solvent control.

3.4. Stereological analysis of gonads and sperm quality in F1
generation

The statistical analysis of the data dealing with the relative vol-
ume percentage of the ovaries, occupied by each of the oocyte
stages, showed no differences between treatments. Also, the tes-
ticular tissue occupied by the different spermatogenic stages, in 8
months old zebrafish, did not show significant differences between
treatments (p > 0.05; one-way ANOVA, followed by Fisher LSD mul-
tiple comparison test) (Table 1). Likewise, no significant differences
were observed in the sperm quality assessment (Table 2) MANOVA
(p = 0.55) nor in any of the univariate results obtained for each of
the selected parameters when comparing the different treatment
groups (p > 0.05).

3.5. mRNA expression of vtg1 gene in F1 zebrafish males after 8
months of EE2 exposure

The mRNA expression of vtg1 in male liver, at the age of 8
months, was significantly induced in the highest concentration
of EE2 (up to 40-fold) in comparison with all other treatments
(p < 0.01; one-way ANOVA, followed by Fisher LSD multiple com-

parison test). A trend towards an increase in vtg1 transcripts was
already evident at nominal EE2 concentration of 1 ng/L, although
it did not differ significantly from solvent control. The lowest
EE2 concentration had no effect on the levels of vtg1 transcripts
(Fig. 2).

over and average path and progression) in all tested treatments (mean ± standard

aight line Progression (PROG; �m) Average number of analysed
spermatozoa per fish

2952.88 ± 357.51 100
2506.29 ± 267.45 127
2648.79 ± 528.10 144
2558.38 ± 388.43 88
2733.30 ± 309.58 150

t of video recording, second 17 post-sperm activation, and second 38, the calculated
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Fig. 2. Normalised fold expression of vtg1 transcripts in 8 months zebrafish
males (n = 5) after exposure to different EE2 concentrations (ng/L), solvent con-
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rol (DMSO) group was used as the reference group (=1-fold). Values are presented
s mean ± standard error. Different letters indicate significant differences among
reatments (p < 0.05, one-way ANOVA, followed by Fisher LSD multiple comparison
est).

.6. Reproductive capacity of F1

At 8 mpf, fecundity and % viable eggs (1–1.5 hpf) in females
xposed to EE2 did not differ significantly from solvent control
p > 0.05; one-way ANOVA, followed by Fisher LSD multiple com-
arison test). However, a trend towards a decrease in fertility was
bserved in females of the groups exposed to EE2 at 0.5 and 1 ng/L
hen compared with solvent control females (Table 1).

.7. Embryogenesis

.7.1. Mortality
Cumulative mortality rates of embryos at the different phases

f embryonic development are displayed in Fig. 3. Between 8 and
0 hpf, mortality rate ranged from 10% (solvent control group) to
0% (2 ng/L EE2 parental exposure). Even though the mortality rate
f EE2 parental exposed embryos at 8 hpf did not differ signifi-
antly from solvent control, a trend towards an increase in mortality
as evident in the highest EE2 treatment group. A significant

ncrease (p < 0.05; two-way ANOVA, followed by Fisher LSD mul-
iple comparison test) in the mortality rate of embryos from all EE2
arental exposed groups occurred between 8 hpf and 24 hpf, in a
oncentration-dependent manner. At 24 hpf, solvent control treat-

ents displayed approximately 10% egg mortality (out of the initial

ertilized eggs), whereas 0.5, 1 and 2 ng/L EE2 treatment groups
howed, respectively, 25%, 30% and 60% egg mortality. After 24 hpf,
umulative mortality rates remained unchanged up to the end of
he embryonic development. The mortality rate in control beakers

ig. 3. Percentage of cumulative mortality, at several developmental stages: 75% epiboly
80 hpf) of eggs and embryos (F2), descendents of zebrafish exposed to the different trea
ndicate significant differences among treatments (p < 0.05, two-way ANOVA, followed by
ogy 95 (2009) 330–338 335

at 24 hpf was slightly (but significantly) increased if compared to
the same treatment at 55 and 80 hpf. This probably reflects the fact
that different beakers were used for each time-point observation.

3.7.2. Abnormal development
During the different embryogenesis stages (8, 24, 32, 55 and

80 hpf) the presence of eggs/embryos showing anomalies were
recorded within each group (Fig. 4). At 8 hpf, only the group exposed
to the highest EE2 concentration showed a significant increase
(p < 0.05; two-way ANOVA, followed by Fisher LSD multiple com-
parison test) in the percentage of eggs (approximately 43%) with
abnormal development (Fig. 4). Most of these abnormal eggs had
not yet entered gastrulation at the 8 hpf, and showed an disorgani-
zation of cells at the animal pole, which contrasted with the other
treatments where most eggs had reached 65–75% epiboly at 8 hpf.
At 8 hpf, the solvent control group showed slightly higher percent-
age of abnormal egg development if compared with control (not
significant, p > 0.05). Rather than an effect of the solvent, this pat-
tern seems to reflect an increase in the percentage of abnormal eggs
in one out of the four replicates, which explains the high standard
error. After 8 hpf, the rate of abnormal eggs/embryos was similar in
all treatments and was kept at low levels (usually below 10%). Nev-
ertheless, the percentage of abnormal eggs was increased in EE2
2 ng/L exposures if compared with solvent control at 32 hpf and
both control and EE2 1 ng/L groups displayed an increase at 80 hpf
if compared with solvent control.

3.8. Heart rate

The cardiac frequency at 32, 55 and 80 hpf was similar in all
groups (p < 0.05, one-way ANOVA, followed by Fisher LSD multiple
comparison test) (data not shown), which indicates that EE2 expo-
sure did not have an effect in the heart rate in zebrafish embryos at
the tested concentrations.

4. Discussion

The presence of ECs in the aquatic environment has raised con-
siderable concern during the last decade (Sumpter, 2005). In an
attempt to complement field data, and better predict the nega-
tive impact of ECs under controlled conditions, several laboratory
studies have been performed using model fish species (Sumpter,

2005). The most noticeable effects reported after EE2 exposures
were the decrease in fertility and fecundity after partial or full life-
cycle exposure (Nash et al., 2004). In zebrafish, most full life-cycle
studies on the effects of EE2 report a decrease in the number and
percentage of fertilized eggs, at concentrations ranging from 1.1 to

(8 hpf); prim-6 (24 hpf); prim-16 (32 hpf); pec-fin (55 hpf) and protruding mouth
tments for 8 mpf (F1). Values presented as mean ± standard error. Different letters
Fisher LSD multiple comparison test).
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ig. 4. Percentage of abnormal eggs/embryos (F2), at several developmental stages
outh (80 hpf) of offspring of zebrafish exposed to the different EE2 concentratio

ignificant differences among treatments (p < 0.05, two-way ANOVA, followed by Fi

ng/L (Hill and Janz, 2003; Segner et al., 2003; Fenske et al., 2005;
chäfers et al., 2007), which is in agreement with our observations.
imilarly, our data on sperm quality parameters, stereological anal-
sis of female gonads and vtg1 induction corroborates previous
ndings for the range of EE2 concentrations used in the present
tudy (Hill and Janz, 2003; Xu et al., 2008). However, two recent
tudies with full life-cycle zebrafish exposure to EE2 have observed
decline in the fecundity and fertilization success at concentra-

ions below the 1 ng/L (Larsen et al., 2008; Xu et al., 2008). These
ifferences among studies may reflect the use of different zebrafish
trains and/or exposure periods.

Recent studies indicate that the embryonic development of off-
prings of EE2-exposed fishes may also be a target of EE2 (Nash et
l., 2004; Brown et al., 2007). Yet, none of the previous studies have
valuated EE2 effects through the entire embryonic development.
ence, identifying the most sensitive embryonal development

tage to EE2 is essential when trying to understand the mechanisms
f action of this EC. In the present study, parental full life-cycle
xposure to EE2 resulted in a concentration-dependent increase
n egg mortality between 8 and 24 hpf. During zebrafish develop-

ent this period includes late gastrulation and early organogenesis
Kimmel et al., 1995). After early organogenesis has been com-
leted (24 hpf), no further mortality was observed (Fig. 3). This
emonstrates that EE2 impact in embryo development occurs only
p to early organogenesis for the range of concentrations tested

n the course of the present study. In accordance with the results
f egg mortality, an increase in abnormal egg development in the
ighest EE2 exposure concentration was observed at 8 hpf. These
ndings indicate that the abnormal development recorded at 8 hpf,

ogether with the egg mortality observed up to 8 hpf, might explain
he increase mortality at the 24 hpf time-point observation. Taken
ogether, the data indicate that the highest EE2 level (actual con-
entration of 1 ng/L) impacts normal blastula, affects gastrulation
nd perhaps early organogenesis. In contrast to the highest EE2
xposure group, no increase in abnormal egg development could
e recorded at 8 hpf (65–75% epiboly) in the other EE2 exposure
roups. This might indicate that the two lowest concentrations
f EE2 impact late gastrulation and/or early organogenesis only.

n the present study, embryo tests were performed under simi-
ar EE2 concentrations as adults, thus mimicking a field scenario

here full life-cycle takes place in EE2 contaminated ecosystems.
hus, it could be hypothesized that embryo mortality may also
e related to exposure of embryos to EE2 in water. However, this
s unlikely to be the case as a previous study with exposure of
ebrafish embryos to EE2 concentrations ranging from 1 to 100 ng/L,
ed to no increase in mortality at 120 hpf (Versonnen and Janssen,
004). The phase where EE2 disrupts the embryonic development
f zebrafish matches the period where the development of zebrafish
epiboly (8 hpf); prim-6 (24 hpf); prim-16 (32 hpf); pec-fin (55 hpf) and protruding
r 8 mpf (F1). Values presented as mean ± standard error. Different letters indicate
SD multiple comparison test).

embryo is most sensitive under normal conditions. In our assay, the
overall embryo mortality recorded in the control treatments was
approximately 10%, which is within the lowest reported in the lit-
erature (Kishida et al., 2001), thus demonstrating the adequacy of
the experimental setup. Similar to EE2-exposed embryos, mortal-
ity in control treatments was observed only up to 24 hpf, the period
where the most important changes in embryo development take
place. In a recent study, Brown et al. (2007) reported an increase
in rainbow trout (Onchorynchus mykiss) embryo mortality at 19 dpf
after male parental exposure for 56 days to EE2 at environmentally
relevant concentrations (0.8 and 8.3 ng/L). The embryonic devel-
opment of rainbow trout is longer than that of zebrafish, taking
approximately 30 days at 11 ◦C. At 19 dpf, rainbow trout embryos
have already gone through early organogenesis. However, since in
the Brown et al. (2007) study no screening in embryo mortality
was done between 9 and 19 dpf, the possibility that rainbow trout
embryo survival was also impacted at early organogenesis cannot
be excluded. This would agree with our findings for the two lowest
concentrations of EE2, where an increase in embryonic mortality
was observed at 24 hpf. Taken together, these findings indicate that
EE2, at actual concentrations below 1 ng/L range, impact the embry-
onic development of two fish species with different life-strategies;
while zebrafish is a short-lived species and fractional spawner, the
rainbow trout is a long-lived species and a periodic annual spawner.
This indicates that the effects of EE2 on embryonic development
may affect fish species with different life strategies, thus suggesting
that several wild fish populations may respond in a similar manner.

In a recent male and female zebrafish replacing experiment,
Xu et al. (2008) found that male but not female replacement res-
cued embryos from mortality at 12 hpf if the parental population
were exposed to EE2 from egg to 3-month-old fish. This led us
to conduct a more detailed screening of male testis histology and
spermatozoan quality at adulthood (8 months) of F1 generation.
At the end of the exposure period, no apparent differences could
be observed in gonad histology between treatments. Furthermore,
both stereological analysis of the testis and the tested sperm quality
parameters did not differ among treatments. Similarly, no differ-
ences could be observed in female F1 gonads at 8 mpf. Hence,
the reduced embryo survival observed in their offspring is prob-
ably related with changes on the genetic information carried by
male spermatozoa and/or alterations on the expression patterns of
certain genes, rather than with the measured functional changes.
We have recently observed that zebrafish EE2 exposure at 3.5 ng/L

from 5 dpf up to 4 month induced an increase in genotoxic dam-
age in erythrocytes both in adult males and females (Micael et
al., 2007). This is consistent with the observation that EE2 hin-
ders nucleotide excision repair in zebrafish liver cells (Notch and
Mayer, in press). Likewise, Contractor et al. (2004) have shown that
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E2 induces methylation changes in the estrogen receptor and aro-
atase genes of medaka (Oryzias latipes). More recently, Brown et

l. (2008) showed that when male rainbow trout were exposed to
E2 for 50 days during sexual maturation an increase of aneuploidy

evels in sperm cells as well as in embryos could be observed. These
ndings further support the hypothesis that embryo mortality after
arental EE2 exposure may be due to DNA damage. Thus, the ques-
ion of whether this damage may be heritable through genetic or
pigenetic mechanisms is of major importance. In mammals, the EC
ethoxychlor induces reproductive effects that can be inherited by

uture generations through an epigenetic mechanism (Anway et al.,
005; Crews et al., 2007). In an attempt to evaluate if EE2 effects are
eritable in fish, Brown et al. (2009) tested if the offspring produced
y male rainbow trout, exposed to EE2 during sexual maturation,
howed the same decrease of progeny survival as the parental gen-
ration, when raised in water free from EE2. No heritable defects
ere detected. Whether the same applies to other fish species, par-

icularly when the parental generation is exposed during the entire
ife-cycle, remains to be investigated.

The screening of vtg levels in plasma or vtg gene induction in
ale fish is the most common approach to evaluate the exposure

f wild fish populations to ECs (Hutchinson et al., 2006; Ferreira et
l., 2009). The current findings of increased embryo mortality at EE2
evels below those inducing reproductive impairment and vtg1 gene
nduction in the male parental generation show that environmental
isk assessment based on vtg induction only may not be sufficient
o protect wild fish populations from EE2 exposure. Conversely, if
ur data is extrapolated to wild fish populations, an elevation of vtg

nduction could be an indication of a negative ecological impact. In
he present study, a “no observed effect concentration” (NOEC) of
E2 on embryonic survival could not be determined, as the lowest
oncentration tested (actual EE2 levels of 0.19 ng/L) still signifi-
antly increased the mortality of embryos at 24 hpf (150% over the
ontrols). This EE2 level is at present found in several rivers and
stuaries in the vicinity of urban areas, thus raising considerable
oncern. In wild fish populations, the screening of ecological level
ffects of ECs is not an easy task if there is not a massive decline
n population over a few generations (Sumpter, 2005). In fact, most
eld studies on the effects of ECs have failed to detect an ecolog-

cal impact in fish populations (Sumpter, 2005). However, in most
ases, only gonad histology and VTG induction were evaluated. As
he field studies progress, an increasing body of literature indi-
ates the presence of a population-level impact of ECs (Jobling et
l., 2002; Kidd et al., 2007). Considering the present study, despite
thorough evaluation of reproductive endpoints and vtg1 induc-

ion in the parental generation, no effects could be observed for
he two lowest EE2 exposure levels. Hence, if our study reflected a
eal case scenario, and embryonic survival of the offspring would
ot have been screened, we could easily have missed the nega-
ive effects that could lead to population-level impacts. In the wild,

any factors, such as predation and food availability, may interfere
ith embryo survival. Thus, future studies should investigate the

opulation-level impact of reduced embryo survival after parental
E2 exposure, in comparison to other important causes of embryo
ortality. Nevertheless, our results strongly support the inclusion

f embryonic development studies in the screening of ED in wild
sh populations.

Overall, the present study shows that life-cycle exposure of
ebrafish to very low levels of EE2 severely impacts embryo sur-
ival at concentrations below those inducing a significant increase
n vtg1 gene transcripts in parental males. The window of embryo

ensitivity to EE2 matches the most sensitive phase of zebrafish
mbryonic development under normal conditions, with the two
owest EE2 concentrations impacting late gastrulation and/or early
rganogenesis, whereas exposure to nominal 2 ng/L EE2 impact
lastula and gastrula phases. Future studies should focus on the
ogy 95 (2009) 330–338 337

molecular changes upon EE2 exposure during embryonic blastula,
gastrula and early organogenenis phases, as well as identifying the
period within the 8 and 24 hpf where zebrafish embryos are more
sensitive to very low levels (below 0.5 ng/L) of EE2. Likewise, the
screening of male gonad DNA at adulthood may help to under-
stand the mechanisms of EE2 disruption, and reveal more sensitive
biomarkers of EE2 exposure based on adverse effect end points
which can be directly related with population dynamics.
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