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Abstract
The effects of the synthetic estrogen 17a-ethinylestradiol (EE) on sexual development of the freshwater amphipod Hyalella azteca
was investigated. Organisms were exposed in a multigeneration experiment to EE concentrations ranging from 0.1 to 10 mg/L and
the development of both external and internal sexual characteristics were studied. Second-generation male H. azteca exposed from
gametogenesis until adulthood to 0.1 and 0.32 mg EE/L developed signiﬁcantly smaller second gnathopods. The sex ratio of the
populations exposed to EE for more than two generations tended, although not statistically signiﬁcantly, to be in favor of females.
Histological aberrations of the reproductive tract, i.e., indications of hermaphroditism, disturbed maturation of the germ cells, and
disturbed spermatogenesis, of post-F1-generation males were observed in all EE exposures. These ﬁndings provide evidence that
sexual development of H. azteca is affected by exposure to sublethal concentrations of EE.
r 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction
There has been increasing concern about the potential
of anthropogenic chemicals to disrupt the regulation
and functioning of the endocrine system of humans and
wildlife (IEH, 1999). The majority of the studies that
have been done have focused on vertebrate species,
whereas invertebrates have received much less attention
in this area. An integrated approach to this complicated
phenomenon necessitates evaluation of possible endocrine disruptive effects at different taxonomic and
trophic levels. The inclusion of invertebrate species in
a tiered testing approach for assessing the endocrine
disrupting potency of chemicals is therefore required.
Knowledge of the endocrine system of invertebrates is
rather limited (except for insect and some crustacean
species), although the presence of both vertebrate-type
and invertebrate-speciﬁc hormones in invertebrates has
been demonstrated (Lafont, 2000). Vertebrate-type
steroid hormones have been found in several crustacean
species, but the physiological role and metabolism are
*Corresponding author. Fax: +32-9-264-3766.
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not fully understood (Fairs et al., 1989; Jeng et al., 1978;
Novak et al., 1990). Sexual differentiation in malacostracan crustaceans, such as amphipods, is regulated by
the androgenic gland (AG). In males, the primordial
AGs develop and synthesize the androgenic gland
hormone (AGH), which induces male sexual differentiation. In females, however, the primordial AGs do not
develop and female sexual differentiation is induced
spontaneously (Charniaux-Cotton, 1960; Hasegawa
et al., 1993).
The best known example of environmental endocrine
disruption in invertebrates is the tributyltin-induced
development of imposex in marine female gastropods
(Bryan et al., 1988; Gibbs et al., 1991). Masculinization
of clams (Ruditapes decussata) was observed after
transplantation from a relatively clean area to an
organotin-polluted marina (Morcillo and Porte, 2000).
Effects of (possible) endocrine disruption as a consequence of exposure to anthropogenic substances have
also been reported in several crustacean species. Moore
and Stevenson (1991) noted abnormal sex ratios in
harpacticoid copepods collected in the vicinity of sewage
discharges, and Sundelin and Eriksson (1998) found an
increased incidence of embryonic malformations in the
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amphipod Monoporeia affinis originating from sites
receiving industrial efﬂuents. Inhibition of barnacle
settlement and induction of cypris major protein in
barnacle larvae have been reported after exposure to the
xeno-estrogen 4-nonylphenol and the natural estrogen
17b-estradiol (Billinghurst et al., 1998, 2000). Increased
antenna length has been observed in Corophium
volutator amphipods exposed to 4-nonylphenol (Brown
et al., 1999) and Andersen et al. (1999) reported the
stimulation of ovarian maturation in the copepod
Acartia tonsa after exposure to 17b-estradiol and the
xeno-estrogen bisphenol A. In Daphnia magna, disturbances in testosterone metabolism and the development
of secondary sex characteristics occurred after exposure
to different endocrine active substances (Baldwin and
LeBlanc, 1994; Baldwin et al., 1995, 1997; Olmstead and
LeBlanc, 2000).
In the present study, the effect of sublethal concentrations of the synthetic estrogen 17a-ethinylestradiol
(EE) on the sexual development of the freshwater
amphipod Hyalella azteca was investigated. As H.
azteca represents a primary food source for ﬁsh, birds,
amphibians, and other invertebrates and is commonly
used as test species in standardized (sediment) toxicity
tests, it can be considered ecologically relevant for use as
a sentinel species for the evaluation of environmental
endocrine disruption.

2. Materials and methods
2.1. Culture of organisms
Initial cultures of H. azteca were obtained in 1993
from Aqua Survey Ltd. Stock cultures have been
maintained in 200-L glass aquaria containing tap water
at 251C and a light regime of 16L/8D has been used. The
organisms are fed rabbit pellets ad libitum three times
weekly. Since 1998, two subcultures have been initiated
using carbon-ﬁltered tap water as culture medium. The
carbon-ﬁltered tap water is used to prevent possible
contamination of the culture medium.
2.2. Stock solutions
Stock solutions of EE (Sigma Aldrich, Bornem,
Belgium) were prepared by dissolving 1 g/L of EE in
ethanol (p.a.). Test solutions were prepared by serial
dilution of the stock using carbon-ﬁltered tap water.

concentrations ranging from 0.1 mg to 1 mg EE/L in
1.5-L glass beakers for 10 days. Each treatment
consisted of three replicas. A control using carbonﬁltered tap water and a solvent control (0.01% ethanol)
were also tested. Other exposure conditions were 251C
and a light:dark cycle of 16:8 h. The exposure medium
was renewed every 2 days.
Based on the results of the range ﬁnding test,
concentrations of 0.1, 0.32, 1, 3.2, and 10 mg EE/L and
a solvent control (maximum 0.0001% ethanol) were
selected for further experiments. In addition to the
multigeneration toxicity test, a one-generation test was
performed to evaluate the effect of the selected EE
concentrations on mortality. The experimental setup of
the one-generation toxicity test was similar to that of the
range-ﬁnding test, except that four replicas and an
exposure period of 14 days were used. The multigeneration toxicity test was performed in 20-L glass
aquaria at a temperature of 251C and using a L=D cycle
of 16:8 h. At the start of the experiment, 150 precopulatory pairs were added to each treatment (P generation). Twice a week, the exposure media were renewed
and the organisms were fed rabbit pellets ad libitum.
The ﬁrst offspring of the P generation, which appeared
after 2 weeks, were discarded because it was not sure
whether they had developed during the EE exposure.
After 4 weeks of exposure, juveniles (F1 generation)
were isolated and cultured until maturity under the same
experimental conditions as the P generation. Additionally, 10 male and female P-generation organisms were
ﬁxed in sucrose formol for length measurements of both
antennas and the male second gnathopods. Length
measurements were performed using the image processing program SigmaScan (Jandel Scientiﬁc Software,
Chicago, IL) and the results were normalized to the
body length of the organisms by expressing the length of
the appendices relative to the total body length. At
maturity, 10 male and female F1 organisms were also
ﬁxed for length measurements. After 10 weeks, juveniles
of the F2 generation were isolated and cultured under
the same experimental conditions for an additional 25
weeks, allowing the development of a stable population
from which adult organisms were isolated for histological analysis. The remaining organisms were collected
and sexed to evaluate the effect of EE exposure on the
sex ratio. Chemical analysis of the exposure media used
in the multigeneration experiment was performed
according to Böhmer and Kurzawa (2001), whereas
nominal concentrations were used in the one-generation
toxicity test.

2.3. Experimental design
2.4. Histological analysis
As no H. azteca toxicity data for EE were available in
the literature, a range-ﬁnding test was performed to
determine a sublethal concentration range. Per replica,
ﬁve precopulatory pairs were exposed to nominal

After 35 weeks of exposure, 5–10 randomly selected
male H. azteca (post-F1 generation) were ﬁxed in a
solution of ethanol:formaldehyde:acetic acid (75:20:5
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v/v). The organisms were subsequently rinsed with tap
water, dehydrated in successive ethanol solutions, and
ﬁnally embedded in Technovit 7100 (Heraeus Kulzer,
Wehrheim, Germany). Serial sections (5 mm) were cut
and stained with toluidin blue. The sections were
analyzed visually by light microscopy.
2.5. Statistical analysis
Mortality data and length measurements were tested
for normality and variance homogeneity using probability plots and Levene’s test, respectively, and are
expressed as means7standard deviations. One-way
ANOVA followed by Duncan’s multiple-range test
was performed to determine signiﬁcant differences.
Variations in the sex ratio were evaluated using the
observed vs expected chi-square test (Statistica, Statsoft,
Inc., Tulsa, OK). Signiﬁcance was established at
Po0:05:

3. Results
The measured concentrations in the multigeneration
toxicity test were within 15% of the nominal concentrations, except for the 0.1 mg EE/L treatment where the
actual concentration was 0.023 mg EE/L.
Signiﬁcant mortality of respectively 53% and 40%
was observed after exposure to 0.1 and 1 mg EE/L for 10
days (range ﬁnding test). During the 14-day onegeneration toxicity test, no signiﬁcant mortality was
observed in any of the treatments. A maximum
mortality of 13% was noted in the 3.2 mg/L exposure
groups. It was therefore assumed that no signiﬁcant
mortality occurred in the multigeneration toxicity test.
The normalized length of antenna 1 and 2 of exposed
P-generation organisms ranged from 0.427 to 0.460 and
0.550 to 0.608 for males and 0.399 to 0.425 and 0.506 to
0.542 for females, respectively, and was not statistically
signiﬁcant from those in the controls (0.421 and 0.556
for males and 0.375 and 0.493 for females, respectively).
Also, in the P generation no effects were seen on the
normalized length of the male second gnathopods
(0.257–0.286) compared to the controls (0.271). In the
F1 generation, males exposed to 0.1 and 0.32 mg EE/L
developed signiﬁcantly smaller second gnathopods
(0.255 and 0.259, respectively) compared to the controls
(0.309). The length of the second gnathopods of F1
males exposed to the higher concentrations ranged from
0.287 to 0.294, which was not statistically different from
the controls. No signiﬁcant effects were observed on the
growth and development of antenna 1 and 2 of male
(0.444–0.468 and 0.584–0.614, respectively) and female
(0.388–0.426 and 0.493–0.529, respectively) F1-generation organisms (Fig. 1).

3

Exposure to 0.1–10 mg EE/L during the complete life
span of the organisms (gametogenesis to adulthood) did
not lead to signiﬁcant changes in the sex ratio of post-F1
organisms (Table 1). However, an increased occurrence
of females relative to males with increasing EE
concentrations was observed, reaching a maximum in
the range 0.32–3.2 mg EE/L. At 10 mg EE/L the number
of females decreased below that of the control level.
Moreover, it should be noted that using the observed vs
expected chi-square test with an equal male–female
expectancy, signiﬁcantly more females were observed in
all concentrations including the control.
Cellular abnormalities in the reproductive system of
male H. azteca exposed to EE (all concentrations) were
observed. Larger and more spherical germ cells (1), a
hollow cell structure (2), and less dense cytoplasm (3),
analogous to female gonad morphology, were observed
in male H. azteca exposed to 0.32, 1, 3.2, and 10 mg EE/
L (Figs. 2A and B). The staining of the nuclei of the
germ cells was more intense and oocyte-like structures
were clearly distinguished in males exposed to 0.32, 3.2,
and 10 mg EE/L (Fig. 2C). Spermatids were smaller
(Fig. 3), and in the vas deferens fewer and irregular
shaped spermatozoa were noted after exposure to 10 mg
EE/L (Fig. 4).

4. Discussion
Sexual differentiation in malacostracan crustaceans,
such as H. azteca, is determined by the AGH secreted by
the AG. AGH is essential for the development of the
male primary and secondary sex characteristics, i.e.
differentiation of the testes, spermatogenesis, differentiation of the sperm duct primordia, growth of the
secondary sex characteristics, and male sexual behavior.
However, the regulation of the synthesis and mechanisms of action of the AGH is not fully understood
(Charniaux-Cotton, 1960; Hasegawa et al., 1993). As EE
may affect the development of secondary sex characteristics of H. azteca as a consequence of a general growth
effect, the relative relationship between the length of the
secondary sex characteristics and the total body length
of male and female H. azteca eliminates a possible
general growth effect of EE. Deviations from this
relationship indicate a speciﬁc effect on the development
of the respective sexual characteristic. Organisms from
the P generation were exposed after the period of sexual
differentiation. As expected, no effects were observed on
the normalized length of the ﬁrst and second antennas
or the male second gnathopods. However, F1 males
exposed to 0.1 and 0.32 mg EE/L during their complete
life span (gametogenesis until adulthood) developed
signiﬁcantly smaller second gnathopods. At higher
concentrations of EE, the size of the male second
gnathopods was smaller than those of the controls (not

ARTICLE IN PRESS
G.F. Vandenbergh et al. / Ecotoxicology and Environmental Safety ] (]]]]) ]]]–]]]

0.7

0.7

0.6

0.6

Antenna 1

Antenna 1

4

0.5
0.4

0.4

0.3

0.3
control

0.1

0.32

1

3.2

10

EE (µg/l)

(A)

control

0.7

0.6

0.6

0.5

0.4

0.3

0.3
0.1

0.32

1

3.2

10

control
(D)

EE (µg/l)

1

3.2

10

3.2

10

0.5

0.4

control

0.32

EE (µg/l)

0.7

(C)

0.1

(B)

Antenna 2

Antenna 2

0.5

0.1

0.32

1

EE (µg/l)

Gnathopod 2

0.4
0.3

*

*

0.1

0.32

0.2
0.1
0
control

1

3.2

10

EE (µg/l)

(E)

Fig. 1. Normalized length of antenna 1 of male (A) and female (B), antenna 2 of male (C) and female (D), and the second gnathopod of male (E) H.
azteca exposed to EE (left bars, P generation; right bars, F1 generation;  Po0:05).

Table 1
Sex ratio of post-F1-generation H. azteca exposed to EE
Concentration (mg/L)

n

Females (%)

Males (%)

Ratio F=M

Control
0.1
0.32
1
3.2
10

300
268
186
349
241
352

55
56.3
57.5
57.3
58.5
53.1

45
43.7
42.5
42.7
41.5
46.9

1.22
1.29
1.35
1.34
1.41
1.13

signiﬁcant) but larger than those of organisms exposed
to 0.1 and 0.32 mg EE/L. These ﬁndings suggest a
receptor-mediated response where effects are observed
at lower (intermediate) concentrations and masked at
higher concentrations (U-shaped dose response). Possibly, these effects are induced by interaction of EE with

the (putative) AH receptor or the ecdysteroid receptor.
Likewise, Baldwin et al. (1995) hypothesized that
diethylstilbestrol-induced molting effects in D. magna
may be elicited through interaction with the ecdysteroid
receptor. On the other hand, EE may have affected
AGH activity via direct disruption of the AG, direct
interaction with the AGH, or interaction with hormonemetabolizing enzymes. In the amphipod Orchestia
gammarellus, implantation of the AG induces masculinization of the primary and secondary sex characteristics of immature and mature females. Conversely, after
ablation of the AG from males the development of the
male sex characteristics was inhibited. Moreover, after
amputation of the second gnatopods of male O.
gammarellus regeneration occurs into the female form
(Charniaux-Cotton, 1960). Also, masculinization of
females of the isopod Armadillidium vulgare was
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Fig. 2. Section of the reproductive tract of post-F2-generation male H. azteca exposed to EE: (A) control; (B) 3.2 mg/L; and (C) 3.2 mg/L (white
arrow, oocyte-like structures; black arrow, intensely stained nuclei of germ cells) (gc, germ cells; bar, 100 mm).
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Fig. 3. Section of the reproductive tract of post-F2-generation male H. azteca exposed to EE: (A) control and (B) 10 mg/L (spt, spermatids; bar,
100 mm).

(A)

(B)

Fig. 4. Section of the vas deferens of post-F2-generation male H. azteca exposed to EE: (A) control and (B) 10 mg/L (spz, spermatozoa; bar, 100 mm).

observed following injections of an active extract of the
AG (Katakura and Hasegawa, 1983). The development
of smaller second gnatopods of male H. azteca could be
a reproductive disadvantage because the second gnathopods are used to grip the female partner during
copulation. As mentioned, no effect on the length of
antennas 1 and 2 was observed in the present study.
Brown et al. (1999), on the other hand, reported an
increased length of the second antenna of C. volutator
exposed to the estrogenic chemical 4-nonylphenol. In D.
magna, the development of female secondary sex
characteristics was enhanced by exposure to the

synthetic estrogen diethylstilbestrol and the juvenile
hormone analog methoprene, whereas male secondary
characteristics were induced after exposure to the
androgen androstenedione (Olmstead and LeBlanc,
2000).
The sex ratio of H. azteca populations exposed to 0.1–
10 mg EE/L was not statistically signiﬁcantly affected,
although the number of females increased with increasing EE concentrations, reaching a maximum in the
range 0.32–3.2 mg EE/L. As no data on the natural
variation of the sex ratio of H. azteca are available, ﬁrm
conclusions cannot be drawn. In nature, skewed sex
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ratios in favor of females were observed in copepod
populations collected at sites receiving sewage discharges (Moore and Stevenson, 1991, 1994). Dodson
and Hanazato (1995) reported a dramatic decrease in
the relative number of males in some Daphnia sp.
populations and suggested that this may be correlated
with anthropogenic pollution. Masculinization of R.
decussata was observed after exposure to tributyltin
(Morcillo and Porte, 2000). In contrast, Bechmann
(1999) and Hutchinson et al. (1999) reported no effects
on sex ratio, development, or reproduction of the
marine copepod Tisbe battagliai after exposure to EE,
17b-estradiol, estrone, and 4-nonylphenol.
Histological analysis of the reproductive tract of male
H. azteca indicates that cellular abnormalities occurred
in the post-F1 generations after exposure to EE
concentrations ranging from 0.1 to 10 mg/L. These
observations indicate some degree of hermaphroditism
and disrupted germination of germ cells and spermatozoa development. As for the effects on the male
secondary sex characteristics, more pronounced effects
were observed at lower concentrations (0.32–3.2 mg EE/
L) compared to the highest exposure groups (10 mg EE/
L). Again, these ﬁndings suggest a receptor-mediated
response. As mentioned above, a disturbed functioning
of the AG through exposure to EE or a direct
interaction of EE with the AGH or hormone-metabolizing enzymes and subsequent changes in AGH activity
may also be possible. In crustaceans, the occurrence of
various degrees of intersex has been described for
different species, e.g. the isopods Porcellio dilatatus,
Porcellio maculates, and Porcellionides pruinosus; the
amphipods Talitrus saltator, O. gammarellus, O. mediterranea, Jassa falcate, and Gammarus chevreuxi (for a
review, see Charniaux-Cotton, 1960). It has been
suggested that a disruption of AG function and/or
AGH activity may be responsible for this phenomenon.
As no histological signs of intersex were observed in the
controls, the observed effects should be attributed to the
EE exposure.
The ecological signiﬁcance of the observed effects and
the mechanisms of action of possible endocrine disruption remain to be investigated. In future research, the
development and reproduction of H. azteca exposed to
lower, environmentally realistic concentrations of endocrine disrupting substances will be studied.

5. Conclusions
Uncertainties about the regulation and functioning of
the endocrine system of many invertebrate species
hamper applied research on the effects of endocrine
disruptors on invertebrates. This study provides evidence that sexual development of the amphipod H.
azteca may be affected by exposure to sublethal

concentrations of the synthetic estrogen EE. The
development of male secondary sex characteristics was
repressed and the sex ratio tended to be in favor of
female development. Besides the external sex characteristics, the morphology of the reproductive tract was also
affected by EE. Indications of hermaphroditism and
disturbed maturation of the germ cells and spermatogenesis were observed in male H. azteca exposed to EE
concentrations ranging from 0.1 to 10 mg EE/L. The
effects were more pronounced at lower (intermediate)
concentrations, which suggests that they are receptormediated responses. It should be noted, however, that
the test concentrations used in the current study are
substantially higher than those reported to affect
vertebrates and those observed in natural environments.
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