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Introduction 

 
 
A number of chemicals that are present in the environment have been found 
to be potential endocrine disruptors, for example by mimicking endogenous 
hormones and binding to steroid hormone receptors. Much attention has 
been focused on estrogenic substances, so-called xenoestrogens, and their 
binding to, and activation of estrogen receptors (ERs). The sex differentia-
tion in vertebrates is highly dependent on estrogen and the differentiation 
period is sensitive to interference by endocrine disrupting chemicals. The 
developing gonads of Japanese quail and chicken have earlier  been found to 
be a useful avian model system for investigating estrogenic endocrine dis-
ruptors (Berg et al., 1998; Berg et al., 1999; Berg et al., 2001). Estrogen is 
not only of great importance during gonadal differentiation, but also during 
differentiation of sexual dimorphisms in the vertebrate brain. Numerous 
studies have shown behavioral derangements by estrogenic chemicals that 
reach the brain during sensitive periods of development (Adkins, 1979; Ad-
kins et al., 1980; Balthazart et al., 1997; Halldin et al., 1999; Halldin et al., 
2003). Studies performed by Halldin et al. (1999; 2003) have shown that 
inhibition of the sexual behavior of Japanese quail is a sensitive in vivo re-
sponse for evaluation of potentially estrogenic substances.  

   The first major objective of this thesis was to further investigate the 
embryonic brain as a potential target for endocrine disruptors, by localizing 
and quantifying estrogen receptors (ERs) at different embryonic stages. The 
second major objective was to investigate the effects of combinations of 
potential endocrine disrupting substances with polychlorinated biphenyls 
(PCBs), on the developing reproductive organs and reproductive behavior of 
birds. 
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Endocrine disrupting chemicals 
Abnormal reproductive development as a consequence of exposure to endo-
crine disrupting chemicals (EDCs) has been reported in many wildlife spe-
cies as well as in humans, (reviewed by Edwards et al., 2006; Sharpe, 2006). 
Several epidemiological studies indicate that human male reproductive dis-
orders like cryptorchidism (undescended testis), hypospadias (displacement 
of the urethral meatus from the tip to the ventral side of the penis), testicular 
cancer and reduced semen quality have become more prevalent during the 
last 60 years (Toppari et al., 1996; Joensen et al., 2008; Schoeters et al., 
2008; Soto et al., 2008). These disorders have been proposed to be symp-
toms of one underlying entity, the testicular dysgenesis syndrome (TDS) 
(Skakkebaek et al., 2001). It has been proposed that the most likely candi-
dates for environmental factors causing TDS are EDCs (Virtanen et al., 
2005).  
 

Table 1. Summary of male reproductive disturbances by EDCs related to the testicle 
in vertebrates 

Class Reproductive disturbance related to the testicle 

Osteichtyes 
(Bony fish) 

Sex reversal; skewed sex ratios; hermaphroditism; intersex gonads 
(ovotestis) and reproductive ducts; shortened gonopodium; decreased 
semen quality; abnormal steroidogenesis 

Lissamphibia 
 

Sex reversal; skewed sex ratios; hermaphroditism; intersex gonads 
(ovotestis); disrupted spermatogenesis; altered testicular tube mor-
phology and gonadal development  

Reptilia 
 

Sex reversal; skewed sex ratio; abnormal penis development; hypo-
spadias; disrupted steroidogenesis and gene expression patterns; de-
creased precloacal length 

Aves Abnormal gonadal differentiation; altered testicular tubule morphol-
ogy; reduced testis size; decreased size of cloacal foam gland; de-
creased sperm quality 

Mammalia Abnormal genital/gonadal development; disrupted steroidogenesis and 
gene expression; decreased anogenital distance; chryptorchidism; 
hypospadias; decreased semen quality; microlithiasis; altered testicular 
tube morphology 

Human Cryptorchidism; hypospadias; decreased semen quality; testicular 
cancer 

Table 1. Testicular dysgenesis and related male reproductive disorders observed in 
wildlife and in laboratory studies in vertebrates. Table slightly modified from Ed-
wards et al. (2006). 

TDS-like symptoms believed to be caused by EDCs have been observed also 
in wild species. Ovary-like tissue in the testicles (ovotestis) has been re-
ported in fish, birds and amphibians (reviewed by Colborn et al., 1993; Ed-
wards et al., 2006) (Table 1).  
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Also the female reproductive system can be affected by estrogenic endocrine 
disruptors. Women exposed to the synthetic estrogen diethylstilbestrol in 
utero have an increased risk of developing breast cancer. Furthermore, fe-
male rats exposed to environmentally relevant doses of bisphenol A in utero, 
develop alterations in the mammary gland architecture, normally associated 
with developing breast cancer (reviewed by Soto et al., 2008). In wildlife it 
has been shown that exposure to xenoestrogens can disrupt prostaglandin 
synthesis, oogenesis and folliculogenesis, and lead to reduced fertilization 
and embryonic survival rates  (Guillette, 2006; Guillette and Moore, 2006) 

A wide variety of structurally diverse, synthetic chemicals are known to 
be estrogenic endocrine disruptors, and many have been detected in the envi-
ronment. These include alkylphenols (breakdown products of industrial sur-
factants), bisphenol A, phthalates, and a variety of pesticides and herbicides 
like DDT metabolites and methoxychlor etc. (Gross-Sorokin et al., 2006). 

Endocrine disruption in birds 
In birds, the effects of environmental contaminants first came to light with 
the discovery of eggshell thinning in the early 1950’s (Ratcliffe, 1967), and 
was brought to the publics attention by the book “Silent spring” by Rachel 
Carson in 1963. It was suspected that eggshell thinning was correlated with 
the use of pesticides, and DDT was soon found to cause eggshell thinning in 
laboratory studies (Bitman et al., 1969). Since then, studies have shown that 
eggshell thinning occurs in many avian species (Newton and Bogan, 1974; 
Peakall et al., 1975; Peakall et al., 1975; Forsyth et al., 1994; Dauwe et al., 
2006), and can also be induced by embryonic exposure to EDCs (Holm et 
al., 2001; Berg et al., 2004; Holm et al., 2006). More recent studies have 
shown that eggshell thinning still can be a problem in heavily polluted areas, 
especially in birds with long generation times (Fair and Myers, 2002; 
Bouwman et al., 2008). 

Maternal transfer of persistent organic pollutants (POPs) into the egg is an 
important route of excretion for female birds, and it has been shown that the 
concentration of some organohalogens are higher in the egg than in the mus-
cle tissue of adult birds (Lundstedt-Enkel et al., 2006). Most of the POPs 
present in prefledgelings have also been shown to be of maternal origin, thus 
indicating that embryonic exposure via the egg is an important route of ex-
posure for developing birds (Dauwe et al., 2006). 

Although reports of adverse effects on reproduction in wild birds are 
scarce, perhaps to some extent due to the fact that birds are more difficult to 
study in the wild than for instance fish, there is still a need to investigate 
chemicals with endocrine disrupting potential in avian species.  
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The Japanese quail (Coturnix japonica) as a test species 
for endocrine disruption 
The Japanese quail has been extensively used as a laboratory animal during 
the past decades, and its behavior and endocrinology are well known. Quails 
are precocial birds, which is an advantage in the laboratory since no maternal 
care needs to be provided. The Japanese quail in particular, has a relatively 
short generation period compared to other avian species. This, in combina-
tion with its sex-specific reproductive behavior, makes it a suitable model 
species for investigating long-term effects after embryonic exposure to en-
docrine disruptors. 

There are several advantages with studying an avian species in develop-
mental toxicology. The administration of test compounds to embryos is fa-
cilitated by the fact that the bird egg provides an enclosed environment for 
the embryo, and controlled doses of the test compounds can easily be admin-
istered at different stages of embryonic development. The embryo can be 
exposed to various chemicals in the egg, independently of the maternal me-
tabolism and a placental barrier, which provides more standardized test con-
ditions than those achieved in a mammalian in vivo system. 

Gonadal differentiation in birds 
Birds, like mammals, have genetic sex determination. Unlike in mammals, 
the female is the heterogametic sex in birds (ZW), while the male is ho-
mogametic (ZZ). No equivalence to the mammalian testis-determining gene 
Sry has been found in birds, and the mechanisms behind the sex determina-
tion are still not totally elucidated.  

The sexual differentiation of the reproductive system in birds is driven by 
estrogens (Woods et al., 1975). The undifferentiated female quail gonads 
have been shown to produce significantly higher levels of both estrone and 
estradiol than the male gonads from incubation day 5.5, which leads to the 
development of a left ovary, while the right gonad regresses (Woods and 
Brazzill, 1981; Scheib et al., 1985). In the female embryo, growth and dif-
ferentiation of the Müllerian ducts are also estrogen dependent (Wolff, 
1959). In the hormonal environment of a female, only the right Müllerian 
duct will regress while the left remains and later forms the oviduct 
(Romanoff, 1960).  Male gonads in the same developmental stage produce 
mainly testosterone, although not in significantly higher amounts than fe-
males. Males produce very low levels of estrogens, and this absence of fe-
male estrogen levels is believed to allow testes to develop from the undiffer-
entiated gonads and induce seminal ducts to form from the Wolffian ducts, 
while the Müllerian ducts will regress (Scheib et al., 1985). 
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Gonadal differentiation in birds is a sensitive target for endocrine disrupt-
ing chemicals. The default male pathway of differentiation is sensitive to the 
actions of estrogenic endocrine disruptors, and malformations of male repro-
ductive organs like ovotestis (present in the left testicle in birds) and reten-
tion of Müllerian ducts have been reported in several studies (Scheib and 
Reyss-Brion, 1979; Berg et al., 1999; Berg et al., 2001). The weight of the 
left testicle in relation to the right (testis weight asymmetry) is a useful vari-
able for evaluating estrogenic exposure in adult Japanese quail (Halldin et 
al., 1999), and in embryos testis area asymmetry has been shown to be a 
good indicator of ovotestis (Mattsson et al., in preparation). In male Japanese 
quail the area of the accessory sex organ the cloacal gland (foam gland), has 
been shown to be sensitive to estrogenic endocrine disruptors during differ-
entiation (Halldin et al., 1999; Halldin et al., 2003; Halldin et al., 2005).   

The female reproductive system is also affected by xenoestrogen expo-
sure and several studies have reported inhibited regression of the right and 
malformations of both Müllerian ducts/oviducts following exposure to estro-
genic substances (Berg et al., 1999; Berg et al., 2001; Berg et al., 2001; 
Holm et al., 2001; Halldin et al., 2003; Berg et al., 2004).  
 

Differentiation of sexual behavior in quail 
The Japanese quail brain differentiates during embryonic development and it 
is believed that female embryonic gonads produce estrogens that irreversibly 
demasculinize the female brain. Females are not able to display complete 
male sexual behavior in adulthood even after ovariectomy and testosterone 
treatment (Adkins-Regan and Ascenzi, 1985). The male is considered the 
default sex in quail and the male behavioral phenotype will develop if the 
female brain is deprived of estrogens during organization (Balthazart et al., 
1990). 

If male quail embryos are exposed to estrogen before the twelfth day of 
incubation the estrogen will demasculinize their brains in a female-like man-
ner (Figure 1). The estrogen-exposed males will not be able to display male-
specific sexual behavior when they reach sexual maturity, even after testos-
terone injections (Adkins, 1979). 
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Figure 1. The sexual behavior of male Japanese quail is irreversibly demasculinized 
by embryonic exposure to estrogens before day 12 of incubation. 

The effects of estrogens on the differentiation of the consummatory male 
sexual behavior in quail (i.e. actual mating behaviors like grabbing the neck, 
mounting and cloacal contact movements) are organizational in nature and 
therefore irreversible. Intact males sometimes also display courtship behav-
iors like strutting (the male stretches his neck and legs and “struts” around 
the female) and crowing. These behaviors depend on the levels of testoster-
one present in the brain, and can be induced also in females by testosterone 
administration, contrary to the consummatory behavior. Strutting and crow-
ing are examples of activational effects on behavior caused by hormones 
(Schumacher and Balthazart, 1983; Gahr, 2003). 

Studies using aromatase inhibitors to deprive the brain of estrogens dur-
ing differentiation provide further support that estrogen is of great impor-
tance for the demasculinization of the sexual behavior in female Japanese 
quail (Balthazart et al., 1990; Balthazart and Surlemont, 1990; Balthazart 
and Surlemont, 1990; Balthazart et al., 1992; Balthazart et al., 1997). In 
these studies, female birds treated with testosterone displayed male-typical 
sexual behavior after embryonic exposure to an aromatase inhibitor, which 
supports the theory that estrogen is responsible for the demasculinization of 
the brain areas controlling sexual behavior in quails. 

The traditional model for sex differentiation of the vertebrate brain sug-
gests that gonadal sex determination leads to sex-specific production and 
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release of gonadal steroid hormones, which will affect the initially mono-
morphic brain to differentiate in a female- or male-specific direction. This 
differentiation has for long been thought to be mediated entirely by actions 
of steroid hormones produced by the gonads during a sensitive period of 
development. The studies of Japanese quail mentioned above support this 
hypothesis. In higher vertebrates it is believed that the brain of the het-
erogametic sex (mammalian males and avian females) is organized by the 
production of higher levels of steroid hormones from the gonads, while the 
differentiation of the brains of the homogametic sex (mammalian females 
and avian males) is thought to be organized in absence of high levels of sex 
steroids, thus being the default process.  

Recent studies have shown that there might be reasons to revise this 
model. A study performed by Gahr (2003) showed that the brains of female 
Japanese quail that had been transplanted to male embryos before the onset 
of gonadal differentiation were unable to respond to the male hormonal envi-
ronment by showing a male-specific organization of the aromatase immuno-
reactive (ir) and vasotocin-ir areas of the brain. These male chimeras with 
female brains were not able to show male sexual behavior as adults, although 
their brains had developed in males (Gahr, 2003). Studies have also shown 
that aromatase inhibition in zebra finch embryos results in a partial sex-
reversal, where the females develop functional testicular tissue and mascu-
line plasma testosterone levels (Wade and Arnold, 1996; Gong et al., 1999). 
The syrinx of aromatase inhibitor-treated females is masculinized, but they 
are still unable to sing because the song system is still feminine despite the 
treatment (Gong et al., 1999). These results suggest that the masculinization 
of the zebra finch song system is not entirely dependent on testosterone, or 
estrogens derived from testosterone in the brain.  

A recent microarray study of sexually dimorphic gene expression in de-
veloping mouse brain has shown the presence of at least seven genes that are 
differentially expressed between male and female brains, before the onset of 
hormone production from the gonads. This shows that the developing brain 
might not start out quite as monomorphic as presumed (Dewing et al., 2003). 
We have recently presented a study showing sexually dimorphic gene ex-
pression in chicken embryo brain at a developmental stage where gonadal 
steroid production has not yet begun (Scholz et al., 2006). Earlier mammal-
ian studies have also shown sexually dimorphic differentiation of midbrain 
dopaminergic neurons from rodents cultured in vitro (Reisert and Pilgrim, 
1991), which indicates that sex specific differentiation of the neurons takes 
place also in the absence of gonadal steroids.  

Although sex steroids might not be the only orchestrators of brain sex dif-
ferentiation, the importance of steroid hormones as modulators of differen-
tiation is undisputed, and it has been shown in several animal models that 
manipulation of steroid hormone levels during the organization of the brain 
can lead to changes in sexual behavior in adulthood (Adkins, 1979; Flores 
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and Crews, 1995; Halldin et al., 1999; Baatrup and Junge, 2001; Whitten et 
al., 2002). 

Activation of male sexual behavior in quail 
The role of steroids and aromatase 
The male sexual behavior in quail is dependent on the production of steroid 
hormones by the testes. In 1849, the first experiment in behavioral endocri-
nology was carried out when Berthold discovered that the behavioral mani-
festations of sexual maturity in domestic cocks disappeared after castration. 
He also found that the behaviors could be restored by a testicular graft (Ber-
thold, 1849).  

Since this seminal paper, a large number of studies performed during the 
first part of the 20th century have shown that castration depresses or, in most 
cases, completely abolishes the male sexual behavior in birds like Japanese 
quails, cockerels, wild and domestic ducks, gulls, zebra finches, pigeons and 
ring doves (reviewed by Ball and Balthazart, 1990). These studies indicated 
that androgens like testosterone were the activators of the male sexual be-
havior, and consequently it was also proposed that estrogen and progesterone 
would be the activators of female sexual behavior. However, as early as 
1949 it became clear that this could not be the entire answer, when Guhl 
(1949) found that estrogen injections could activate male sexual behavior in 
castrated cockerels. This showed that the activation of sexual behavior in 
cockerels is more likely to be mediated by estrogen than testosterone as be-
lieved earlier.  Since then many studies have shown that the aromatization of 
testosterone into estrogens in the brain is necessary for activation of male 
sexual behavior in quail (Adkins et al., 1980; Balthazart and Surlemont, 
1990; Balthazart and Surlemont, 1990). 

Brain areas controlling sexual behavior 
The medial preoptic nucleus 
In 1986 a sexually dimorphic nucleus was discovered in the medial preoptic 
area (POA) of the Japanese quail (Viglietti-Panzica et al., 1986). This area 
was named the medial preoptic nucleus (POM), and is larger in sexually 
active males than in females. It has been shown that lesions in the POM 
leads to complete suppression of male copulatory behavior (Balthazart and 
Surlemont, 1990; Balthazart et al., 1998). Castration of Japanese quail males 
leads to regression of the volume of the POM, but its original volume can be 
restored by a two-week treatment with testosterone (Panzica et al., 1991). In 
addition, there is no difference in the volume of the POM in males and fe-



 

 19

males before the onset of sexual maturation, which occurs about five weeks 
after hatching (Thompson and Adkins-Regan, 1992).  This implies that the 
larger size of the POM is an activational effect of steroid hormones in males. 
In contrast, the size of neurons in the dorsolateral part of POM is sexually 
dimorphic, and since this size difference cannot be induced by manipulation 
of hormonal levels in adulthood, it is believed to be organized during differ-
entiation (Panzica et al., 1996). 

The POM of Japanese quail is outlined by dense aromatase immunoreac-
tivity (ir), and the activation of male sexual behavior in quail is highly de-
pendent on aromatase activity in this area. The sexual behavior of castrated 
male Japanese quail can be restored by injections of either testosterone or the 
synthetic estrogen diethylstilbestrol in the POM, but the effect of testoster-
one is abolished by co-administration of an aromatase inhibitor, showing that 
aromatization of testosterone into estrogen in the POM is necessary for the 
induction of male sexual behavior (Balthazart et al., 1990).  

Another sexual dimorphism in the POM in quail and chicken is the pres-
ence of a dense vasotocinergic innervation in the male, while vasotocinergic 
innervation is almost completely absent in the POM of females. The vasoto-
cinergic innervation is not inducible in females by chronic testosterone im-
plants and this sexual dimorphism has been shown to be organizational 
(Panzica et al., 1998; Jurkevich and Grossmann, 2003). 
 

The bed nucleus of striae terminalis 
As shown by immunohistochemistry, other regions than POM contain dense 
populations of aromatase-immunoreactive (ARO-ir) cells. The medial subdi-
vision of the bed nucleus of the striae terminalis (BNST) in mammals is part 
of the circuitry that controls mating behavior. The BNST receives input from 
the medial amygdala and the accessory olfactory bulb and projects into the 
POM and the ventro-medial hypothalamus. These areas are involved in the 
control of reproductive behavior in mammals. The sexually dimorphic ana-
tomical and neurochemical characteristics of the BNST in mammals are 
organized by steroid hormones during brain development in early life 
(Stefanova and Ovtscharoff, 2000).  

In 1998, the bed nucleus of striae terminalis (BSTm) in the Japanese 
quail was described by Aste et al. (1998). This nucleus is thought to be ho-
mologous to the BNST of the mammalian brain. Bilateral lesions of the 
BSTm of castrated and testosterone-treated male quail resulted in partial 
inhibition of the consummatory behavior (i.e. actual mating behavior), but 
had no effects on the appetitive parts (i.e. social proximity response to a 
sexually mature female) of the male sexual behavior  (Balthazart et al., 
1998). However, intracranial injection experiments have shown that testos-
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terone in the BSTm is not sufficient to restore either consummatory or appe-
titive male sexual behavior in castrated birds (Riters et al., 1998). It is con-
cluded from these studies that BSTm is probably not involved in the initia-
tion of appetetive sexual behavior, but its significance for the consummatory 
aspects of behavior needs to be further studied. Dimorphic characteristics 
have been found in the BSTm of quail, in terms of the vasotocinergic inner-
vation, which is organized in a sexually dimorphic manner under the influ-
ence of estrogens during the embryonic period. Immunocytochemical studies 
in Japanese quail and chicken have shown a complete absence of vasotocin 
immunoreactivity (VT-ir) in the BSTm of females, while the BSTm of males 
contains a dense vasotocinergic innervation (Panzica et al., 2002; Jurkevich 
and Grossmann, 2003).  
 

Nucleus Taeniae of the amygdala 
A small population of ARO-ir cells are present also in the nucleus Taeniae of 
the amygdala (TnA) (Foidart et al., 1995), an area of the avian forebrain that 
is believed to be the avian homologue to the nucleus Taeniae (Tn) of the 
amygdala in mammals. As shown by Thompson et al.  (1998) bilateral dam-
age to TnA gave rise to deficits in several components of male sexual behav-
ior. However, a study performed by Absil et al. (2002) showed that lesions 
of the TnA had no effect on the appetitive male sexual behavior, and the 
frequencies of consummatory behaviors like mount attempts and cloacal 
contact movements even increased. Absil et al. (2002), also suggested that 
the discrepancies between the studies were caused by differences in the loca-
tion of the lesions. The effects of TnA lesions suggest that this nucleus, simi-
lar to the medial amygdala in mammals, might be involved in the control of 
sexual satiety. 

Estrogen receptors (ERs) 
The classical mechanism of action of estrogen is regulation of transcription 
by activation of ERs. The ERs are members of the steroid receptor super-
family of transcription factors that are widely distributed in different cell 
types in the central nervous system. It was believed for many years that only 
one type of estrogen receptor existed, the estrogen receptor � (ER�). In 
1996, isolation of a second receptor type, ER�, was described by Kuiper et 
al. (1996).  

Far from all is known about how estrogen regulates the two ERs and how 
they interact. It has been suggested that the two ER subtypes provide a way 
by which estrogen can selectively modulate reproductive and non-
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reproductive functions. Studies of ER knock-out mice show that ER� knock-
outs (ERKO) are unable to exhibit normal reproductive behavior (Wersinger 
et al., 1997), while the ER� knock-outs (BERKO) display normal sexual 
behavior. This supports the hypothesis by Kuiper et al. (1998), that ER� 
plays an important role in reproduction, while ER� is involved in non-
reproductive functions. However, ER� mRNA has been found in many brain 
areas involved in reproductive behavior, such as the MPOA, BNST and the 
amygdala in mammals as well as the corresponding areas POM, BSTm and 
TnA in birds (Shughrue et al., 1997; Foidart et al., 1999; Warembourg and 
Leroy, 2004; Halldin et al., 2006).  

Mammalian males develop the ability to show male-typical behaviors 
during the neonatal period and at the same time lose the capacity to display 
female-typical behavior. These masculinization and defeminization proc-
esses are initiated by estradiol locally produced from testosterone in the 
brain. However, the mechanism by which estradiol affects both masculiniza-
tion and defeminization in the mammalian brain is unknown. Recently, 
Kudwa et al., (2005) suggested that these processes are regulated by differ-
ent ERs. Their study showed that castrated male BERKO mice could be 
primed with estrogens as adults and display female copulatory behavior, 
unlike the castrated wild-type littermates. These results show that no defem-
inization of the BERKO brains had taken place, and suggest that ER�-
activation is necessary for the defeminization of the male mouse brain during 
differentiation. 

 Nomura et al., (2003) reported that in the MPOA and BNST of male go-
nadectomized mice, estradiol benzoate administration affected the ER� ir 
cell-counts in wild-type mice but not in ERKO mice, thus indicating that 
ER� is necessary for steroid regulation of ER� in these areas. In the ven-
tromedial nucleus (VMN), the administration of estradiol benzoate decreased 
the numbers of ER� ir cells in wild type mice and increased them in ERKO 
mice. This indicates that the regulation of the ERs by steroids is different in 
different brain areas and further studies are needed to elucidate the different 
functions of the two receptor sub-types in the brain and in other tissues. 

Estrogen responsive genes as markers for xenoestrogen-
exposure 
There is a need to develop sensitive markers for screening potentially xeno-
estrogenic substances. The ideal marker is fast, reproducible and does not 
require invasive procedures in laboratory animals. Unfortunately, these re-
quirements are hard to combine in a single marker.  

Many substances lack estrogenic potential in vitro, yet they display multi-
ple hormonal activities in vivo (Kunz and Fent, 2006; Kunz et al., 2006), 
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which in most cases are caused by metabolism of the substance into estro-
genic metabolites. This makes the use of in vivo systems for detection of 
xenoestrogens difficult to replace. Bird embryos have earlier been shown to 
have a rather high metabolizing capability in terms of cytochrome P450 
(CYP)-catalyzed reactions already during the first half of incubation 
(Brunström, 1986; Heinrich-Hirsch et al., 1990; Kennedy et al., 1996; Brun-
ström and Halldin, 1998). The bird embryo provides a metabolizing system 
that allows us to individually test chemicals in the enclosed environment of 
the egg, without the interference of maternal metabolism and placental bar-
rier.  

Hepatic expression of estrogen responsive genes has earlier been shown 
to be a sensitive biomarker for estrogenic exposure (Jackson et al., 1977; 
Wiskocil et al., 1980; Celius et al., 2000; Lee et al., 2002; Shibuya et al., 
2005; Mortensen and Arukwe, 2006). The combined benefit of the bird em-
bryo system and the high-throughput screening that is possible through real-
time PCR technology makes this an attractive model for xenoestrogen test-
ing. In this thesis the egg-yolk precursors Vitellogenin II (Vtg) and zona 
radiata protein 1 (Zrp), as well as ER� and ER� mRNA concentrations have 
been quantified using real-time PCR, after exposure to potential endocrine 
disruptors.  

Vitellogenin (Vtg) 
Vtg is a phospholipoglycoprotein and an egg-yolk protein precursor pro-
duced in the liver of females of egg-laying species. It is transported via the 
bloodstream to the oocyte where it is sequestered and cleaved into the two 
phosphoproteins; phosvitin and lipovitellin. Vtg is normally only synthesized 
in the liver of females in response to endogenous estrogen (Ho, 1991). How-
ever, male and juvenile individuals of oviparous species also have the poten-
tial to express Vtg in the presence of estrogens, which makes Vtg expression 
an important biomarker in oviparous species (Robinson and Gibbins, 1984; 
Arukwe et al., 1997; Arukwe and Goksöyr, 2003; Lorenzen et al., 2003).  

Zona radiata protein (Zrp) 
Zrp is also synthesized in the liver in response to estrogen.  The Zrp are the 
major constituents of zona radiata in oviparous species, which is the eqviva-
lent to zona pellucida in mammals. An important physiological function of 
the zona radiata is to inhibit polyspermy. Zrps have also been proposed as 
suitable biomarkers for xenoestrogenic chemicals (Arukwe et al., 1997; 
Hanafy et al., 2007; Jimenez et al., 2007). 
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Chemicals 
Methoxychlor 
Methoxychlor (MXC) [1,1,1-trichloro-2,2-bis(4-methoxyphenyl)ethane] is 
an organochlorine insecticide with relatively low toxicity introduced as a 
substitute for DDT. MXC has little or no affinity for the estrogen receptor in 
vitro (Bulger et al., 1978; Ousterhout et al., 1981; Denny et al., 2005), but 
has in several studies been shown to have estrogenic activity in vivo (Gray et 
al., 1988; Laws et al., 2000; Thorpe et al., 2001; Millam et al., 2002; Golub 
et al., 2003). Studies have been published in which sexual behavior in adult 
male Japanese quails was decreased after in ovo injection of MXC (Ottinger 
et al., 2001; Eroschenko et al., 2002).  

 

 
 

Figure 2. Molecular structure of methoxychlor (MXC). 

 

It is believed that the estrogenic effects of MXC are caused by its estrogenic 
metabolites. The di-demethylated metabolite [2,2-bis(p-hydroxyphenyl)-
1,1,1-trichloroethane] (HPTE) is the most studied of these metabolites. 
HPTE is a potent ER� agonist in HepG2 cells, with EC50 values of ap-
proximately 5 x 10-8 and 10-8 M for human and rat ER�, respectively. In 
contrast, HPTE had minimal agonist activity with either human or rat ER� 
and almost completely abolished 17�-estradiol-induced ER�-mediated activ-
ity. Moreover, HPTE behaved as an ER� agonist and an ER� antagonist with 
other estrogen-responsive promoters (ERE-MMTV and vtERE) in HepG2 
and HeLa cells (Gaido et al., 1999). The mono-demethylated metabolite 
[1,1,1-trichloro-2-(4-hydroxyphenyl)2-(4-methoxyphenyl)ethane] (mono-
OH-MXC) also display similar ER� agonistic and ER� and AR antagonistic 
activity as previously shown for HPTE (Gaido et al., 2000). These qualities 
make the MXC metabolites HPTE and mono-OH-MXC interesting test sub-
stances in the Japanese quail behavioral model, since treatment of embryos 
with these metabolites might provide some insight into the function of the 
ER subtypes.  
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Ultraviolet (UV)-filters 
 
Use of UV-filters 
The use of UV-filters is increasing in a wide range of products like hygiene 
products (shampoos, bubble bath, sunscreens), cosmetics (foundations, 
creams, lipsticks) and fragrances. They are used in fabrics and carpets, der-
mally applied pharmaceuticals and household products. They are also used 
for UV-stabilization of a vide range of materials to prolong the shelflife of 
components that are otherwise prone to UV-degradation. The ideal UV-filter 
is lipophilic, and resistant to acids and alkalies. It will not decompose in 
contact with perspiration or seawater and it is photo-stable (Induchem prod-
uct sheet for Unisol S-22 (3BC)). Unfortunately, the chemical properties of a 
good UV-filter are in many cases the same properties that make a chemical a 
potential threat to the environment.  

 

 
Figure 3. Molecular structure of the nine UV-filters used in this thesis.  

 
Levels in the environment 
UV-filters have, not surprisingly, been found in the aquatic environment. 
The UV-filters ethylhexyl methoxycinnamate, octocrylene, 4-
methylbenzylidene camphor (4MBC), butyl methoxydibenzoylmethane, and 
benzophenone-3 (BP3), were present in surface water in two Swiss lakes. 
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The highest concentrations (82 and 125 ng/l), of 4MBC and BP3, respec-
tively, were found during the summer season when the lakes were exten-
sively used for recreational swimming (Poiger et al., 2004). BP3 and 4MBC 
have also been found in white fish from Swiss lakes; 4MBC was found in 
the highest concentration, 166 ng/g on lipid basis (Balmer et al., 2005).  

In another study, the concentration of 4MBC and octocrylene were meas-
ured in brown trout in Swiss rivers receiving inputs from several waste water 
treatment plants. In this study the concentrations were significantly higher, 
1800 and 2400 ng/g lipid for 4MBC and octocrylene, respectively (Buser et 
al., 2006).  
 
Human exposure 
Human exposure to UV-filters can be direct via topical application of sun-
screen products or cosmetics, or indirect via ingestion of contaminated 
foods. A study on dermal application of 4MBC indicates that as much as 
43% of the applied dose penetrates the superficial layers of the skin. The 
amount that was absorbed into the blood was estimated to be between 0.6 
and 23.3% (Scalia et al., 2007). Benzophenones, like BP3 and its metabolite 
benzophenone 1 (BP1) are present in human urine 4 hours after topical ap-
plication (Hayden et al., 1997). The UV-filters BP3 and octyl methoxycin-
namate were also detected in human mother’s milk (Hany and Nagel, 1995). 

  
 
Endocrine disrupting properties 
UV filters seem to have multiple hormonal activities and many are potent 
anti-androgens (Kunz and Fent, 2006). The UV-filters benzyl salicylate 
(BS), BP1, BP2, and 4-hydroxy benzophenone (4HB) were even found to be 
more potent anti-androgens than flutamide (Kunz and Fent, 2006). However, 
most of the in vivo laboratory studies that have been performed have focused 
on estrogenic effects on the reproductive system of fish and rodents. The 
UV-filter ethyl-4-aminobensoate (Et-PABA), also used as a veterinary seda-
tive, 3BC, BP1 and BP2 induce Vtg production, and have adverse effects on 
various reproductive variables in fathead minnows, (Kunz and Fent, 2006; 
Kunz et al., 2006). 4MBC induces plasma Vtg, Zrp and ER� mRNA in male 
medaka (Inui et al., 2003).  

BP3, 4MBC and 3BC are estrogenic in the rat uterotropic assay 
(Schlumpf et al., 2001; Schlecht et al., 2004). 4MBC caused a significant 
increase in uterine weight both after oral (ED50 309 mg/kg/day, 4 days) and 
dermal administration (5 and 7.5% in olive oil, application two times daily 
for 6 days)  (Schlumpf et al., 2001). 3BC was even more potent in the utero-
tropic assay (ED50 45.3 mg/kg/day, 4 days), and the LOEL was determined 
to be as low as 2 mg/kg/day. The maximum effect of 3BC was 70% of that 
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of ethinyl estradiol, and the potency was found to be considerably higher 
than that of bisphenol A (Schlumpf et al., 2004).   

Both 3BC and 4MBC have been shown to delay the onset of puberty in 
male mice and to affect the reproductive organ weight of both sexes in the 
F1 generation of treated animals (Schlumpf et al., 2004). 

Many of the observed effects of UV-filters on the reproductive system are 
believed to be mediated by ER�. However, in vitro both 3BC and 4MBC 
have been shown to displace 16�125I-estradiol from recombinant human 
ER�, whereas no displacement was detected at human ER� (Schlumpf et al., 
2004). In a study by Kunz and Fent (2006), 3BC was found to be a weak 
partial agonist to human ER�, but again, 4MBC lacked ER� activity. BP1, 
BP2, BP3, 4-hydroxybenzophenone (4HB) and 4,4´-
dihydroxybenzophenone (4DHB) have however been found to be ER� ago-
nists; BP1 being the most potent with about 5000 times lower potency than 
17�-estradiol (Kunz and Fent, 2006). Additative effects (Heneweer et al., 
2005),  and even synergistic estrogenic effects (Kunz and Fent, 2006), of UV 
filter combinations have been observed in vitro. 

It has been suggested that the estrogenic effects by 3BC and 4MBC in 
vivo are due to ER�-agonistic metabolites rather than by the ER�-selective 
parent compounds (Schlumpf et al., 2004). 4MBC is in fact metabolized in 
both humans and rats to 3-(4-carboxybenzylidene)camphor and 3-(4-
carboxybenzylidene)-6-hydroxycamphor (Schauer et al., 2006). However, 
the rate of metabolism is dependent on route of exposure, and in orally ex-
posed rats the metabolite 3-(4-carboxybenzylidene)-6-hydroxycamphor was 
not detectable (Volkel et al., 2006). There seems to be an extensive fist pass 
metabolism of 4MBC in rats since the peak concentration of 3-(4-
carboxybenzylidene) camphor in blood after oral exposure was about 500-
fold that of 4MBC. It was also noticed that most of the excretion was 
through faeces and not urine, which leads to an underestimation of the pene-
tration of 4MBC through skin if only urinary excretion is investigated. The 
metabolites were found as acyl glucuronides in the faeces. However, the 
glucuronides are very easily hydrolyzed, indicating that they are involved in 
enterohepatic circulation, which could also explain the slow excretion rate 
(Volkel et al., 2006). The metabolism of 3BC has to my knowledge not been 
studied, although it has been shown that the penetrance of 3BC through skin 
is even higher than that of 4MBC (Soeborg et al., 2007). 
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Table 2. The hormonal activities of the nine UV-filters used in this thesis. 

Compound Estrogenic 
activity 

Anti-
estrogenic 

activity 

Androgenic 
activity 

Anti-
androgenic 

activity 
4MBC nd +++ nd +++* 
3BC + +++ nd +++* 
BP1 +++ nd nd +++* 
BP2 +++ nd +++ +++* 
4HB +++* nd nd +++* 

4DBH +++* nd nd +++* 
BP3 + +++ nd +++* 
BS + +++* nd +++ 

Et-PABA +++* nd nd ++ 

Table 2 showing the hormonal activities of UV-filters used in this thesis. Signs indi-
cate efficiacy of each compound in different assays: +++, maximal dose-response 
curves with >80% efficiacy; ++submaximal dose-resonse curves with >30% effi-
ciacy; +submaximal dose-responmse curves with < 30% efficiacy. *Most potent 
hormonal activity found for each compound. nd = not detected. With slight modifi-
cations from Kunz and Fent (2006). Abbreviations: BP = benzophenone, 4HB =  4-
hydroxybenzophenone, 4DBH = 4,4´dihydroxybenzophenone, 3BC = 3-benzylidene 
camphor, 4MBC = 4-methyl benzylidene camphor, BS = benzyl salicylate, Et-
PABA = ethyl-4-aminobenzoate (benzocaine). 

Clophen A50 

The PCBs are a well-known group of persistent environmental contaminants 
that were first manufactured in 1929. They comprise a large number of con-
geners (209 are theoretically possible) and were spread throughout the envi-
ronment, mainly through the use of technical PCB-mixtures, like Arochlor or 
Clophen. These were used in transformer oils, as fire retardants or as hydrau-
lic fluids until the mid 1970s. Due to the lipophilicity and chemical and bio-
logical stability of the compounds, this resulted in a widespread contamina-
tion of the environment (US-EPA homepage). The technical PCB-mixture 
Clophen A50 (CA50), used in Papers III, IV and V, has an average chlorine 
content of 54%. The main components are pentachlorobiphenyls (45%), 
tetrachlorobiphenyls (28%) and hexachlorobiphenyls (16%). Schmitz et al. 
(1996), analyzed the CA50-congeners that have been attributed TCDD-
equivalency factors (TEF) and the components identified are shown in Table 
3. 

A sub-group of PCBs, the dioxin-like PCBs are non-ortho or mono-ortho 
substituted and have the ability to adopt a planar conformation. These PCBs 
have toxic effects that are similar to those of 2,3,7,8-tetrachlorodibenzo-p-
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dioxin (TCDD). These include adverse effects on the immune system and 
skin, impairment of reproduction, teratogenicity, hormonal disorders and 
tumor promotion (Safe, 1984). Beak malformations and edema has also been 
found after embryonic exposure in chicken (Brunström, 1990).  Most of 
these adverse effects are mediated by the aromatic hydrocarbon receptor 
(AhR), also called the dioxin receptor (reviewed by Safe, 1984).  

It has been shown that agonist binding to the AhR can lead to the direct 
association of AhR with ERs. In this way, ERs can be activated by the AhR-
complex and switch on estrogen responsive genes in the absence of endoge-
nous estradiol (Ohtake et al., 2003; Ohtake et al., 2007). In the presence of 
estradiol however, the activation of the AhR will decrease the expression of 
estrogen responsive genes (Wormke et al., 2003), and this has been proposed 
to be caused by increased proteasome-dependent degradation of ER when it 
is ligated to AhR.  

 

 
Figure 4. General molecular structure of PCBs. 

Brunnberg et al. (2003) showed that the aryl hydrocarbon receptor nuclear 
translocator protein (ARNT), is not only an important heterodimerization 
partner for AhR, but also functions as a co-activator of ER� and ER� de-
pendent transcription. This observation indicates that decreased cellular 
availability of ARNT could also be a possible mechanism behind inhibitory 
actions of AhR-agonists on ER-mediated responses.  

These findings imply mechanisms through which exposure to AhR-
agonists can disrupt normal estrogen signaling. Concern has been raised that 
the body burdens of AhR-agonists in some populations are close to the con-
centrations at which adverse effects have been observed in laboratory ani-
mals (Brosens and Parker, 2003).  

Also non-dioxin like ortho-PCBs have been shown to have endocrine dis-
ruptive effects (reviewed by Hansen, 1998). For example, 2,2',4,4',5,5'-
hexachlorobiphenyl (PCB 153), has been shown to affect levels of luteiniz-
ing hormone in the blood, and also caused a positive response in the rat 
uterotrophic assay (Soontornchat et al., 1994; Desaulniers et al., 1999). 
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Table 3. Congeners in CA50 with AhR activating potential and known endocrine 
disrupting effects 

Component 
Weight 
contribu-
tion (�g/g) 

Examples of published endocrine disrupting effects 

Non-ortho PBCs   
PCB77 
 171 

Induction of estrogen responsive genes (Mortensen and 
Arukwe, 2007)  

PCB126 81 Impaired spermatogenesis in rats (Wakui et al., 2007) 
PCB169 
 1 

Decreased testosterone levels in rats (Yamamoto et al., 
2005) 

Mono-ortho PCBs   
PCB114 
 

3000 
 

Aromatase supression in vitro (Woodhouse and Cooke, 
2004) 

PCB118 
 

21000 
 

Induction of cell proliferation in prostatic carcinoma cell 
line (Endo et al., 2003). 

PCB156 9270 Binding of ER� in umbilical cord cells (Tavolari et al., 
2006) 

Table 3. Congeners with TEF-values (taken from (Schmitz et al., 1996) for which 
endocrine disrupting effects have been published. 

Overall objectives 

The first major objective of the research presented in this thesis was to study 
the localization of ERs in brain areas that are known to be sexually dimor-
phic and important for sexual behavior. Receptor localization was studied in 
both embryos and adults. This knowledge is of great use for future studies on 
xenoestrogen-induced changes in gene expression or neurotransmitter levels 
in targeted areas of the brain. The localization of ERs in the embryonic brain 
opens up the possibility to target the estrogen responsive areas and discover 
more about the mechanisms behind xenoestrogenic effects. The second ma-
jor objective of this thesis was to investigate possible interaction effects of 
co-exposure to potential endocrine disruptors and PCBs. The compounds 
studied in this thesis are the pesticide methoxychlor, the UV-filters 3-
benzylidene camphor, 4 methyl benzylidene camphor, benzophenone 1,2 and 
3, 4 hydroxy benzophenone and 4 dihydroxy benzophenone, benzyl salicy-
late, and ethyl-4-aminobenzoate (benzocaine) and the technical PCB mixture 
Clophen A50.  
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Specific objectives 
 

To localize ER� and ER� mRNA in the brains of male and female 
adult and embryonic Japanese quail to identify targets for xenoestro-
genic modulation mediated by ER� and/or ER�. 
(Paper I and Paper II) 

 

To investigate the in vivo estrogenicity of the chlorinated insecticide 
methoxychlor, and interaction effects of co-exposure to methoxy-
chlor and PCB on male sexual behavior in Japanese quail.  
(Paper III) 
 
To investigate the in vivo estrogenicity of UV-filters, and interaction 
effects of co-exposure with PCB on gonadal development in Japa-
nese quail and chicken embryos.  
(Paper IV and Paper V) 
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Methods 

Administration of test substances by egg injections 
Yolk injections: Japanese quail 
Fertilized Japanese quail eggs or White Leghorn eggs were incubated at 
37�C, 60% humidity and were turned every three hours. On day three (quail) 
or four (chicken) of incubation the eggs were injected under semi-sterile 
conditions with a substance or a combination of two substances, in an emul-
sion consisting of peanut oil, lecithin and water (vehicle). Controls were 
injected with vehicle only. A hole was made in the shell at the blunt end of 
the egg and a 27-gauge needle was inserted through the air sac, into the yolk, 
where 20 �l (quail) or 100 �l (chicken) of the injection fluid was deposited. 
Injections into the yolk were chosen over injections in the albumen since the 
test compounds used in our studies are lipophilic and thus are more readily 
dissolved in yolk (Brunström and Darnerud, 1983). The yolk is absorbed 
during the whole incubation period and injection on day three or four of 
incubation will ensure exposure during the critical period of brain and go-
nadal sex differentiation in the Japanese quail and chicken, respectively. 

 

Doses in Paper III (Japanese quail): 
 
MXC (150 μg/g egg), CA50 (10 μg/g egg), or a combination of CA50 
(10 μg/g egg) and MXC (150 μg/g egg). 

Doses in Paper IV (Japanese quail): 
 
Screening study: 
100 μg/g egg of BP1, BP2, BP3, 4HB, 4DHB, BS, Et-PABA, 3BC or 
4MBC. Additional doses were: 10 μg/g egg Et-PABA, and 200 μg/g egg BS. 

 
Interaction study: 
3BC (100 μg/g egg), 4MBC (50 μg/g egg), CA50 (10 μg/g egg), or a combi-
nation of CA50 (10 μg/g egg) with either 3BC (100 μg/g egg) or 4MBC (50 
μg/g egg). 
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Doses in Paper V (chicken):  

Table 4. Doses used in Paper V 

 Ctrl CA50-H 3BC-L 4MBC-L 3BC-H 4MBC-H 

CA50  0 0.1 0 0 0 0 
3BC 0 0 30 0 100 0 
4MBC 0 0 0 30 0 100 

 

 3BC-H 
+CA50-H 

4MBC-H 
+CA50-H 

3BC-L 
+CA50-H 

4MBC-L 
+CA50-H 

3BC-L 
+CA50-L 

4MBC-L 
+CA50-L 

CA50 0.1 0.1 0.1 0.1 0.01 0.01 
3BC 100 0 30 0 30 0 
4MBC 0 100 0 30 0 30 

Doses are given in μg/g egg. Abbreviations: 3BC = 3-benzylidene camphor, 4MBC 
= 4-methyl benzylidene camphor, CA50 = Clophen A50. L = low, H = high. 

Chicken air-chamber injections 
Fertilized White Leghorn eggs were incubated as above. On incubation day 
15, a hole was drilled in the shell at the blunt end of the egg, and 50 μl of 
peanut oil with the dissolved substances was pipetted onto the inner shell 
membrane, which is in direct contact with the chorio-allantoic membrane. 
This route of administration gives a faster uptake of the substances than yolk 
injections, and was preferred for the hepatic gene expression studies per-
formed in Paper V. 

Doses for air-chamber injections in Paper V (chicken): 
200 μg/g egg of either 3BC or 4MBC, alone or in combination with 1 μg 
CA50/g egg. 

Partial cloning of ER� and -� 
RNeasy mini kit (Qiagen Inc.) was used to isolate total RNA from the kid-
ney of adult untreated male quail. Reverse-transcription was performed us-
ing Ready To Go T-primed First Strand Kit (Amersham Pharmacia Biotech).  

The cDNA sequences of zebra finch (GenBank: L79911) and chicken 
(GenBank: X03805), were aligned. Forward and reverse primers were cho-
sen in a conserved region and aimed to produce a 321 bp product. The 
cDNA was PCR amplified using forward primer  

5´-TAGAGGGCATGGTGGAAATC-3´, and reverse primer  
5´-GGTGCTCCATTCCTTTGTTG-3´.  
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The purified PCR-products were run on an agarose gel and products of 
the predicted length were purified using the GFX� PCR DNA and Gel Band 
Purification Kit (Amersham Pharmacia Biotech). For ER�, the cDNA was 
PCR amplified using forward primer 5´- 
TATCGAATCCTGCGCCGCCATTGC-3´, and reverse primer 5´-
GCTTTCCAACAGCCTGACTTGGTC-3´ (Lakaye et al., 1998), which 
produced a single product. PCR products were ligated in pGEM-T Easy 
(Promega) by T/A cloning strategy and propagated in the XL 1 Blue strain of 
Escherichia coli. Plasmid DNA was purified using Midipreps (Qiagen Inc.) 
and sequenced (ABI Prism 377 DNA Sequencer, Perkin Elmer) using the 
BigDye terminator cycle sequencing ready reaction kit (Applied Biosys-
tems), to establish the sequence and the orientation of the insert in the plas-
mid.   

Gene expression studies 
Tissue preparation 
For the in situ hybridizations performed in Papers I and II the brains of five 
untreated adult quails of each sex, and four untreated embryos of each sex, 
from day nine and 17 of incubation, respectively, were excised and frozen on 
dry ice. Coronal sections were cut in a cryostat and stored at -80�C.  

Synthesis of riboprobes and in situ hybridization 
Sense and antisense riboprobes binding to the ligand-binding domain of the 
ER� and ER� sequences were generated. The riboprobes were then incorpo-
rated with a radioactive marker. The sections were permeabilised and hy-
bridized overnight. Unhybridised probe was digested with RNase A to avoid 
background staining.  The slides were dipped in Kodak NTB-2 emulsion and 
exposed for ten weeks before development and counterstaining with hema-
toxylin. 

Alignment of the sequence of the insert used to generate the ER� probe 
with the ER� cDNA sequence and vice versa showed that there was little 
homology between the sequences. Consequently, there is a very low risk for 
unspecific binding of each probe to the other receptor subtype.  

Real-Time PCR (Paper III) 
Total RNA was extracted using the Micro-to-Midi Total RNA Purification 
System (Invitrogen, Carlsbad, CA, USA). The RNA was DNase-treated with 
DNA-Free (Ambion, Austin, TX, USA). For cDNA synthesis, 2 μg of total 
RNA were primed with random hexamers and reverse transcribed in a final 
volume of 20 μl using the Superscript III First-Strand Synthesis System for 
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RT-PCR (Invitrogen). Primers for quail ER� and ER� were designed using 
Primer Express software (Applied Biosystems, Palo Alto, CA, USA). As 
reference gene �-actin was used.  

Real-time PCR reactions were carried out in triplicates in a final PCR mix 
volume of 15 �l (QuantiTect SYBR Green PCR Kit, Qiagen Inc., Valencia, 
CA, USA) using the thermal cycler Rotor-Gene 3000 (Corbett Research, 
Sydney, Australia). The reaction efficiency for each gene was obtained by 
real-time PCR amplification of a dilution series of the template, and the 
mean normalized gene expression (MNE) was calculated using the Q-Gene 
Core Module (Muller et al., 2002).  

Real-Time PCR (Paper IV and Paper V) 
Preparation of total RNA was done using the Invitek Spin Tissue RNA Mini 
Kit (Westburg, Belgium). To eliminate potential DNA contaminations the 
RNA was also DNase treated, using the DNA-free kit (Ambion, Austin, TX, 
USA). The cDNA synthesis was made using the Affinity Script qPCR cDNA 
Synthesis Kit (Stratagene, AH diagnostics, Aarhus, Denmark). The real-time 
PCRs were carried out using the QuantiTect SYBR Green PCR kit (Qiagen 
Inc (Paper IV)), or the Brilliant SYBR green qPCR kit (Stratagene) (Paper 
V). Real time PCR reactions were performed in triplicates, using a Ro-
torgene 3000 (Corbett Research, Sydney, Australia). The MNE was calcu-
lated using the Q-Gene Core Module (Muller et al., 2002).  

Real-Time PCR primers 
The primers were designed to cross exon-intron junctions to avoid any un-
specific DNA binding. All samples were DNase treated with DNA-free 
(Ambion, Austin, TX, USA). For additional information see Table 5. 

Table 5. Primer sequences and additional information for primers used in PaperV 

Table 5. Primer sequences for primers used in real-time PCR experiments in Paper 
and V. Abbreviations: ER = estrogen receptor, Zrp = zona radiate protein, Vtg = 
vitellogenin, F = forward, R = reverse. 

Primer Sequence Conc. (nM) Annealing temp. (ºC) 

ER� F CTTGCAGACAGAGAATTAGTGCACA 500 58 
ER� R GTTAAATCCACAAATCCTGGAACTC 500 58 
ER� F CATGCCGGCTACGGAAAT 400 58 
ER� R GCGTTCTCTTCTTGAGCCACAT 400 58 
Zrp 1 F AGGTGATCGAGGACCGGC 300 59 
Zrp 1 R GTGGAGGATGTAGACACTGTCACG 300 59 
Vtg II F CAACATATCTTCCGCTTGTAACATTG 500 59 
Vtg II R CAACATATCTTCCGCTTGTAACATTG 500 59 
�-actine F CTGGAGAAGAGCTATGAA 600 51 
�-actine R ACTCCATACCCAAGAAAG 600 51 
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Sexing 
Embryos that were dissected before gonadal differentiation can not be sexed 
by investigation of gonads and Müllerian ducts. Male embryos treated with 
high doses of xenoestrogens can also appear to be females upon ocular in-
spection of the gonads. Liver samples were taken from all embryos that 
could not be sexed with certainty by ocular inspection and these samples 
were used for DNA preparation. Genetic sexing was performed using the 
PCR-based method described by Fridolfsson and Ellegren (1999). 

Behavioral tests 
The quails used for behavioral testing in Paper III were housed in groups 
until the age of three weeks. Then the males were separated from the females 
and placed in individual cages with water and Turkey starter provided ad 
libitum. They were kept in a light/dark cycle of 16 hours light and 8 hours 
dark.  

 

 
Figure 5. The sexual behavior sequence of male Japanese quail. 

On the ninth week after hatching behavioral testing was performed during 
five consecutive days. The behavioral testing took place in the test cage (50 
� 40 cm, height 30 cm). A male Japanese quail was introduced into a cage 
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where a sexually mature female already had been allowed to adapt to the 
new environment. During a test period of two minutes the sexual behavior 
displayed by the male was recorded on video. The behaviors scored were 
neck grab (NG), mount attempt (MA), mount (M), and cloacal contact 
movement (CCM) (Figure 5). 

MA was scored when the male put one leg on the females back in an at-
tempt to mount her. M was scored when the male successfully mounted the 
female and put both legs on her back. CCM was scored when the male at-
tempted to reach the female’s cloaca with his own, by crouching in the man-
ner seen in Figure 5. The sexual receptivity of the females can bias the 
scores for the tested males. To reduce this risk, the males were tested with 
different females each day of testing. In total, five different females were 
used in the behavioral tests. 

Testosterone analysis and morphometry in adults 
After the final behavioral test performed in Paper III, blood was collected 
and plasma testosterone concentration was determined using a solid phase 
radioimmunoassay kit (Coat-A-Count, Diagnostic Products Co., Los Ange-
les, CA) according to the manufacturer’s recommendations as previously 
described (Halldin et al., 1999). 

A few days after the behavioral tests and the blood sampling, the birds 
were killed and weighed. The cloacal gland area (defined as longest length � 
greatest width) was measured, and testis weights were recorded. Gonado-
somatic index (100 � testis weight/body weight) and testis weight asymme-
try (weight of left testis/weight of right testis) were calculated.  

 

Embryo dissections and gonadal morphometry 
The quail embryos were dissected on incubation-day 16, and the chicken 
embryos on incubation-day 18. The embryos were killed by cervical disloca-
tion and the beak-rump length of the embryos was measured using a digital 
slide caliper. Liver samples were taken for genetic sexing, and for real-time 
PCR analysis liver samples were flash-frozen in liquid nitrogen and then 
stored in -80ºC. The gonads and Müllerian ducts were measured using a 
digital Vernier slide caliper. The left gonad of both females and males were 
dissected out and stored in formaldehyde for histological examination.  

When exposed to estrogens the cortex of the left testicle increases and 
forms a female-like cortex around the medulla. This gives the testicle a flat-
tened, ovary-like appearance and increases the asymmetry between the testi-
cles. The testis area asymmetry (TAA) was calculated by dividing the prod-
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uct of the left testis width and the left testis length with the product of the 
right testis width and the right testis length. The regression of the Müllerian 
ducts is also regulated by estrogens. The right Müllerian duct length (RMD) 
in females is a sensitive marker for estrogenic exposure in bird embryos 
(Berg et al., 1999). RMD was measured using a digital Vernier slide caliper. 
Furthermore, estrogen exposure can cause Müllerian duct malformations 
(MDM), and these malformed ducts frequently form fluid-filled cysts. MDM 
and cyst formation can occur in both males and females and were noted dur-
ing dissections. 

Gonad histology and analysis 
The fixed tissues were dehydrated in a series of increasing concentrations of 
ethanol. The tissues were embedded in paraffin wax and sectioned in 2-�m 
sections in intervals of 60 �m. The sections were stained with haematoxylin 
and eosin. This method has been described further in (Berg et al., 2001). 
Sections from the mid-part of the gonads were selected and photographed 
using a Leica leitz DMRXE microscope and a Hamamatsu ORCA III M 
digital camera operated by the software Openlab 3.09 from Improvision. The 
“cortical fraction” of the testis, i.e. the tunica albuginea and all tissue enclos-
ing the testicular cords as defined in (Berg et al., 1999), was determined 
using the ImageJ 1.36b software (Wayne Rasband, NIH, USA). The cortical 
area was expressed as percent of the total testis area in the section. An aver-
age of two or three replicates was calculated for each individual testicle and 
used in statistical analysis.  

Statistical analysis 
In Paper II the normalized mean expression (NME) values of males and fe-
males at each time point were compared using a Student’s t-test.  

In Paper III the Mann-Whitney test was used to statistically compare the 
values of the control group with those of the MXC-treated group. In the sec-
ond experiment, where MXC was combined with CA50, and CA50 was also 
administered alone, the Kruskal-Wallis test was used. If the test showed 
significant differences among the three groups, the Mann-Whitney test was 
applied to compare the treated groups with the control group. Differences 
were considered significant when p<0.05 for two-tailed tests. Hatchability 
was statistically analyzed using the chi-square test. 

In Paper IV and V the hepatic gene expression, gonadal histology, RMD 
and TAA were analysed with Kruskal-Wallis test followed by Dunn’s multi-
ple comparison test to compare the treatment groups with the corresponding 
control group. The frequencies of MDM and feather, limb and beak malfor-
mation were statistically analyzed using the Fischers’s exact test. 
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Results and Discussion 

Localization of ERs 
The localization studies presented in Papers I and II show presence of ER� 
and ER� mRNA in the preoptic region and associated limbic regions of the 
Japanese quail brain (Figure 6). The study presented in paper II is the first 
study on the distribution of ERs in the avian embryonic brain. Localization 
of ERs in adult Japanese quail has been examined earlier, but our study is the 
first to compare the distribution of both receptor subtypes in males and fe-
males using the same method. 

We found no apparent sex differences between the distributions of the 
two receptor subtypes in neither embryonic nor adult Japanese quail. Both 
receptor types were highly expressed in the POM of adults, an area known to 
control male copulatory behavior in the quail. The expression of ER� was 
intense and outlined the POM, while the ER� expression was found in 
higher levels in the caudal sections (Paper I). Both receptor mRNAs were 
also present in the TnA of adults, a structure which in birds probably is ho-
mologous to the mammalian Tn (Thompson et al., 1998; Absil et al., 2002). 
The TnA is interconnected with for example the hypothalamus and striae 
terminals and is important in the display of emotional behavior. There were 
some differences in localization between the receptor subtypes. A strong 
hybridization signal for ER� was found in an area latero-vental of the POM, 
which has earlier been suggested to correspond to the supraoptic nuclei (SOe 
and SOv) (Balthazart et al., 1989). No ER� expression could be found in this 
area, which is in agreement with previous studies (Foidart et al., 1999).  
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Figure 6. Coronal sections of the quail brain, arranged in a rostral to caudal order, 
schematically illustrating the hybridization signal in the brain areas examined in this 
study. Expression of ER� mRNA is displayed on the left and ER� mRNA on the 
right. The distribution presented in this figure is based on the distribution in five 
female and five male brains. AM: nucleus anterior medialis hypothalami, BSTm: 
bed nucleus of striae terminalis, CA: anterior commisure, FPL: fasciculus prosen-
cephali lateralis, POM: medial preoptic nucleus, SL: nucleus septalis lateralis, TnA: 
nucleus Taeniae of the amygdala, VL: ventriculus lateralis. Image from Paper I. 
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Figure 7.  A schematic illustration of the distribution of ERs in the brain of Japanese 
quail embryos on day 17 of incubation. ER� signal  is shown in the left hemisphere, 
ER� in the right. The levels are shown in a rostral to caudal order. Image from Paper 
II. Abbreviations: AM: nucleus anterior medialis hypothalami, BSTm: bed nucleus 
of striae terminalis, CA: anterior commisure, POM: medial preoptic nucleus, TnA: 
nucleus Taeniae of the amygdala, LV: lateral ventricle. 

Another difference in the expression of the receptors was the relatively low 
expression of ER�, compared to ER�, in the BSTm and lateral septum (SL) 
in adults (Paper I). The BSTm and SL are sexually dimorphic in terms of 
VT-ir cells. It has been speculated that steroid action within the BSTm, via 
afferents, could modulate the activity of neurons within the POM (Panzica et 
al., 2001). Testosterone, following aromatization to estradiol, stimulates the 
expression of VT-ir in neurons and fibers within the BSTm (Viglietti-
Panzica et al., 2001). The high expression in the BSTm of ER� mRNA, 
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compared with ER� mRNA, suggests that this stimulation might be medi-
ated via ER�.  

In Paper II, we found that only ER� is present in the BSTm of brains of 
nine- and 17-day-old embryos. Since the sexual dimorphisms in vasoto-
cinergic innervation has been shown to be organizational (Panzica et al., 
1998; Panzica et al., 2001), and only ER� seems to be present BSTm during 
sex differentiation, this indicates a role for ER� in the differentiation of this 
area. 

 

 
Figure 8. Darkfield photomicrographs of the bed nucleus of striae terminalis 
(BSTm) and a lightfield image (B) of the same area in a 17-day-old quail embryo, 
showing the hybridization signal from ER� (A) and ER� (C) riboprobes. Scale bar: 
250 μm. Image from Paper II. 

In embryonic brains from day nine of incubation, ER� was present only in 
the pituitary. A strong ER� hybridization signal was found in the area sur-
rounding the third ventricle, in the developing preoptic region. In more cau-
dal sections the expression was found more laterally, corresponding to the 
developing BSTm (Figure 9) and along the ventral aspect of the third ventri-
cle, in the tuberal region of the hypothalamus (not shown). These findings 
suggest that ER� is of importance for the differentiation of these areas in 
quail embryos.   
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Figure 9. Scanned image (A) of the BSTm in a 9-day-old quail embryo brain. The 
square shows where the darkfield photomicrograph of ER� signal in the BSTm is 
captured. Abbreviations: BSTm = medial part of the bed nucleus of striae teminalis, 
LV = lateral ventricle, VIII = third ventricle. Scale bar 250 μm. Image from Paper II. 

Both ER� and ER� mRNA were detected by real-time PCR in the brain at 
day 9 and day 12, and in head homogenate from embryos on day six of incu-
bation, the earliest stage examined. There was also a sex difference in ex-
pression on day 9 and 12 of incubation. Females had a higher level of ex-
pression of ER� than males at these time points (Figure 10). 

 

 
Figure 10. The mean normalized expression (MNE) of estrogen receptor (ER)� and 
ER� in the brain of embryos on days 9 and 12 of incubation, and whole head of 
embryos on day 6 of incubation. Data expressed as means with standard deviation.  

Behavioral effects of co-exposure to Methoxychlor and 
Clophen A50 
In the study presented in Paper III, we administered the insecticide MXC 
during the period of sex differentiation of the brain. Four different treatment 
groups that were injected on day three of incubation with MXC (MXC 
group), Clophen A50 (CA50 group), MXC and CA50 (MXC+CA50 group), 
or vehicle (control group). The MXC group and the CA50 group showed no 
significant decrease in sexual behavior compared to controls. The sexual 
behavior of the MXC+CA50 group was, however, almost totally abolished 
(Figure 11), and did not seem to improve markedly over time. The lack of 



 

 43

effects in the CA50 or MXC groups indicate that the severe depression of 
sexual behavior seen in the MXC+CA50 group might be caused by an in-
creased metabolism, induced by CA50, of MXC into hydroxylated estro-
genic metabolites.  

MXC has little or no affinity for ER� in vitro (Bulger et al., 1978; 
Ousterhout et al., 1981; Denny et al., 2005) but has in several studies been 
shown to have estrogenic activity in vivo, which has been presumed to be the 
result of demethylation of MXC into estrogenic metabolites (Gray et al., 
1988; Laws et al., 2000; Thorpe et al., 2001; Millam et al., 2002; Golub et 
al., 2003). The metabolism of MXC has been investigated in liver slices 
from Sprague-Dawley male rat, CD-1 male mouse and male Japanese quail, 
and species differences were observed. The main metabolite formed in rats is 
the bis-demethylated metabolite HPTE, while in mice and Japanese quail the 
mono-demethylated metabolite mono-OH-MXC was predominant (Ohyama 
et al., 2004). HPTE and mono-OH-MXC have been found to be ER� ago-
nists and ER� and AR antagonists in structural activity studies using human 
hepatoma cells (Gaido et al., 2000).  

The technical PCB-mixture Clophen A50 was used as an inducer of bio-
transformation enzymes in the embryos, which may enhance the metabolism 
of MXC into mono-OH-MXC and HPTE (Paper III). The metabolic capacity 
of the avian embryo has been investigated in several studies. Chicken em-
bryos have a relatively high metabolic capacity in terms of cytochrome P450 
(CYP)-catalyzed reactions already during the first half of incubation 
(Brunström, 1986; Heinrich-Hirsch et al., 1990; Kennedy et al., 1996; Brun-
ström and Halldin, 1998). Hamilton and Bloom (1983) showed that between 
embryonic day 7 and 10 days after hatching, aryl hydrocarbon hydroxylase 
(AHH) activity was induced 15- to 30-fold, after exposure to 3,3´,4, 4´-
tetrachlorobiphenyl for 24 hours.  Embryonic AHH activity was also induced 
by 2,3,7,8-tetrachlorodibenzo-p-dioxin, 3-methylcholanthrene, �-
naphthoflavone and sodium phenobarbital. Induction of CYP 1A enzyme 
activity by AhR-agonists in Japanese quail embryo liver has been shown in 
vitro, as well as in vivo (Brunström and Halldin, 1998).  

The test substances were injected into the yolk on day three of incubation, 
which means that the substances were present in the embryo during the sen-
sitive period for hormonal manipulation of sex differentiation identified by 
Adkins (1979). Our results suggest that the depression of sexual behavior 
was caused by the estrogenic metabolites, mono-OH-MXC and possibly 
HPTE, rather than by MXC itself. The lack of effect observed after admini-
stration of CA50 and MXC separately supports this conclusion. There was 
no correlation between the testosterone concentration in plasma and sexual 
behavior in this study, which indicates that the effect on sexual behavior was 
organizational (Paper III), as reported previously (Halldin et al., 1999). Sex-
ual behavior was the most sensitive endpoint compared to other endpoints 
like cloacal gland area and testis asymmetry.  
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Figure 11. Sexual behavior of male Japanese quail exposed in ovo to vehicle (K1 
and K2), (150 �g MXC/gram egg ) (MXC), 10 �g CA50/gram egg (CA50), or a 
combination of 150 �g MXC/gram egg  and 10 �g CA50/gram egg (MXC+CA50). 
The Y-axis shows the number of tests positive for mount attempt (MA) or cloacal 
contact movements (CCM). AP=0.0010. Data presented as means ± SEM. Abbrevia-
tions: K = control, MXC = methoxychlor, CA50 = Clophen A50, MA = mount at-
tempts, CCM = cloacal contact movements.  

Since both mono-OH-MXC and HPTE are ER� agonists, the depression of 
sexual behavior presented in Paper III, is likely to be mediated via ER� dur-
ing sex differentiation. Our findings suggest that ER� is a major mediator of 
hormonal effects on differentiation of sexual behavior also in birds.  

Effects of UV-filters and CA50 on embryonic 
development of Japanese quail 
The effects of various UV-filters on the development of Japanese quail em-
bryos are summarized and presented in Table 6. 

The benzophenones have been found to be estrogenic in vitro, but did not 
have any obvious effects on the reproductive organs of Japanese quail at the 
doses used in our study. The UV-filter/sedative Et-PABA, also known as 
benzocaine, caused 100% mortality at both 100 and 10 �g/g egg. The high 
mortality of bird embryos exposed to this substance warrants further investi-
gation of its embryo toxicity. 

The traditional UV-filter and fragrance ingredient BS caused striking 
bone- and feather malformations. A dose of 100 μg/g egg caused feather 
malformations in 50% of all embryos. These feather malformations resem-
bled those reported after exposure to p,p´-DDT, o,p´-DDT and chlordecone 
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(Bryan et al., 1989). The lymphoid organ bursa Fabricii was also markedly 
reduced in size in some individuals. The bursa Fabricius is important for the 
development of B-cells, and its presence during the early life stages of birds 
is necessary for the production of antibodies in adulthood (Glick and Sato, 
1964). 

At the dose of 200 μg/g egg, all embryos had malformed feathers, most 
individuals were almost completely bare, and all exhibited phocomelia 
(shortened limbs) (Figure 12). Limb malformations similar to these have 
earlier been observed in chicken embryos treated with nitrogen mustard, 
valproic acid and thalidomide (Salzgeber, 1972; Whitsel et al., 2002; 
Knobloch et al., 2008). A proposed mechanism for the effects of thalidomide 
is stimulation of caspase-dependent apoptosis (Knobloch et al., 2008). 

The growth suppression of bursa Fabricii was also more pronounced in 
the group treated with the highest dose of BS (200 μg/ egg). BS has been 
shown to be a potent anti-androgen (Kunz and Fent, 2006). Both androgens 
and anti-androgens have a degenerating effect on the bursa Fabricius in 
chicken (Burke, 1996; Fennell et al., 1996; Leitner et al., 1996). However, 
these effects did not seem to be correlated with the endocrine properties of 
the substances. This was shown by the using synthetic steroids with very 
weak hormonal effects, that still had a strong bursa-inhibitory effect 
(Verheul et al., 1986).  

The benzylidene camphor 3BC induced MDM in males and females, and 
inhibited the regression of the right Müllerian duct in females, thus resulting 
in an increased RMD. When combined with CA50, the effects on MDM 
were even more pronounced, with 100% of the individuals exhibiting either 
MDM in the form of blisters (males and females) or increased RMD (fe-
males) (Figure 13, Figure 16).  
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Figure 12. Photograph of 16-day-old quail embryo exposed to 200 μg/g egg benzyl 
salicylate through yolk-injection. Note the absence of feathers, the reduced length of 
the lower beak, and phocomelia of the limbs.  
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Table 6. Summary of UV-filter screening and interaction-study 
Chemical Dose 

(�g/g 
egg) 

Mortal-
ity (%) 

Length 
(mm) 

Effects observed in surviving embryos       
                                                      (N surviving) 

 
Control 1 
(screening 
study) 

0 21 60.7 (23)  

 
BP1 100 76 60.3 (4)  
BP2 100 11 61.9 (13)  
BP3 100 35 61.9 (13)  
4HB 100 55 60.8 (9)  
4DHB 100 38 64.1 (9)  
BS 100 18 61.4 50% feather malformations**, 29% reduced 

bursa fabricii*                                               (14) 
  

BS 200 55 56.6 100% feather malformations***, and pho-
comelia***, 33% beak malformationsns, 67% 
growth inhibition of bursa Fabricii**             (9) 
  

Et-PABA 100 100 - All embryos died early after injection        
                                                                        (0)  

Et-PABA 10 100 - All embryos died early after injection        
                                                                        (0)  

3BC 100 47 61.1 50% MDM**                                                (19)  
4MBC 100 53 58.6 (9)  

 
 

Control 2 
(interaction 
study) 

0 31 65.5    (18) 

 
3BC 100 37 69 53% MDM***, TAA*, RMD***                 (17)  
4MBC 50 18 68.3 (23)  
CA50 10 43 67.0 28.6 % MDM*                                              (17)  
3BC/CA50 100/10 48 65.9 100% MDM***, TAA*, RMD***               (13)  
4MBC/CA50 50/10 60 64.6 33% MDMns                                                 (10)  

Table 6. Summary of effects of UV-filters on the development of Japanese quail 
embryos. Fischer’s exact test was used to statistically analyze the frequencies of 
MDM, and bursa and feather malformations. Kruskal-Wallis test, followed by 
Dunn’s multiple comparison test was used to compare the TAA and RMD values 
between treatment groups and the corresponding controls. * P<0.05, ** P<0.01, *** 
P<0.001. ns = not significant. Abbreviations: BP = benzophenone, 4HB =  4-
hydroxybenzophenone, 4DBH = 4,4´dihydroxybenzophenone, 3BC = 3-benzylidene 
camphor, 4MBC = 4-methyl benzylidene camphor, BS = benzyl salicylate, Et-
PABA = ethyl-4-aminobenzoate (benzocaine), TAA = testis area asymmetry, MDM 
= Müllerian duct malformations (males + females), RMD = right Müllerian duct 
length in females. 
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Figure 13. Müllerian duct malformations in male and female quail embryos on day 
16 of incubation after yolk injections with 100 μg 3BC/g egg, 50 �g 4MBC/g egg, 
10 μg CA50/g egg, or a combination of one of the two UV-filters with CA50. Ab-
breviations: 3BC = 3-benzylidene camphor, 4MBC = 4-methylbenzylidene camphor, 
CA50 = Clophen A50.  *** P<0.001. 

4MBC did not induce MDM when administered alone; however, MDM oc-
curred in 33% of the treated male embryos (ns) when 4MBC was combined 
with CA50.  

 
 

Figure 14. The testis area asymmetry (TAA), calculated by dividing the area of the 
right testicle with that of the left, and right Müllerian duct length (RMD) in 16-day-
old quail after yolk injections with 100 μg 3BC/g egg, 50 �g 4MBC/g egg, 10 μg 
CA50/g egg, or a combination of one of the two UV-filters with CA50. Columns 
showing median with range. TAA (N = 7-9), RMD (N = 10-16). 
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The testis area asymmetry was increased in males treated with 3BC, and also 
in males exposed to the combination of 3BC and CA50. In females the RMD 
was markedly increased in embryos treated with 3BC alone, and 3BC in 
combination with CA50 (Figure 14).  

The histological examination of the testicles from embryos in all treat-
ment groups revealed presence of oocyte-like germ cells in meiotic pro-
phase. These cells are found in clusters in the tissue surrounding the testicu-
lar medulla. In the analysis all tissue outside the testicular cords in the me-
dulla was defined as cortex, according to Berg et al., (1999).  

The males treated with 3BC, CA50 and the combination of 3BC and 
CA50 had a significantly larger cortex area than the control group. No con-
trol individuals had a cortex-area that exceeded 16 % in this study, and no 
individuals in either treatment group had a cortex-area below 19 %.  

 

 
 

Figure 15. The cortex area, defined as area outside of the medulla, in percent of total 
testicular area in the section, in 16-day-old male Japanese quail embryos after yolk 
injections with 100 μg 3BC/g egg, 50 �g 4MBC/g egg, 10 μg CA50/g egg, or a 
combination of one of the two UV-filters with CA50. Data presented as median with 
range. Control (N = 6), 3BC (N = 8), 4MBC (N = 3), CA50 (N = 5), 3BC+CA50 (N 
= 4), 4MBC+CA50 (N = 4).  
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Figure 16. Photographs taken through a stereo microscope showing the reproductive 
tract of a control female (A), control male (C), 3BC+CA50-treated female (B) and 
3BC+CA50 treated male quail (100 μg 3BC/g egg, 10 �g CA50/g egg) (D) on day 
16 of incubation. LG = left gonad. Arrows showing MDM in the form of fluid filled 
cysts.  
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All treated male embryos displayed a female-like cortex mostly concentrated 
to one side of the testicle. The increase in cortex area, and the presence of 
clusters of oocyte-like cells in meiotic prophase seen in all treatment groups, 
show that ovotestis formation is a sensitive endpoint for xenoestrogen expo-
sure. Perhaps not as sensitive, but with the benefit of being fast and simple, 
the TAA was shown to be a relevant indicator of ovotestis for these treat-
ments. The RMD was also a sensitive indicator of estrogenic influence on 
the Müllerian ducts, which is in concurrence with previous results in our lab 
(Berg et al., 1998; Berg et al., 1999; Berg et al., 2001). 

In conclusion, our results in Paper IV show that the UV-filters 3BC and 
4MBC have estrogenic effects also in birds, and supports earlier findings of 
estrogenic effects in rodents and fish (Schlumpf et al., 2001; Inui et al., 
2003; Schlecht et al., 2004; Schlumpf et al., 2004; Kunz et al., 2006). The 
estrogenic potency of 3BC is deemed to be high compared to for instance 
Bisphenol A (Holbech et al., 2002), and concern has been raised for the pos-
sible bioaccumulation of 3BC and 4MBC in aquatic environments (Poiger et 
al., 2004). We here report that 3BC, and to some extent 4MBC can adversely 
affect the developing gonads of Japanese quail, and also that 3BC and 
4MBC can interact with PCB, causing an even more pronounced effect. 

 

Effects of 3BC and 4MBC in combination with CA50 
on hepatic gene expression and gonadal morphology in 
chicken 

 

Gonadal morphology 
The gross gonadal morphology of chicken embryos treated with 3BC or 
4MBC alone, or in combination with CA50 was examined by investigating 
effects on TAA and MDM in males and RMD in females. The doses used 
are listed in Table 4.  

Exposure to 100 μg/g egg 3BC (3BC-H) and the combination of 0.1 μg/g 
egg CA50 and 100 μg/g egg 3BC (3BC-H+CA50-H) significantly increased 
TAA. The group exposed to the combination of 0.1 μg/g egg CA50 and 30 
μg/g egg 3BC (3BC-L+CA50-H) also differed significantly from the 
controls (Figure 17). This is interesting since exposure to 30 μg 3BC/g egg 
alone (3BC-L) did not cause an increase in TAA. In Japanese quail the effect 
of 3BC on RMD was potentiatied by CA50. We earlier suggested that 
metabolism of the pesticide MXC could be induced by CA50, and thus cause 
an increased production of hydroxylated estrogenic metabolites. It is 
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possible that co-exposure to CA50 up-regulates the metabolism also of the 
UV-filters. The formation of metabolites, with a different ER subtype 
affinity than the ER�-selective parent compounds, has earlier been suggested 
as an explanation for the positive response by both 3BC and 4MBC in the rat 
uterotrophic assay (Schlumpf et al., 2004), which is normally considered an 
ER�-mediated response (Harris et al., 2002). It is also possible that the effect 
seen in the 3BC-L+CA-H group is additative, since the results presented in 
Paper IV show that CA50 can induce ovotestis in Japanese quail embryos.  

It should however be noted that TAA was only slightly increased 
following combined treatment with 3BC and CA50 compared with exposure 
to 3BC alone. Differences in basal metabolism, and/or differences in the 
timing of exposure could perhaps explain the differences between quail and 
chicken. Perhaps the effect of 3BC (or its metabolites formed by basal 
metabolism) is already close to the maximal effect level. 

 

 
 

Figure 17. Testis area asymmetry in chicken embryos treated with one high  (100 
μg/g egg, (H)) dose of either 3BC or 4MBC and one low, (30 μg/g egg, (L)) dose of 
UV-filters, alone, and in combination with a high (0.1 μg/g egg, (H)) and a low 
(0.01 μg/g egg (L)) dose of CA50. Data presented as median with range (N = 8-11). 
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RMD in females proved to be a sensitive marker also in this study, again 
supporting the conclusion by Berg (1999) that the reproductive system in the 
female bird is at least as sensitive to estrogenic modulation as that of the 
male. Embryos treated with the higher (100 �g/g egg) as well as the lower 
(30 �g/g egg) dose of 3BC had significantly increased RMD compared to 
control embryos.  

 

 
Figure 18. Right Müllerian duct length (RMD) in chicken embryos injected with  
100 μg/g egg, (H) or  30 μg/g egg, (L) of either 3BC or 4MBC in the yolk, alone, or 
in combination with 0.1 μg/g egg (H) or 0.01 μg/g egg (L) CA50. Data presented as 
median with range. N = 7-14. * P<0.05, **P<0.01, ***P<0.001. Abbreviations: 3BC 
= 3-benzylidene camphor, 4MBC = 4-methyl benzylidene camphor, CA50 = Clo-
phen A50. H = high, L = low. 

It thus appears as RMD in female chicken is a more sensitive endpoint than 
TAA in males when it comes to the estrogenicity of 4MBC. Whether this is a 
result of kinetics or a true difference in the sensitivity of the testicle and 
Müllerian ducts can not be determined at present. Both the high dose of 
4MBC and the combination of the high dose with CA50 resulted in 
significantly increased RMD (Figure 18).  
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Induction of estrogen responsive genes 
Expression of Zrp1 was significantly elevated in the groups exposed to 3BC 
and E2. Increase in Zrp expression following exposure to xenoestrogenic 
compounds has been reported in Japanese quail (Hanafy et al., 2007), and in 
several fish species (Celius et al., 2000; Arukwe et al., 2002; Lee et al., 
2002; Meucci and Arukwe, 2006; Arukwe and Roe, 2008). Serum 
concentration of ZRP was recently proposed as a suitable biomarker for 
monitoring effects of endocrine disruptors in peregrine falcons (Jimenez et 
al., 2007).  

Vtg was significantly induced after exposure to 17�-estradiol, but no 
effects could be seen in Vtg expression after treatment with the UV-filters. 
No significant difference in expression was seen for ER� or ER�. 

No potentiating effect of CA50 could be observed on the induction of 
estrogen responsive genes. The group exposed to the combination of 3BC 
and the technical PCB mixture CA50 was not significantly induced, although 
this mixture had a strong estrogenic effect on the gonads and Müllerian 
ducts. CA50 comprises various compounds with different hormonal effects 
which makes mechanistic speculations difficult. Also the routes of 
administration in the gene expression study and the gonadal morphology 
differs and could affect the kinetics of the compounds. 

In conclusion, we have shown 3BC can increase the expression of the 
estrogen responsive gene Zrp in the liver of embryonic chicken. Moreover, 
3BC and 4MBC cause malformations in the developing reproductive system 
also of chicken. 
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Summary and overall conclusions  

The localization of ER mRNAs in the brain of Japanese quail as presented in 
this thesis provides a basis for further analysis of xenoestrogenic effects in 
the brain of this useful model species. The possibility of targeting estrogen 
responsive areas in the embryonic brain, for instance by micro-punch tech-
niques, could lead to further understanding of the mechanisms behind the 
adverse effects of xenoestrogens on brain development.  

The finding of only ER� in the BSTm on day 17 of incubation, and very 
low expression of ER� in adults, suggests a role for the ER� receptor during 
differentiation of this area (Paper I and II). The sexual dimorphisms in vaso-
tocinergic innervation in BSTm is organized by estrogens during sexual dif-
ferentiation of the brain (Panzica et al., 1998; Jurkevich et al., 1999; Panzica 
et al., 2001). Estrogenic effects on differentiation can be mediated in other 
ways than via nuclear receptors; however, the presence of only ER� in the 
BSTm during differentiation suggests that this receptor could be responsible 
for the organization of sexual dimorphisms of the vasotocinergic system in 
this area. 

We have shown that the effect of the endocrine disruptor MXC is potenti-
ated in combination with PCB, a group of environmental contaminants pre-
sent in high concentrations in many wild bird species. The combination of 
CA50 and MXC caused an almost complete abolition of male sexual behav-
ior in Japanese quail. Since MXC is metabolized into ER�-selective mono- 
and bis-hydroxylated metabolites, this finding indicates, in agreement with 
the reigning hypothesis, that ER� is a major mediator of estrogenic effects in 
brain areas controlling reproductive behavior. In perspective of our localiza-
tion study on embryos this might suggest that the appearance of ER� some-
where between day 9 and day 17 of incubation may be an important event in 
sex differentiation of the areas controlling sexual behavior. Studies of the 
ontogeny of ER� in these brain areas could therefore provide valuable in-
formation.   

The exposure of Japanese quail and chicken embryos to the supposedly 
ER�-selective UV-filters 3BC and 4MBC resulted in malformations of the 
Müllerian ducts of both males and females, and in ovotestis formation in 
males, which shows that 3BC and 4MBC have estrogenic effects also in 
birds. This could indicate that these effects are mediated by ER� in birds. 
However, studies performed in our lab (Mattsson et al., in preparation), have 
shown that ER�-selective ligands gave rise to similar malformations of the 
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developing reproductive system in quails and chicken as those seen after 
exposure to 3BC or 17�-ethinyl estradiol. Exposure to an ER�-selective 
ligand, however, did not result in any obvious estrogenic modulation of the 
reproductive tract. 

Another possibility is that although the UV-filters are ER�-selective in 
human and mammalian cell lines, their binding affinities for the two ER 
subtypes may be different in birds.  

It has earlier been proposed that the estrogenic effects of these UV-filters 
seen in vivo in mammals and rodents are caused by ER�-agonistic metabo-
lites (Schlumpf et al., 2004). It is possible that CA50 induced the metabolism 
of 3BC and 4MBC into ER�-agonistic metabolites in our studies. This could 
explain the enhancement of the estrogenic effects of 3BC by the co-
administration with CA50 observed in our study in Japanese quail. It is also 
possible that the effect by CA50 is additative, since CA50 is a mixture of 
PCBs with various hormonal activities.  

In Paper III, sexual behavior was found to be the most sensitive endpoint 
examined in the adult males. This raises concern, since behavioral deficits 
are hard to quantify and detect at the population level in wildlife. In view of 
the large amounts of untested, potential endocrine disrupters present in our 
environment, the results presented in this thesis further emphasizes the need 
to study mechanisms behind hormonal modulation of the developing brain 
by EDCs.  

The mechanisms behind the interactions of the chemicals tested in this 
thesis with PCBs and other pollutants remain to be investigated; however, 
recognizing the possibility of interaction between various environmental 
contaminants is of great importance. Many wildlife species, as well as hu-
mans, carry large body-burdens of persistent organic chemicals with the 
potential to interact with other contaminants, either in the organism itself or 
in its offspring. This needs to be considered in risk assessment, and also 
when investigating the endocrine disrupting potential of chemicals. 

 

Jeanette Axelsson 
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Svensk sammanfattning 

Differentiering av hjärnan och reproduktionsorganen 
hos fåglar: Effekter av miljöföroreningar 
Sedan Rachel Carson skrev sin bok “Tyst vår” 1962, har medvetenheten om 
hur kemikalier i vår miljö kan påverka hormonsystem hos både människor 
och djur ökat för varje år. Tyvärr upptäcks hela tiden att allt fler kemikalier 
som redan finns i miljön har hormonstörande egenskaper. Dessa substanser 
har kopplats till minskande spermiekoncentration hos män i västvärlden, och 
ökningen av bröst-, prostata- och testikelcancer.  

För att förhindra att kemikalier tillverkas och släpps ut i stora kvantiteter 
utan att testas för hormonstörande egenskaper finns ett behov av testsystem 
som kan förutspå kemikaliens effekter i miljön. I min avhandling har jag 
undersökt lokalisationen av östrogenreceptorer i hjärnan hos Japanska vakt-
lar, en fågelart som ofta används vid studier av parningsbeteende. Orsaken 
till att man vill veta var i hjärnan östrogenreceptorerna finns är att man då 
vet var hormonstörande ämnen kan binda och därför har lättare att studera 
verkningsmekanismerna bakom de skadliga effekterna.  

Eftersom både människor och djur ofta bär på en mängd olika svårned-
brytbara ämnen, t ex. PCB, som lagras i feta vävnader i våra kroppar, måste 
vi vid testning av nya kemikalier ta hänsyn till att interaktionseffekter med 
dessa svårnedbrytbara kemikalier kan uppstå. Jag har undersökt effekterna 
av insektbekämpningsmedlet metoxyklor, och en rad olika UV-filter, en-
samma och i kombination med teknisk PCB, på fåglars reproduktion.  

Vare sig metoxyklor eller UV-filtren som jag undersökt är speciellt östro-
gena vid undersökningar i cellsystem, men har ändå östrogena effekter i 
levande organismer. Detta tror man beror på att kemikalierna metaboliseras 
till nedbrytningsprodukter som är mer östrogena än modersubstanserna själ-
va. Därför kombinerades kemikalierna i mina studier med en teknisk PCB-
blandning (Clophen A50) som har visats öka metabolismen hos fågelembry-
on. 

När vaktelembryon exponerades för enbart insektsgiftet metoxyklor under 
utvecklingen genom en injektion i gulan, påverkades inte hanens parningsbe-
teende signifikant. Däremot blev parningsbeteendet i stort sett utslaget när 
samma dos av metoxyklor kombinerades med Clophen A50 och administre-
rades på samma sätt. Detta tyder på att metoxyklor och Clophen A50 kan 
interagera och tillsammans skapa en påverkan vid doser där ingen av de en-
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skilda kemikalierna har någon effekt. Parningsbeteendet visade sig vara 
känsligast för exponeringen för metoxyklor och Clophen A50 av de paramet-
rar som mättes. Detta understryker vikten av att utreda hur olika miljöför-
oreningar påverkar differentieringen av hjärnan, eftersom beteendestörningar 
är svåra att detektera och kvantifiera på populationsnivå.  

Också för UV-filtren 3-benzylidenkamfer och 4-metylbenzylidenkamfer 
sågs en interaktionseffekt med Clophen A50. UV-filten visade sig kunna 
orsaka bildning av äggceller i testiklarna (ovotestis) hos både vaktel- och 
kycklinghanar, och orsakade också missbildningar i de blivande äggledarna i 
honor. 3-benzylidenkamfer visade sig vara en relativt potent östrogen hor-
monstörare, och effekten blev återigen mer markant vid kombination med 
Clophen A50. Samma sak sågs för 4-metylbenzylidenkamfer, om än i lägre 
grad. Både 3-benzylidenekamfer och 4-metylbenzylidenkamfer är förbjudna 
i USA, men är fortfarande tillåtna inom EU, och därför också i Sverige.  

UV-filtret och doftämnet bensylsalicylat, som ofta används i hudvårdande 
krämer och schampo, visade sig orsaka skelett- och fjädermissbildningar hos 
fågelembryon. Tillväxten av Bursa Fabricius, som är ett speciellt immunför-
svarsorgan som finns hos fåglar, hämmades också av bensylsalicylat vilket 
tyder på att även immunförsvaret kan påverkas. 

Eftersom UV-filter används i mycket stor utsträckning i kosmetiska pro-
dukter som solskyddskrämer, schampo, badskum och smink finns behov av 
att ytterligare utreda riskerna med dessa kemikalier för både människor och 
miljö. Man har sett att 4-metylbenzylidenkamfer finns i modersmjölk och 
bioackumuleras i fisk. Nyligen presenterades också en studie som visade att 
UV-filter som spridits från badande människor har orsakat koralldöd i Mexi-
ko. Interaktionen med PCB-blandningen tyder på att effekterna av UV-
filtren i en levande organism kan vara större än vad som kan förutspås med 
hjälp av cellstudier. Omvandling till mer aktiva nedbrytningsprodukter, al-
ternativt additiva effekter från komponenterna i PCB-blandningen, orsakade 
en betydligt större östrogen effekt än väntat.  

Traditionellt har man testat bara en kemikalie i taget för hormonstörande 
egenskaper, men en lång rad studier, däribland mina, visar att vi behöver ta 
hänsyn till interaktionseffekter vid testning av potentiellt hormonstörande 
kemikalier. 
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