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16�-LE2 16�-lactone-estradiol (ER�-agonist) 
5�-DHT 5�-dihydrotestosterone 
ApoVLDL II Very low-density apolipoprotein II 
BSTm bed nucleus of the striae terminalis, pars 

medialis 
CA Anterior commissure 
CCM Cloacal contact movements 
DES Diethylstilbestrol 
DPN Diarylproprionitrile (ER�-agonist) 
E2 17�-Estradiol 
EE2 17�-Ethynylestradiol 
ER Estrogen receptor 
ER�KO ER� knock-out mice   
ER�KO ER� knock-out mice 
FA Fractional area 
GSI Gonado-somatic index 
hER Human estrogen receptor 
M Mount 
MA Mount attempt 
MD Müllerian duct 
MPP Methyl piperidino pyrazole (ER� antagonist) 
NG Neck grab 
o,p’-DDT 1-(2-chlorophenyl)-1-(4-chlorophenyl)-2,2,2-

trichloroethane 
P450arom Cytochrome P450 aromatase  

(estrogen synthetase) 
POA Preoptic area 
POM Medial preoptic nucleus 
PPT Propyl pyrazole triol (ER� agonist) 
qER Quail estrogen receptor 
SL Lateral septum 
TnA Nucleus taeniae of the amygdala 
VT Vasotocin 
VTG II Vitellogenin II 
VT-ir VT-immunoreactive/immunoreactivity 
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Introduction 

Background  
Estrogen is involved in a variety of physiological functions, including sexual 
differentiation of the reproductive system and brain. Many natural and 
anthropogenic substances present in the environment can interfere with 
endocrine (hormonal) systems and cause reproductive disturbances (Colborn 
et al., 1993; McKinlay et al., 2008). Concern has been expressed that the 
health of human and wildlife may be at risk from exposure to endocrine 
disrupting chemicals. A number of these compounds act by interfering with 
estrogen signaling, for instance by binding to the estrogen receptors (ERs) 
Exposure during ontogeny is of particular concern because disruption of the 
sexual differentiation may result in permanent alterations in reproductive 
functions and behavior.  

The avian egg provides a convenient model for studies of embryonic 
development and sex differentiation. Studies of the chicken embryo was 
initiated already by Aristotle (384�322) and have since then contributed 
considerably to our understanding of embryonic development (Wolpert, 
2004). From the 1930’s, the avian egg has been extensively used as a model 
system to study the influence of steroid hormones on the sex differentiation 
(Willier et al., 1935; Wolff, 1979). The Japanese quail (Coturnix japonica) is 
well characterized regarding estrogen-driven gonadal and neuroendocrine 
sex differentiation (Scheib, 1983; Balthazart et al., 1996). The quail egg is 
used in our laboratory and by others as a test system for investigating 
potential estrogenic substances, as reviewed by (Halldin, 2005; Shimada et 
al., 2005; Ottinger et al., 2008).  

In birds and mammals, there are two different subtypes of nuclear 
estrogen receptors which mediate physiological effects of estrogen and thus 
they also potentially can mediate endocrine disruption by xenoestrogens. 
These receptors are named ER� and ER�. Several xenoestrogens, including 
phytoestrogens such as genistein and coumestrol, and industrial chemicals 
such as nonlylphenol and bisphenol A, have been shown to interact 
differentially with ER� and ER� (Jacob et al., 2001; Hanafy et al., 2004; 
Hanafy et al., 2005; Escande et al., 2006). However, the individual roles of 
ER� and ER� in normal and disrupted sex differentiation in birds have not 
previously been studied.  
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The major aim of the work described in this thesis was to elucidate the 
roles of the ERs in normal sex differentiation and in xenoestrogen-induced 
disruption of sex differentiation in the Japanese quail.  Special emphasis has 
been on ER�. 

The model species  
The Japanese quail is a domesticated gallinaceous bird, which has been 
extensively used for studying sex steroid dependent differentiation and 
neuroendocrine control of reproductive behaviors (Balthazart et al., 1996). 
The Japanese quail has several advantages when studying early development 
and the influence of xenoestrogens. The quail is precocial, and consequently 
most of the sex differentiation occurs before hatching and can be 
manipulated by in ovo exposure at various stages of ontogeny. Further, the 
chicks are well developed at hatching and do not need maternal care. The 
egg provides a test system that is easily standardized; the environment is 
enclosed and controlled doses of chemicals can be injected into the egg 
independently of maternal metabolism, placental barrier and maternal 
toxicity. Exposure via the egg-yolk is an ecotoxicologically relevant route of 
exposure for lipophilic persistent environmental pollutants. These chemicals 
can be excreted into the egg-yolk following maternal exposure and thereby 
impair development of the offspring (Ottinger et al., 2005; Shibuya et al., 
2005). The Japanese quail matures rapidly and a short generation time. 
Hatching occurs after 17�19 days of incubation and the birds become 
sexually mature when they are 7�8 weeks old. The quail can be maintained 
in reproductive phase throughout the year by using a light regime simulating 
long days. These qualities, combined with a sex differentiation that is highly 
estrogen-dependent make the Japanese quail an attractive in vivo test system 
for testing chemicals suspected to have estrogenic endocrine disrupting 
potential.  

Sex differentiation of the reproductive tract 
Gonads and Müllerian ducts 
Birds have genetic sex determination (Smith and Sinclair, 2004). Contrary to 
mammals, where the male is the heterogametic sex (XY) and the female is 
the homogametic sex (XX), birds have a ZZ:ZW sex-chromosome system 
and the female is the heterogametic sex (ZW). No avian homolog to the 
mammalian testis-determining gene (SRY) has yet been found, and the basic 
mechanisms for sex-determination in birds remain largely unknown.  
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Early in development, the embryo has pairs of undifferentiated gonads, 
Wolffian ducts, and Müllerian ducts (MDs). The gonads and accessory ducts 
differentiate in a sex-dependent manner (Romanoff, 1960). In males, the 
gonads develop bilaterally into testes and the Wolffian ducts form the vasa 
deferentia. The development of the female reproductive tract is unilateral in 
most bird species. Only the left gonad and MD develop into a functional 
ovary and oviduct, respectively, whereas the right gonad and MD regress. 
Both Wolffian ducts degenerate in the female.  

The indifferent gonad is composed of an inner medulla surrounded by a 
thin cortex (Romanoff, 1960). The medulla and the cortex are potential 
testicular and ovarian tissues, respectively. The medulla contains the primary 
sex cords with germ cells, and in males these cords will subsequently form 
seminiferous tubules. In the left ovary in females, the cortex continues to 
proliferate and gives rise to secondary sex cords containing the germ cells.  
In quail, sex differences in gonadal histology have been observed from 
embryonic day 5.5 (Scheib et al., 1985).  

Cloacal gland 
Qual have a cloacal gland (proctodeal gland) that is situated dorsally to the 
cloaca. It produces a meringue-like foam which is transferred to the female 
during copulation and is believed to facilitate fertilization (Cheng et al., 
1989). When the male enters the reproductive phase, the plasma testosterone 
concentration rises and stimulates growth of the cloacal gland (Sachs, 1967; 
Ottinger and Brinkley, 1979). Cloacal gland growth can also be induced in 
females by testosterone treatment, but not to the same degree as in males 
(Adkins and Adler, 1972; Balthazart et al., 1983). This sex difference in 
testosterone-responsiveness is believed to be organized by sex steroids 
during the embryonic development (Balthazart et al., 1992). 

Role of endogenous estrogen 
Sexual differentiation in birds is largely dependent on the hormonal milieu in 
the embryo. Female bird embryos have higher plasma levels of the 
endogenous estrogen 17�-estradiol (E2) than male embryos (Woods and 
Brazzill, 1981; Schumacher et al., 1988). Experimental inhibition of the 
formation or action of estrogen in the female embryo results in more or less 
complete phenotypic sex-reversal, including formation of testis-like ovaries, 
development of male secondary sex characteristics, lack of oviductal 
development and male-like growth of the cloacal gland in response to 
testosterone (Scheib, 1983; Balthazart et al., 1992; Elbrecht and Smith, 
1992; Abinawanto et al., 1996; Abinawanto et al., 1997; Akazome and Mori, 
1999; Burke and Henry, 1999; Vaillant et al., 2001; Vaillant et al., 2003). 
Conversely, it has been known for a long time that experimental exposure to 
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E2 feminizes the reproductive tract in the male bird embryo (Willier et al., 
1935; Wolff, 1979; Scheib, 1983; Shibuya et al., 2005; Razia et al., 2006). In 
estrogen-treated male embryos, the left gonad forms both ovarian-like cortex 
and a more or less testis-like medulla (ovotestis). Treatment with E2 in ovo 
also inhibits regression of the MDs in males. In addition, it has been shown 
that if the treatment continues after hatching, the MDs will complete their 
development into oviducts (Rahil and Narbaitz, 1972). These experiments 
show that the sex differentiation of the reproductive tract largely depends on 
the level of gonadal estrogens during ontogeny; the female phenotype 
develops under the influence of estrogen whereas the male phenotype 
develops in the (relative) absence of estrogen. This is opposit to the classical 
view of sex differentiation in mammals, where the male differentiation 
occurs under the influence of testosterone and the female differentiation 
occurs in absence of sex steroids.  

Effects of xenoestrogens 
Because the sex differentiation in birds is largely directed by endogenous 
estrogen, the embryo is sensitive to external modulation of the hormonal 
milieu. A number of xenoestrogens have been shown to interfere with 
estrogen-signaling and disrupt differentiation of the reproductive tract in 
various avian species, such as gull, chicken and quail, when injected into the 
egg early in development. Xenoestrogens include estrogenic pharmaceuticals 
such as diethylstilbestrol (DES) and 17�-ethynylestradiol (EE2), insecticides 
such as 1-(2-chlorophenyl)-1-(4-chlorophenyl)-2,2,2-trichloroethane (o,p’-
DDT), industrial chemicals such as bisphenol A and nonylphenol and 
chemical UV-filters such as 3-benzylidene camphor and 4-
methylbenzylidene camphor (Fry and Toone, 1981; Berg et al., 1999; Berg 
et al., 2001; Halldin et al., 2003; Nishijima et al., 2003; Shibuya et al., 2005; 
Holm et al., 2006; Axelsson, 2008). As described in the previous section, E2 
can feminize the reproductive tract of the male embryo. This effect is seen 
also following exposure xenoestrogens. An ovotestis formed in a male 
embryo may not persist in adulthood (Hart et al., 2003), but the testes may 
show functional impairments such as reduced semen production (Blomqvist 
et al., 2006). Another effect that is not manifested until the bird reaches 
sexual maturity is reduced growth of the cloacal gland (Adkins, 1979; 
Halldin et al., 1999; Halldin et al., 2003). Moreover, excess exposure to the 
natural estrogen E2 as well as exposure to xenoestrogens impairs the 
development of the female reproductive tract. Effects include retention of the 
right MD/oviduct (which usually regresses) and development of a 
malformed and dysfunctional left oviduct (Greenwood and Blyth, 1938; 
Nemirovsky and Narbaitz, 1970; Rissman et al., 1984; Halldin et al., 2003; 
Berg et al., 2004; Holm et al., 2006). Functional impairments include 
reduced egg-laying, eggshell thinning and ovulated yolks remaining in the 
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body cavity instead of being engulfed by the infundibulum of the oviduct 
(Rissman et al., 1984; Halldin et al., 2003; Berg et al., 2004; Holm et al., 
2006). 

Impaired differentiation of the reproductive tract has been observed in 
avian wildlife and has been suggested to be caused by estrogenic endocrine 
disrupting chemicals. Retention of the right oviduct in adult female gulls 
(Fry et al., 1987) and ovotestis in embryonic male terns (Hart et al., 1998) 
have been observed in colonies breeding in polluted areas. However, a clear 
causal link between pollutants and the developmental abnormalities has not 
been established. See Giesy et al., 2003 for a comprehensive review of 
effects of endocrine-disrupting chemicals in birds in the wild. 

Male sexual behavior 
Description 
The Japanese quail is one of the most used avian species for studies of the 
neuroendocrinology of male reproductive behaviors (Balthazart et al., 1996). 
The male sexual behaviors can be divided into two phases, the initial 
behaviors aiming to attract a female and the subsequent copulatory sequence. 
The former is referred to as appetitive sexual behaviors and the later 
consummatory behavior. Appetitive components of male sexual behavior in 
quail include strutting, the social proximity response (staying at a window 
providing a view of a female that the male has previously copulated with) 
and the male vocalization, crowing. In this thesis, effects of estrogen 
exposure on the copulatory sequence were studied. 

The copulatory sequence in quail is well defined and is easily recorded 
and scored under laboratory conditions. When placed in a test-arena with a 
receptive female, a sexually mature male will normally interact with the 
female within seconds. The male grabs the feathers on the back of the 
female’s neck (neck grab; NG) and tries to mount her (mount attempt; MA). 
A successful mount (M) is when the male has put both his legs on the 
female’s back. The final behavior in the sequence is the cloacal contact 
movements (CCM), i.e. when the male tries to reach the female’s cloaca 
with his own. During CCM the semen may be transferred to the female.  
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Roles of sex steroids 
Sex steroids have both organizational and activational effects on brain 
function and on the capacity of the individual to display sex-specific 
behaviors in the presence of an appropriate stimulus, i.e. a receptive female 
in the case of male sexual behaviors. Sex steroids act during early 
development to permanently organize tissues in a sex-specific manner and 
later in life they activate the previously differentiated tissue/function. For 
example, sex steroids organize neural circuits in the embryo that are required 
for the performance of sexual behaviors in adulthood. At sexual maturity, 
hormones are required to activate the behavior. Feminization refers to 
organizational events during ontogeny that allow the individual to display 
feminine characteristics in adulthood, e.g. female sexual receptivity. 
Demasculinization refers to organizational events during ontogeny that 
prevent the individual from displaying masculine characteristics in 
adulthood, e.g. male copulatory behavior. Because the male is considered to 
be “the hormonal sex” in mammals, the terms masculinization and 
defeminization are used to describe the organizational events during 
mammalian male development.  

Activation 
The performance of male copulatory behavior requires sufficient 
concentrations of plasma testosterone. The behavior is eliminated within 8 
days after bilateral castration and is restored to normal levels within 8 days 
after implantation of testosterone pellets in male quail (Beach and Inman, 
1965) (Balthazart et al., 1983). Male quails can be functionally castrated by 
exposure to short photoperiods (8-h-light and 16-h-dark cycles), but also 
under these conditions the copulatory behavior is restored by testosterone 
treatment (Adkins and Adler, 1972). A vast amount of experiments have 
demonstrated that activation of male appetitive and consummatory sexual 
behavior by testosterone requires the aromatization of testosterone into E2 in 
the brain (Watson and Adkins-Regan, 1989) (Adkins et al., 1980; Balthazart 
et al., 1990; Balthazart et al., 2004). The enzyme cytochrome P450 
aromatase (P450arom), which catalyses the aromatization, is found in many 
brain areas known to be involved in the regulation of sexual behaviors 
(Balthazart et al., 1990; Foidart et al., 1994). The non-aromatizable 
testosterone metabolite 5�-dihydrotestosterone (5�-DHT) is alone 
inefficient in activating male copulatory behavior in castrated males but 
synergizes with E2 to enhance the behavior (Viglietti-Panzica et al., 2001). 
Appetitive and consummatory sexual behaviors in quail have been shown to 
be regulated by both slow (days) genomic and rapid (minutes) non-genomic 
actions of E2 (Balthazart et al., 2006). 



 15

Organization 
Male copulatory behavior is strictly sex-specific in quail. This is in contrast 
to the situation in rodents, where females treated with testosterone show 
some degree of male sexual behavior. The male copulatory sequence is 
never displayed by female quail even after treatment with testosterone at 
doses that fully restore the behavior in castrated males (Balthazart et al., 
1983). Thus, the behavioral dimorphism is not just a consequence of sex 
differences in circulating testosterone in adulthood. Embryonic estrogen is 
considered to permanently demasculinize the female brain and thereby 
abolish the capacity of the adult female to perform male sexual behaviors. 
This organizational effect of estrogen has been confirmed experimentally by 
inhibiting the formation of estrogen in the female embryo (Balthazart et al., 
1992). After treatment with testosterone in adulthood, these females showed 
copulatory behavior that was indistinguishable from the behavior of intact 
males. From these experiments it can be concluded that the sexual 
dimorphism of copulatory behavior is a result both of organizational effects 
of estrogens during early development and of activational effects of 
testosterone and its estrogenic metabolites in adulthood (Balthazart and Ball, 
1995; Ball and Balthazart, 2004). 

Similarly, the behavior of males can be permanently demasculinized by in 
ovo exposure to estrogenic substances, such as E2-benzoate (Adkins, 1979) 
(Panzica et al., 1998), EE2, DES (Halldin et al., 1999), o,p’-DDT (Halldin et 
al., 2003),  methoxychlor (Halldin et al., 2005) and genistein (Viglietti-
Panzica et al., 2007). Xenoestrogen-exposed males fail to display male 
copulatory behavior in adulthood, even in the presence of appropriate levels 
of testosterone. For recent reviews see (Panzica et al., 2007) and (Ottinger et 
al., 2008). Estrogen treatment is only effective if injection occurs before 
embryonic day 12 (Adkins, 1979; Schumacher et al., 1989). 

Brain nuclei implicated in sexual behavior 

POM 
In quail, a sexually dimorphic nucleus is found in the preoptic area (POA). 
This nucleus was first described by Viglietti-Panzica et al. (1986) and was 
termed the medial preoptic nucleus (POM). A vast amount of studies have 
shown that POM is a key site of the neural circuits controlling the expression 
of male sexual behaviors. POM is larger in males than in females (Viglietti-
Panzica et al., 1986). This sex difference depends on the levels of circulating 
testosterone and is, contrary to the copulatory behavior, not organized by 
estrogen during ontogeny (Panzica et al., 1987). However, a population of 
neurons in the dorsolateral part of POM is larger in males than in females 
and this sex difference appears to be organized by estrogen during 



 16 

embryonic development (Aste et al., 1991). The POM is specifically outlined 
by dense clusters of  cells which express aromatase (Balthazart et al., 1990) 
and show high levels of aromatase activity (Schumacher and Balthazart, 
1987). As mentioned above, E2 produced by aromatization of testosterone in 
the brain is necessary for activation of male copulatory behavior. Implant 
experiments have shown that the action of E2 in POM is necessary and 
sufficient for activating the full sequence of male copulatory behavior in 
castrated male quail (Watson and Adkins-Regan, 1989; Balthazart et al., 
1990; Balthazart and Surlemont, 1990). Furthermore, testosterone positively 
regulates the expression of P450arom in POM and associated brain regions 
(Foidart et al., 1994). Copulation increases expression of the immediate early 
gene c-fos throughout the rostro-caudal extent of POM in males, (Taziaux et 
al., 2006) and it has been shown that bilateral lesions of POM block 
copulatory behavior (Balthazart and Surlemont, 1990). Taken together, these 
experiments show that steroid action in POM is necessary for activation of 
male copulatory behavior. In vivo tract-tracing has revealed that POM is 
interconnected with the telencephalic nuclei the lateral septum (SL), nucleus 
taeniae of the amygdala (TnA) and the bed nucleus of the striae terminalis, 
pars medialis (BSTm) (Ball and Balthazart, 2004).  

BSTm 
BSTm is innervated by P450arom-expressing neurons (Foidart et al., 1994) 
and shows expression of ER� and ER� mRNA (Foidart et al., 1999; Halldin 
et al., 2006). Testosterone implants in BSTm are not sufficient to restore 
sexual behaviors of castrated males (Riters et al., 1998). However, sexual 
experience affects the expression of immediate-early genes in BSTm 
(Taziaux et al., 2006; Can et al., 2007) and bilateral lesions in BSTm 
markedly suppress copulatory behavior (Balthazart et al., 1998). This 
suggests that BSTm plays a role in the activation of the behavior.  

TnA 
TnA is believed to be the avian homolog of the mammalian medial 
amygdala which is implicated in appetitive sexual responses in mammals 
(Everitt, 1990). Expression of both ER� and ER� (Balthazart et al., 1989; 
Foidart et al., 1999; Halldin et al., 2006) as well as P450arom 
immunoreactivity and P450arom enzyme activity have been found in TnA in 
quail (Schumacher and Balthazart, 1987; Foidart et al., 1994). Lesions in the 
posterior part of this nucleus have been found to suppress several 
components, including copulation, of the male’s sexual response toward a 
female (Thompson et al., 1998). By contrast,  lesions in the anterior TnA 
increased the expression of copulatory behavior (Absil et al., 2002). 
Experience of appetitive and consummatory sexual behaviors modulates the 
expression of immediate early genes in TnA (Taziaux et al., 2006; Can et al., 
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2007). These data show that TnA has a role in modulating sexual behaviors 
also in quail and that there are specializations in the sub-regions of the TnA.  

SL 
Like POM, BSTm and TnA,  the SL shows expression of P450arom (Foidart 
et al., 1994) and the estrogen receptors ER� and ER� in the adult quail 
(Balthazart et al., 1989; Foidart et al., 1999; Halldin et al., 2006). In rats, SL 
influences both male and female sexual behavior (Kondo et al., 1990). There 
is to my knowledge no direct evidence that SL influences sexual behaviors 
in quail. However, the expression of immediate early genes in SL has been 
shown to be increased following copulation (Taziaux et al., 2006) and 
furthermore, the oxidative metabolism in SL is affected by lesions in POM 
(Balthazart et al., 2001). This suggest that SL is functionally associated with 
POM (Ball and Balthazart, 2004).  

The parvocellular vasotocin system 
As described above, the hormonal control of sexual behavior is well 
characterized in quail whereas the neural traits underlying the sexual 
dimorphism of the behavior are not identified. Such a trait should similarly 
to the behavior be organized by estrogens during ontogeny and be regulated 
by testosterone (through its estrogenic metabolites) at sexual maturity.  

In 1992, a sexually dimorphic expression of the neuropeptide vasotocin 
(VT) in parvocellular (small) neurons was discovered in SL (Viglietti-
Panzica et al., 1992) and was later found also in POM (Viglietti-Panzica et 
al., 1994) and BSTm (Aste et al., 1998). Like the male copulatory behavior, 
VT-immunoreactive (VT-ir) structures (cells and fibers) were found only in 
males and the expression was regulated by estrogens locally produced from 
testosterone. Furthermore, experiments demonstrated that the sexual 
dimorphism of the VT-ir system was organized by estrogens during 
ontogeny and the VT-ir phenotype appeared to perfectly parallel the 
behavioral phenotype (Panzica et al., 1998). However, it was later 
recognized that expression of VT was not required for the performance of 
copulation and could thus not be an underlying cause of the sexual 
dimorphism of the behavior. Contrary, it was demonstrated by 
intracerebroventricular injection of VT that this neuropeptide is able to 
inhibit both appetitive and consummatory male sexual behaviors by a direct 
action in the brain (Castagna et al., 1998). The non-aromatizable androgen 
5�-DHT synergizes with E2 to restore the copulatory behavior in castrated 
males, but there was no such synergism in the induction of the VT-ir in the 
parvocellular VT-system (Viglietti-Panzica et al., 2001), which confirmed 
that the behavioral phenotype and the VT-ir phenotype are not necessarily 
correlated.   
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It has been proposed that VT is involved in the negative control of 
reproductive behavior on a short-term basis, for instance in the presence of a 
predator (Panzica et al., 2001). Such a control mechanism would be required 
only in individuals that express the behavior, i.e. intact adult males during 
the reproductive season, and thus it makes sense that the VT-ir system is 
developed in parallel with the ability to express the behavior.  

The VT-ir system has been suggested as a marker of the sexual 
differentiation of brain circuits controlling male copulatory behavior 
(Panzica et al., 2001; Panzica et al., 2002). In ovo exposure of males to 
xenoestrogens, such as E2-benzoate, DES and genistein, markedly reduces or 
completely abolishes the VT-ir in POM, BSTm and SL (Panzica et al., 1998; 
Viglietti-Panzica et al., 2005; Viglietti-Panzica et al., 2007).  

VTG II and apoVLDL II as markers for xenoestrogen 
exposure 
Vitellogenin II (VTG II) and very low-density apolipoprotein II (apoVLDL 
II) are egg yolk proteins used by the growing embryo as an energy source. 
These proteins are produced in the liver in response to estrogen and are then 
transported in the blood to the growing oocyte (Nimpf and Schneider, 1991). 
VTG II and apoVLDL II are normally produced in egg-laying females but 
can be induced by xenoestrogens in juveniles and in adult males. In birds 
and other oviparous species, induction of egg-yolk proteins is widely used as 
an indicator of xenoestrogen-exposure  (Wiskocil et al., 1980; Sumpter and 
Jobling, 1995; Ichikawa et al., 2003; Marin and Matozzo, 2004; Shibuya et 
al., 2005; Hanafy et al., 2006). VTG II and apoVLDL II can be used as 
biomarkers in wildlife as well as indicators of estrogenic activity of 
chemicals in test systems in the laboratory. 

E2 regulates the levels of apoVLDL II and VTG II mRNA by inducing 
their transcription (Wiskocil et al., 1980)  and by mRNA stabilization (Brock 
and Shapiro, 1983; Cochrane and Deeley, 1988). EE2 and other 
xenoestrogens have been shown to induce hepatic expression of apoVLDL II 
and VTG II mRNA in male Japanese quail embryos (Ichikawa et al., 2003).  
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Estrogen receptors 
An estrogen receptor was first cloned and sequenced in human in 1986 
(Green et al., 1986). This was believed to be the estrogen receptor. Ten years 
later a second form was cloned from a rat prostate cDNA library (Kuiper et 
al., 1996). The two subtypes are encoded by different genes on separate 
chromosomes. The novel receptor was named ER� and the previously 
known receptor was thus renamed ER�. Since then, ER� has been cloned in 
several other species, including quail (Foidart et al., 1999) and it has been 
shown both ER� and ER� exists as several isoforms (Foidart et al., 1999; 
Griffin et al., 1999; Weiser et al., 2008).  

ER� and ER� belong to the family of estrogen receptors and the large 
superfamily of evolutionary ancient nuclear receptors (Whitfield et al., 
1999). Most nuclear receptors are ligand-activated transcription factors that 
regulate gene transcription. According to the classical model, the activated 
ERs form dimers and regulate gene transcription by binding to estrogen 
response elements (ERE) in the promoters of target genes and interact with 
basal transcription factors and coregulators (activators and repressors). ER� 
and ER� bind as homo- and heterodimers to the ERE (Cowley et al., 1997; 
Pettersson et al., 1997). The ERE sequence, and thus the affinity for the 
receptor dimer, vary for different target genes (Klinge, 2001). The ERs can 
also regulate gene transcription by indirect DNA binding via protein-protein 
interactions at sites other than ERE, e.g. the AP-1 and Sp-1 sites, and by 
ligand-independent pathways (Heldring et al., 2007). In addition, estrogen 
signaling may involve rapid non-genomic pathways via membrane estrogen 
receptors (Zhang and Trudeau, 2006). For instance, E2 activates sexual 
behaviors in quail via both slow genomic and fast non-genomic pathways 
(Balthazart et al., 2006).  

The activation of ER� and ER� may result in similar, specific or even 
opposing biological effects (Lindberg et al., 2003; Arias-Loza et al., 2007) 
(Harris, 2007; Weiser et al., 2008). The response depends on the nature of 
the bound ligand, the ligand-induced conformational changes in the receptor 
and on the repertoire of available coactivators and corepressors in the tissue 
(Weihua et al., 2003; Smith and O'Malley, 2004; Cheskis et al., 2007).  

The individual roles of ER� and ER� in sex differentiation have not been 
investigated in birds. Most studies in mammals have been performed using 
ER� and ER� knock-out mice (ER�KO and ER�KO, respectively). These 
have shown that both ER� and ER� are required for normal ovarian function 
in mice (Krege et al., 1998; Couse et al., 1999; Schomberg et al., 1999). 
Both male (Ogawa et al., 1997; Wersinger et al., 1997) and female (Ogawa 
et al., 1998) ER�KO mice show impaired sexual behavior. In the females 
this is at least partly an activational effect; ER� is required for induction of 
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the progesterone receptor which in turn is required for the lordosis response. 
ER�KO male and female mice show normal masculine and feminine sexual 
behaviors, respectively (Ogawa et al., 1999; Kudwa and Rissman, 2003; 
Kudwa et al., 2005), suggesting that ER� is not crucial for the display of 
these behaviors. However, neonatal treatment of female mice with a 
selective ER� agonist or E2 defeminizes the lordosis behavior, whereas 
treatment with a selective ER� agonist does not induce this effect (Kudwa et 
al., 2006). ER�KO male mice display increased levels of the female 
receptive mating posture, lordosis (incomplete defeminization), after 
appropriate hormonal priming, but show normal male sexual behaviors 
(Kudwa et al., 2005). Based on these results, it has been suggested that ER� 
is responsible for masculinization, while ER� is involved in defeminization 
of sexual behaviours in mice (Kudwa et al., 2006). 

Subtype-selective estrogen receptor ligands 
Insight into the ligand-activated functions of ER� and ER� can be provided 
using subtype-selective agonists and antagonists. A number of highly 
selective compounds have been developed for this purpose, including the 
selective ER� agonists propyl pyrazole triol (PPT) (Stauffer et al., 2000), 
and 16�-lactone-estradiol (16�-LE2) (Hillisch et al., 2004), the selective 
ER� antagonist methyl piperidino pyrazole (MPP) (Sun et al., 2002) and the 
selective ER� agonists 8�-vinyl-estradiol (8�-VE2) (Hillisch et al., 2004) 
and diarylproprionitrile (DPN) (Meyers et al., 2001). These ligands have 
been evaluated extensively in vivo, mostly in rodent models. PPT and DPN 
are nonsteroidal compounds whereas 16�-LE2 and 8�-VE2 are close 
derivatives of E2. The ER-subtype specificity depends on specific 
interactions with the ligand-binding pocket which differs slightly between 
ER� and ER�. 

Interactions with the ligand-binding pocket of the ERs 
Analyses of the ligand-binding pocket of the human ERs have revealed that 
out of 22 amino acids that are in contact with the bound ligand, only two 
differ between human ER� and ER� (hER� and hER�): hER� Leu384 
corresponds to hER� Met336 and hER� Met421 corresponds to hER� Ile373  
(Pike et al., 1999; Stauffer et al., 2000).  

16�-LE2 was designed to discriminate between hER� and hER� by an 
unfavorable interaction between the lactone ring of the ligand and hER� 
Ile373 (Hillisch et al., 2004). Alignment of the human and the quail ER (qER) 
amino acid sequences shows that the amino acids corresponding to hER� 
Met421 and hER� Ile373 are conserved between the two species, indicating that 
16�-LE2 is ER�-selective also in quail.  
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However, qER� has a leucine (Leu) in the position corresponding to 
hER� Met336, and consequently qER� has the same amino acid as qER� and 
hER� in this position (Fig. 1). The hER� selectivity of 8�-VE2 depends on 
an unfavorable interaction with Leu384 in hER�, and therefore 8�-VE2 is not 
active on ER� in species which, similarly to quail, has a Leu in this position 
in ER� (Hillisch et al., 2004; Toschi et al., 2006). The hER� Leu384/hER� 
Met336 confers selectivity also of DPN on hER� (Sun et al., 2003).  

Studies of different chimeric constructs of the hER�/hER� LBDs as well 
as site-directed mutations in hER� have demonstrated that the subtype 
selectivity of PPT on hER� is attributed to sequences both inside and more 
distal to the ligand-binding pocket and is independent of the amino acid at 
the position corresponding to  hER� Met336 (Nettles et al., 2004). The ER�-
selectivity of PPT in quail should therefore not be affected by this position 
being occupied by a Leu in qER�. The molecular interactions that make 
MPP ER�-selective are not known. 

In conclusion, PPT and 16�-LE2 are likely to be ER�-selective in the 
Japanese quail, whereas DPN and 8�-VE2 are expected to have poor affinity 
to qER� and are consequently not useful for investigating biological effects 
of ER� activation in quail. The amino acids in the ligand-binding pocket are 
conserved between human and chicken ER�, and the chicken may therefore 
serve as a good model species for investigating ER�-mediated estrogenic 
responses in birds.  

hERβ  263 LSPEQLVLTL LEAEPPHVLI SRPSAPFTEA SMMMSLTKLA 202 
qERβ  216 VSPEQFVLTL LEAEPPNVLV SRPSKPFTEA SMMMSLTKLA 255 
 
hERβ  303 DKELVHMISW AKKIPGFVEL SLFDQVRLLE SCWMEVLMMG 342 
qERβ  256 DKELVHMIGW AKKIPGFIDL SLYDQVRLLE SCWLEVLMIG 295 
 
hERβ  343 LMWRSIDHPG KLIFAPDLVL DRDEGKCVEG ILEIFDMLLA 382 
qERβ  296 LMWRSIDHPG KLIFAPDLVL DRDEGKCVEG ILEIFDMLLA 335 
 
hERβ  383 TTSRFRELKL QHKEYLCVKA MILLNSSMYP LVTATQDADS 422 
qERβ  336 MTSRFRELKL QHKEYLCVKA MILLNSSMFP L——SAEEPES 475 
 
hERβ  423 SRKLAHLLNA VTDALVWVIA KSGISSQQQS MRLANLLMLL 462 
qERβ  376 NRKLHHLLNV VTDALVWVIA KSGIPSQQQT TRLANLLMLL 415 
 
hERβ  463 SHVRHASNKG MEHLLNMKCK NVVPVYDLLL EMLNAHVL 500 
qERβ  416 SHVRHASNKG MEHLLSMKCK NVVPVYDLLL EMLNAHTL 453 

#

*

 
Figure 1. Sequence alignment of the human ER� (hER�) and the quail ER� (qER�) 
ligand-binding domains. The 22 amino acids that are in direct contact with E2 are 
highlighted in grey. Two of these differ between hER� and hER� (* and #) whereas 
only one differs between qER� and qER� (#). In the position marked with an 
asterisk (*), hER� has a methionine (M) whereas the qER�, qER� and hER� have a 
leucine (L). At the position indicated with a hash mark (#), both qER� and hER� 
have an M.  
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In vitro properties 
PPT has an affinity to hER� which is 50% that of E2 and has about 400-fold 
higher affinity for hER� than for hER� (Stauffer et al., 2000). In human 
endometrial cancer (HEC-1) cells, PPT regulates gene transcription through 
hER� from various estrogen-responsive promoter elements, but has no 
activity through hER� (Stauffer et al., 2000; Harrington et al., 2003). Thus, 
PPT shows ER�-specific activity in these cells. 

MPP displays a 220-fold higher affinity for hER� than for hER� and 
fully antagonizes E2-stimulated gene transcription mediated by hER� when 
given in 1000-fold excess (Sun et al., 2002; Harrington et al., 2003). 

The potency of 16�-LE2 in inducing transcription through hER� is 19 to 
30% that of E2. 16�-LE2 shows a 250-fold selectivity for hER� over hER� in 
terms of transcriptional transactivation (Hillisch et al., 2004; Escande et al., 
2006) 

EE2 has higher affinity to qER� (117% that of E2) than to qER� (37% 
that of E2) (Hanafy et al., 2004; Hanafy et al., 2005). EE2 also induces gene 
transcription in vitro with greater potency through hER� than through hER� 
(Escande et al., 2006). See Table 1. 

Table 1. Relative affinity to and transcriptional activity through hER� and hER�  

Substance 
Affinity for 
hER�  
(% of E2) 

Affinity for 
hER�  
(% of E2) 

Trx through 
hER�  
(% of E2) 

Trx through 
hER�  
(% of E2) 

Trx hER� / 
Trx hER� 

E2
 100 100 100 100  

EE2
A 233 38 213 27 8 

16�-LE2
B 57 0.82 30 0.12 250 

PPT C, D 50 0.12 20 ND >1000 

MPP E 11 0.05    
AEscande et al., 2006; BHillisch et al., 2004; CStauffer et al., 2000; DHarrington et al., 2003; 
ESun et al., 2002. E2: 17�-estradiol; EE2: 17�-ethynylestradiol; 16�-LE2: 16�-lactone-
estradiol; PPT: propyl-pyrazole-triol; MPP: methyl piperidino pyrazole; hER: human ER; 
Trx: transcriptional activity. 
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Objective 

The overall objective of this thesis was to elucidate the roles of ER� and 
ER� in normal estrogen-driven differentiation in Japanese quail embryos as 
well as in disruption of differentiation caused by xenoestrogens. The 
emphasis was on reproductive organs and male sexual behavior. 

 
 
The specific aims were: 

 
� to examine and quantify the expression of ER� and ER� mRNA in 

estrogen target organs in the embryo, i.e. in gonads, MDs, brain 
and liver (papers I and II). 

 
� to investigate effects on the embryonic reproductive tract following 

exposure to selective ER� agonists and antagonists (paper II). This 
was done to examine whether ER� may be involved in female 
differentiation and if excessive activation of ER� can disrupt the 
differentiation in females and males. 

 
� to study effects on reproductive organs in juveniles and adult males 

after embryonic exposure to ER� agonists (papers III and IV). 
 

� to investigate if embryonic exposure to ER� agonists may impair 
male sexual behaviors (papers III and IV). 
 

� to examine if expression levels of VTG II and apoVLDL II mRNA 
in the embryonic liver is changed by ER� agonists and antagonists 
(paper II). This was done to investigate if these genes, which are 
commonly used as markers of estrogen exposure, may be regulated 
by ER�. 
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Material and methods 

All animal experiments were approved by The Local Ethics Committee for 
Research on Animals.  

The analyses of ER� and ER� gene expression in embryonic gonads, 
MDs, brain and liver as well as analyses of P450arom mRNA in early 
embryo gonads were performed in untreated animals (papers I and II). 
Effects on reproductive organs, sexual behavior and hepatic gene expression 
of egg-yolk protein precursors were examined following in ovo exposure to 
estrogenic compounds (papers II�IV). Two selective ER� agonists (PPT and 
16�-LE2) and one selective ER� antagonist (MPP) were used. The natural 
estrogen E2 and the synthetic estrogen EE2 are agonists to both ER� and ER� 
and were used as positive controls. The experimental procedure for the 
treatment experiments is illustrated in Fig. 2. Details are provided below and 
in papers I-IV. 

E0 E18

Incubation

E3:
Injection

Week 3: Dissection

Week 9: Behavior

Dissection

E16:
Dissection

Gonads
Behavior

 
Figure 2. Overview of the experimental procedure in the treatment experiments 
(paper II, III and IV). The test-substances were injected into the egg yolk on 
embryonic day 3 to be continuously absorbed by the embryo throughout embryonic 
life. Morphological differentiation of the gonads is first apparent on embryonic day 
7. The gonads are most sensitive to xenoestrogen-exposure during early embryonic 
life. The brain and behavior are sensitive to xenoestrogens if injection occurs before 
embryonic day 12. Embryos were dissected on embryonic day 16. Three weeks after 
hatching, juvenile females and males were dissected. The male sexual behavior was 
tested during the 9th week after hatching and a few days later the birds were killed 
and dissected. 
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Incubation and egg-injections  
Japanese quail eggs were placed in an incubator (embryonic day 0) at 37�C 
and 60% humidity and automatically turned every third hour. Hatching is 
expected to occur on embryonic day 17�19. After 3 days of incubation, the 
eggs were candled and unfertilized eggs and eggs containing dead or poorly 
developed embryos were discarded.  

The test substances were dissolved in propylene glycol from which an 
emulsion with lecithin/peanut oil was prepared as described previously (Berg 
et al., 2001). The blunt end of fertile eggs was wiped with alcohol and a 
small hole was punched with a needle. The substances were injected by 
inserting the needle (27-gauge) of a syringe, through the hole and the air sac, 
into the yolk where 20 �l of the emulsion was deposited. After injection, the 
holes were sealed with melted paraffin wax and the eggs were returned to the 
incubator. Negative controls received vehicle only.  

Chemicals and doses 
E2, EE2 and PPT were purchased from Sigma-Aldrich Co. (St. Louis, MO, 
USA). MPP was purchased from Tocris Bioscience (Bristol, UK). 16�-LE2 
was a kind gift from Bayer Schering Pharma AG (Berlin, Germany). The 
chemical structures are shown in Fig. 3. 

The dose of EE2 was 0.3 μg/egg. This dose corresponds to approximately 
20 ng/g egg and was chosen because it is well tolerated by embryos while 
impairing sex differentiation of the reproductive organs (Berg et al., 1999). 
Because of the relatively low potency of PPT and MPP in vivo and in vitro 
(Stauffer et al., 2000; Harris et al., 2002; Sun et al., 2002; Harrington et al., 
2003) a dose 1000-fold that of EE2 was used for these ligands, i.e. 300 
μg/egg. E2 has previously been shown to induce ovotestis in male quail 
embryos at the doses 0.2 and 2 μg/egg (Shibuya et al., 2005). In paper IV, 
embryos were therefore exposed to E2 at the doses 0.3, 3 and 10 μg/egg. 
16�-LE2 was tested at the doses 0.3, 3, 30, 100 and 300 μg/egg. The doses of 
E2 and 16�-LE2 used for studies of effects in juveniles and adults were based 
on the results from the embryo studies. These doses were: 10 μg E2/egg and 
0.3 and 30 μg 16�-LE2/egg. 

Effects in embryos by EE2, PPT and MPP were studied in paper II. 
Effects on juveniles and adults of embryonic exposure to EE2 or PPT were 
studied in paper III. Effects on embryos, juveniles and adults of embryonic 
exposure to E2 or 16�-LE2 were studied in paper IV.   
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Figure 3. Chemical structures of the compounds used in the thesis. E2: 17�-
estradiol; EE2: 17�-ethynylestradiol; MPP: methyl piperidino pyrazole; 16�-LE2: 
16�-lactone-estradiol; PPT: propyl pyrazole triol. 

Embryos  
Dissection  
Embryos were killed by decapitation. Tissues to be used for gene expression 
analysis were quickly excised. Gonads and MDs were stored in RNAlater at 
-20�C. Brains, heads and livers were flash-frozen in liquid nitrogen and 
stored at -80�C. Brains collected for in situ hybridization were frozen on dry 
ice under a cover of aluminium foil and stored at -80�C. 

Treated embryos were dissected on embryonic day 16, by which time 
gonads and MDs are sexually dimorphic (papers II and IV). The treatment 
group of the dissected 16-day-old embryos was blinded to the observer. 
Gross morphology of gonads and MDs was examined under a stereo 
microscope. Abnormalities of the MDs included completely or partially 
retained MDs in males, retained right MD in females, and fluid-filled cysts 
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along the MDs in both sexes. The right MD in females was defined as 
retained if it was longer than 10% of the body length. Frequencies of males 
with an ovary-like appearance of the left testis (ovotestis) were noted. To 
confirm ovotestis formation, the left testis was collected and prepared for 
histology. Control females and females treated with MPP were also 
subjected to histological analysis of the left gonad. Gonad size (length × 
width) was calculated for both males and females (paper IV only). Body 
length (beak to tail), length of MDs, and gonad length and width were 
measured using a digital slide caliper.  

The genetic sex was determined using a PCR-based method (Fridolfsson 
and Ellegren, 1999) in which intron sequences of different lengths from the 
W chromosome (females) and the Z chromosome (both sexes) are amplified. 

Gonadal histology and image analysis 
In the exposure experiments described in paper II and IV, the left gonad of 
16-day-old embryos was collected and processed for histological analysis as 
described previously (Berg et al., 2001). Briefly, the gonads were embedded 
in hydroxyethyl methacrylate and cut in 2 �m thick sections which were 
collected at 60-�m intervals. The sections were stained with hematoxylin 
and eosin. Microphotographs were captured from sections at the central 
levels of the gonad using a microscope equipped with a digital camera. 
Three sections from the females and two sections from the males were 
analyzed. The cortical fraction of the gonads was determined using image 
analysis and was expressed as percent of total gonad area in the histological 
section. The average of the replicates was calculated for each gonad.  

Real-time PCR 
Expression of ER� and ER� mRNA was quantified in gonads, MDs, brain 
and liver, and expression of P450arom mRNA was quantified in gonads at 
various developmental stages. Due to difficulties in separating the brain from 
the surrounding tissue at embryonic day 6, whole heads were collected for 
analysis at this stage. See Table 2 for information about the examined stages 
and number of samples from untreated embryos.  

Expression of apoVLDL II and VTG II mRNA was quantified in livers 
from treated 16-day-old embryos and was compared with levels in control 
embryos. Expression of apoVLDL II and VTG II mRNA was analyzed in 22 
control embryos, 6 MPP-treated embryos and 8 embryos from each of the 
groups treated with EE2, PPT, or a combination of PPT and MPP. The 
embryos to be analyzed were randomly chosen from the respective groups. 
Egg-yolk protein expression was analyzed in males since endogenous E2 was 
expected to have less influence in males than females. 
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Gonads and MDs 
In a pilot study, total RNA was extracted from pooled gonads from 9- and 
16-day-old embryos using the Micro-to-Midi Total RNA Purification 
System from Invitrogen (Carlsbad, CA, USA). The RNA was DNase-treated 
with DNA-Free (Ambion, Austin, TX, USA). For cDNA synthesis, 2 �g of 
total RNA were primed with random primers and reverse transcribed in a 
final volume of 20 �l using the Superscript III First-Strand Synthesis System 
for RT-PCR from Invitrogen. Later, a kit optimized for extraction of RNA 
from small amounts of tissue was purchased (RNeasy Plus Micro, Qiagen 
Inc.), and RNA could then be isolated from individual gonads and MDs from 
early stages. The DNA-removal step was included in the RNA-extraction kit. 
Total RNA from the individual samples (0.1–0.3 �g) was reverse transcribed 
into cDNA using random primers in a total reaction volume of 20 �l 
(AffinityScript QPCR cDNA Synthesis Kit, Stratagene, La Jolla, CA, USA).  

Real-time PCR was performed on cDNA both from pools (from the pilot 
study) and individual samples. SYBR Green real-time PCR reaction 
mixtures contained cDNA corresponding to 4 ng RNA, primers in a final 
concentration of 0.4–0.6 �M (Table 3), and Brilliant SYBR Green QPCR 
Master Mix (Stratagene, La Jolla, CA, USA) in a final volume of 20 �l. All 
samples were analyzed in triplicate in the Rotor-Gene 3000 thermal cycler 
(Corbett Research, Sydney, Australia). The thermal profile was 10 min of 
polymerase activation at 95�C followed by 40 cycles at 95�C for 30 s, 30 s at 
the annealing temperature and 72�C for 30 s.  

Brains and livers  
Total RNA was extracted from livers, brains and heads using the Micro-to-
Midi Total RNA Purification System from Invitrogen (Carlsbad, CA, USA) 
and DNase-treated with DNA-Free (Ambion, Austin, TX, USA). For cDNA 
synthesis, 2 �g of total hepatic RNA were primed with random primers and 
reverse transcribed in a final volume of 20 �l using the Superscript III First-
Strand Synthesis System for RT-PCR from Invitrogen. SYBR Green real-
time PCR reactions were carried out with cDNA corresponding to 15 ng 
total RNA in a final PCR mix volume of 15 �l (QuantiTect SYBR Green 
PCR Kit, Qiagen Inc.) in the Rotor-Gene 3000 thermal cycler. The thermal 
profile was 15 min of polymerase activation at 95�C followed by 30–40 
cycles at 94�C for 15 s, 30 s at the annealing temperature and 72�C for 30 s. 

Control reactions and normalization of gene expression 
All samples to be compared were prepared using the same PCR master mix 
and were randomly distributed over 3–4 consecutive PCR-runs. Control 
samples were included to check for variations between the runs. Negative 
controls (-RT) were run for all genes to verify that any potential 
contaminating genomic DNA was not amplified. The -RT controls were 
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treated as the original samples, except that no enzyme was added to the 
cDNA synthesis reaction. The melting curves of the PCR products were 
monitored to confirm that no unspecific products were amplified during the 
PCR reaction. Reaction efficiency (E) for each gene was obtained by real-
time PCR amplification of a dilution series of the cDNA template. The gene 
expression was normalized against �-actin using the Q-Gene Core Module 
(Muller et al., 2002).   

Primers 
The ER�, ER�, P450arom and VTG II primers were designed from Japanese 
quail coding sequences using Primer Express Software (Applied Biosystems, 
Palo Alto, CA, USA). The primers for apoVLDL II (Hanafy et al., 2006) and 
�-actin (Lorenzen et al., 2001) have been published previously. All primers, 
except those for apoVLDL II, span at least one intron/exon boundary, which 
reduces the risk that the gene sequence will be amplified from genomic 
DNA. The primers were purchased from Invitrogen. The primer sequences 
are shown in Table 3. 

Table 2. Number of individuals or pools used for real-time PCR quantification of 
ER� and ER� mRNA (paper I and II) 

Day Stage A Sex Left gonad Right gonad Left 
MD 

Right 
MD Brain Liver 

5 28 f 
m 

2 
2 

2 
2 

- 
- 

- 
- 

- 
- 

- 
- 

6 29–30 f 
m 

3 
3 

3 
3 

- 
- 

- 
- 

3 B 

4 B 
- 
- 

7 33 f 
m 

5 
5 

5 
5 

4 
4 

4 
4 

- 
- 

- 
- 

8 35 f 
m 

4 
4 

4 
4 

5 
5 

5 
5 

- 
- 

- 
- 

9 37 f 
m 

2 pools (4) 
3 pools (3) 

- 
2 pools (3) 

4 
- 

4 
- 

6 
6 

- 
- 

12 - f 
m 

- 
- 

- 
- 

- 
- 

- 
- 

8 
7 

- 
- 

16 - f 
m 

2 pools (4–5) 
2 pools (5) 

- 
2 pools (5) 

- 
- 

- 
- 

- 
- 

- 
8 

The number of individual samples in each pool is given in parenthesis 
A Chicken normal stages according to Hamburger and Hamilton (1951)  
B Because of difficulties in separating the brain from the surrounding tissue, whole heads were 
used 
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Table 3. Information about the primers used for real-time PCR gene expression 
analysis in paper II 

Gene Primer sequence (5’–3’) Product 
size (bp) 

Conc. 
(μM) 

AT 
(�C) Acc. No. 

ER� F: CTTGCAGACAGAGAATTAGTGCACA 
R: GTTAAATCCACAAATCCTGGAACTC 

68 0.5 58 AF442965 

ER� F: CATGCCGGCTACGGAAAT 
R: GCGTTCTCTTCTTGAGCCACAT 

62 0.4 58 AF045149 

P450arom F: TCAATACCAGGGCCAGGATACT 
R: ATTACCTACTCCCATCCAGAGAAATCT 

81 0.5 57 AF533667 

VTG II F: GAAAACCCTGAGCAACGGATAG 
R: TGGAACATCATCATGGAAATCTTG 

80 1.0 53 AF199490 

Apo 
VLDL II 

F: GAAAACCCTGAGCAACGGATAG 
R: TGGAACATCATCATGGAAATCTTG 

92 0.4 59 S82591 

�-actin F: CTGGAGAAGAGCTATGAA 
R: ACTCCATACCCAAGAAAG 

70 2.0 51 L08165A 

Abbreviations: ER = estrogen receptor, P450arom = P450 aromatase (estrogen synthetase), 
VTG = vitellogenin, ApoVLDL II = very-low-density apolipoprotein II, F = forward primer, 
R = reverse primer, bp = base pairs, AT = annealing temperature, Acc. No = GeneBank 
accession number. 
A Chicken sequence 

In situ hybridization 
ER� and ER� mRNA were localized in brain sections from 9-day-old and 
17-day-old embryos using in situ hybridization. Four embryos of each sex 
were used. The brains were cut in the coronal plane throughout the preoptic 
area using a cryostat. Sections that were 16 μm thick were collected in 
intervals of 160 μm and five adjacent sections were collected at each level. 
These were used for Nissl-staining or for in situ hybridization with sense or 
antisense riboprobes. The antisense riboprobes bind to the mRNA encoding 
the ligand-binding domain of the ERs. The sense probes served as negative 
controls. Three or four levels within the preoptic area were analyzed, starting 
rostrally to the anterior commissure (CA) in 17-day-old embryos and 
rostrally to the optic chiasm in 9-day-old embryos.  

Sense and antisense riboprobes were generated by in vitro transcription in 
the presence of [35S]UTP as described previously (Halldin et al., 2006). The 
in situ hybridization was performed as described in paper I. Briefly, the 
sections were fixed and permeabilized and the riboprobes were hybridized to 
the target mRNAs in the sections. Following digestion of unhybridized 
probe, the sections were dehydrated and then dipped in liquid film emulsion. 
Following exposure for 10 weeks, the sections were developed and 
counterstained with hematoxylin.  
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Juveniles and adults  
In the studies described in papers III and IV, birds exposed in ovo were 
raised through sexual maturity for follow up on persisting effects on the 
reproductive organs and the male sexual behavior. 

Hatching and housing 
At embryonic day 16, the eggs were placed in hatching boxes and the 
relative humidity in the incubator was increased to 70%. Hatching occurred 
on days 17–19 of incubation.  

The chicks were housed in heterosexual groups and were exposed to 16 h 
light/day, simulating long days. The body weights were recorded weekly 
during the three first weeks and at the end of the experiment (10 weeks after 
hatching). Three weeks after hatching, 8-10 males from each group were 
randomly chosen and placed in individual cages. These males were further 
raised to sexual maturity for behavioral tests and were subsequently 
dissected (at the age of 9–10 weeks). A number of control females were 
saved for use in the behavior tests. All remaining females and males were 
killed and dissected as juveniles (3 weeks old). 

Dissection of juvenile females and males   
In females, the lengths of the oviducts were measured and malformations of 
the left oviduct were noted. In males, testis weights were recorded. Males 
were also examined for the presence of partially or completely developed 
oviducts. A partially developed oviduct (>10 mm) on the right side in 
females or on any side in males is hereafter referred to as retained.  

Behavior tests  
The male copulatory behavior was tested during the 9th week after hatching, 
as described previously (Halldin et al., 1999). Briefly, the male was put in a 
test arena with a sexually receptive control female and was allowed to 
interact with the female for 2 minutes. The behavior was observed and 
recorded on video tape for subsequent analysis. This procedure was repeated 
once a day for five consecutive days. The males were paired with a new 
female each day. The behaviors analyzed were NG, MA, M and CCM. Each 
behavior was scored 1–5, depending on the number of tests for which the 
behavior was displayed.  
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Dissection of adult males following behavioral tests  
A few days after the behavior tests were completed, the males were killed by 
neck dislocation and blood was collected for testosterone analysis. Plasma 
testosterone concentration was determined using a solid phase 
radioimmunoassay kit (Coat-A-Count, Diagnostic Products, Los Angeles, 
CA) according to the manufacturer’s recommendations as described 
previously (Halldin et al., 1999). The brain was quickly excised and fixed for 
immunocytochemistry. Gonado-somatic index (GSI; testis weight/body 
weigth) and the cloacal gland area (length × width) were recorded. Oviduct 
retention was noted.  

Vasotocin analysis 
The VT-ir was analyzed in brains collected from adult males following 
behavior testing. Only males from the treatment-experiment described in 
paper III were analyzed, i.e. PPT- and EE2-exposed individuals and controls. 

Immunocytochemistry 
The brains were cut and prepared for immunocytochemistry as described in 
paper III. Briefly, the brains were fixed in acrolein in phosphate-buffered-
saline (PBS) and washed in PBS to remove excess fixative. They were 
cryoprotected by incubation in sucrose-solution (30% sucrose in 0.01 M 
PBS), and were then frozen and stored at -80�C until used for 
immunocytochemical staining. The brains were cut in 25-�m sections in the 
coronal plane using a cryostat, and sections were collected for VT staining at 
100-�m intervals. The sections were processed for VT 
immunocytochemistry according to a free-floating procedure described 
previously (Viglietti-Panzica et al., 2001). After binding of specific anti-VT 
antibody (kindly provided by Dr. D.A. Gray, Bad Nauheim, Germany) and 
biotinylated secondary antibody, the antigen-antibody complex was 
visualized using the biotin-avidin system.  

Quantitative analysis  
The density of VT-ir structures (cells and fibers) within POM, BSTm and SL 
was quantified using image analysis as described previously (Viglietti-
Panzica et al., 2001). Each brain nucleus was analyzed in three sections at 
the level of the CA. Only good-quality sections were used, resulting in 6-8 
individuals analyzed for each experimental group and brain region.  

The quantitative image analysis is described in paper III. Briefly, 
microphotographs of the regions were captured using a microscope (the 20 × 
objective) equipped with a digital camera. The images were processed in 
Adobe� Photoshop. For each brain region, a standardized field was selected 
and everything outside of the selection was cleared. The images were then 
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transformed to gray-scale and the contrast was adjusted by setting white and 
black points.  

Image analyses were performed using the ImageJ software (Wayne 
Rasband, National Institute of Health, USA). The VT-ir structures were 
separated from the background by selecting all pixels that fell within the 
intensity range of stained structures. The intensity range was individually 
adjusted for each section. The density was expressed as fractional area (FA) 
covered by VT-ir structures, i.e. percent of the standardized-field area that 
fell within the intensity range. The FA for the three levels was averaged. 

Statistics 
Statistical comparisons were performed using the GraphPad Prism 5.0 
software (GraphPad software Inc., San Diego, CA, USA). Frequencies were 
analyzed using two-sided Fisher's exact test. Continuous data was tested for 
equal variances with Bartlett’s test. When the data followed a normal 
Gaussian distribution and the variances did not differ between the groups, 
the one-way analysis of variance (ANOVA) was used to test for differences 
between the groups. Following the ANOVA, all treated groups were 
compared to control using Dunnett’s multiple comparison test. When 
exposed groups were compared with each other, this was done with 
Bonferroni’s multiple comparison test. In cases the data was not normally 
distributed or the variances differed, the data was tested using the non-
parametric Kruskal-Wallis one-way analysis of variance followed by Dunn's 
multiple comparison test. Sex differences in gene expression in paper I were 
tested using Student’s t-test. In paper II, differences in gene expression 
between females and males and between right and left gonads/MDs were 
tested using a two-way repeated measurements ANOVA (where the repeated 
measurements are from the right and left gonad/MD in the same individual) 
followed by Bonferroni’s post-test. The level of statistical significance was 
set to p<0.05.  
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Results and discussion 

Regulation of egg-yolk proteins in liver 
In paper II, we investigated 1) whether induction of the mRNAs encoding 
the egg-yolk protein precursors VTG II and apoVLDL II is useful as a 
marker for xenoestrogen exposure in our in ovo system, and 2) whether these 
genes can be induced by selective activation of ER�.  

In general, the variations of VTG II and apoVLDL II mRNA expression 
were large, especially within the treatment groups (Fig. 4). The fold-increase 
in response to treatment was higher for apoVLDL than for VTG II, 
suggesting that apoVLDL II may be a more sensitive marker of estrogen 
exposure than VTG II. This notion is supported by previous studies in quail 
(Ichikawa et al., 2003). ApoVLDL II was significantly induced by both EE2 
and PPT, whereas VTG II was significantly induced only by PPT. The dose 
of EE2 was relatively high and affected both reproductive organs and sexual 
behavior in adulthood, as will be discussed below. Hence, induction of VTG 
II mRNA was not a very sensitive endpoint in this system. Considering that 
the substances were injected on day 3 and the effects were examined on day 
16, it seems possible that the expression was more induced at some time-
point in-between these days and was then down-regulated. One alternative 
approach could be to administer the test compounds in the air chamber at a 
later stage which would provide a more acute exposure, and therefore 
possibly also a higher response (Axelsson, 2008). 

Our results clearly show that both VTG II and apoVLDL II mRNA can be 
induced via ER� activation as the selective ER� agonist PPT significantly 
induced both. Moreover, the induction seemed to be counteracted by co-
treatment with the selective ER� antagonist MPP, although this effect was 
not statistically significant. Both ER� and ER� mRNA were found to be 
expressed in liver on embryonic day 16 and it is possible that ER� may 
contribute to the regulation of VTG II and apoVLDL II expression. In 
rainbow trout hepatocytes it has been demonstrated that activation of ER�, 
but not ER�, induces VTG expression (Leaños-Castañeda and Van Der 
Kraak, 2007). In chicken embryos, PPT but not the selective ER� agonist 
DPN induces hepatic expression of VTG II and apoVLDL II mRNA, 
suggesting that ER� is the main receptor subtype responsible for induction 
of these genes in birds (Mattsson et al., unpublished results). 
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Figure 4. Hepatic expression of VTG II  and apoVLDL II mRNA in 16-day-old 
male embryos following in ovo administration of vehicle (C), EE2, PPT (ER� 
agonist), MPP (ER� antagonist) or a combination of PPT and MPP on embryonic 
day 3. The expression was normalized against �-actin and log-transformed. Boxes 
show median expression and interquartile range. The whiskers show the full range. 
Asterisks indicate significant differences from the control (*p <0.05; **p<0.01; 
***p <0.001). The expression levels in the PPT and the PPT+MPP groups were not 
significantly different (ns). 

Gonads  
The expression of P450arom and estrogen receptors in the developing quail 
genital system has not been described previously. In paper II, real-time PCR 
was used to quantify the expression of ER�, ER� and P450arom mRNA in 
right and left gonads of both sexes from embryonic day 5. 

Expression of aromatase   
P450arom transcripts were detected in both gonads of both sexes at all stages 
studied (Figure 2A in paper II). The expression was considerably higher in 
females and the sex difference increased with age. In the present study, 
morphological sex differentiation of the gonads was first apparent on 
embryonic day 7. At the histological level sex differences have previously 
been observed on day 5.5 in quail embryos (Scheib et al., 1985). In early 
embryos of both quail and chicken, gonadal aromatase activity has been 
shown to be higher in females than in males (Scheib et al., 1985; Villalpando 
et al., 2000; Vaillant et al., 2001). In 10- and 14-day-old quail embryos, the 
production of estrogen is higher than the production of testosterone in the 
female left ovary whereas in male testes the relationship is the reverse 
(Guichard et al., 1980). Our result on early P450arom mRNA expression 
indicates that the difference in estrogen synthesis potential may precede the 
morphological differentiation of the gonads. 
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Expression of estrogen receptors 
ER� mRNA was expressed at relatively high levels in all gonads analyzed, 
i.e. in both right and left gonad of both sexes from embryonic day 5 and 
onwards (Figure 2B in paper II). Small amounts of ER� mRNA were 
detected in all samples but the expression was too low to be quantified.  

The predominant expression of ER� during early gonadal differentiation 
implies that ER� is a potential mediator of estrogen-promoted ovarian 
development. The expression of ER� in male gonads may explain the 
feminizing effect of xenoestrogens on male embryonic gonads. Previous 
studies in the chicken have suggested that expression of ER� mRNA in male 
gonads is low (Sakimura et al., 2002) and transient (Nakabayashi et al., 
1998). In the present study in quail, however, the expression was high in 
male gonads and persisted throughout incubation in both sexes.  

In the chicken, estrogen-binding and ER� protein have been located to the 
germinal epithelium of the left gonad and to the medulla of both gonads in 
early embryos of both sexes (Gasc, 1980; Guioli and Lovell-Badge, 2007; 
Ishimaru et al., 2008). It has been suggested that estrogen promotes 
unilateral ovarian differentiation in the female by stimulating cortical 
development in the left gonad through ER� activation (Smith and Sinclair, 
2004). The asymmetric expression of ER� was recently shown to be directed 
by the homeobox transcription factor PITX2 (Guioli and Lovell-Badge, 
2007; Ishimaru et al., 2008). In our study we observed a higher expression of 
ER� mRNA levels in the left gonad than in the right gonad at day 7, 
probably due to expression in the cortex of the left gonad. It is likely that 
there was an asymmetric expression in the cortex also on the other days 
studied, but that it was masked by the expression in the medulla.  

Effects of selective ligands 
In ovo exposure to estrogenic chemicals, such as E2, EE2, DES, bisphenol A 
and o,p’-DDT, has been shown to induce ovotestis formation in gull, chicken 
and quail embryos (Fry and Toone, 1981; Scheib, 1983; Berg et al., 2001; 
Shibuya et al., 2005).  

In paper II and IV, both of the positive controls (EE2 and E2) and both of 
the selective ER� agonists (PPT and 16�-LE2) induced formation of an 
ovary-like left gonad in the embryos. These results confirm that ovotestis 
formation is induced by xenoestrogens and show that this effect can be 
mediated by ER�. In paper II, we showed that the ER� antagonist MPP 
almost completely suppressed this effect of PPT, which further supports that 
the effect was mediated by ER�. Ovotestis formation was confirmed in 
histological sections of the left gonad from exposed males (Fig. 5 and 6). In 
females of this age, the ovarian cortex is well developed and contains 
oocytes in meiotic prophase. In control males, the cortex consists merely of a 
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thin epithelial layer and the germ cells are located in testicular cords in the 
medulla. Typically, the ovotestes showed an enlarged cortex containing 
oocyte-like germ cells and the medulla contained fewer and more 
unstructured testicular cords than in control testes. The cortical fraction of 
the testis area in the sections was significantly increased by EE2, PPT, E2 and 
16�-LE2 (Fig. 6). These results confirms that ER� is involved in 
development of the cortex (Smith and Sinclair, 2004; Guioli and Lovell-
Badge, 2007; Ishimaru et al., 2008) and also indicate that ER� is involved in 
the differentiation of the medulla in the left gonad. Since only very low 
levels of ER� mRNA were detected in embryo gonads of both sexes it is 
unlikely that ER� would substantially contribute to normal ovarian 
development or disruption of differentiation caused by xenoestrogens.  

Effects of embryonic estrogen exposure may be seen as increased testis 
size asymmetry (left larger than right) in adult birds (Halldin et al., 1999). In 
papers III and IV we showed that in ovo exposure to EE2, E2, PPT and 16�-
LE2 caused a decreased right/left testis weight ratio in juvenile and adult 
males (Fig. 7 & 8). However, the variations within all groups were very 
large and this endpoint may therefore not be a very useful marker of 
embryonic estrogen-exposure. Embryonic exposure to EE2 and o,p’-DDT 
has been shown to cause deformities of the left testis in roosters (Blomqvist 
et al., 2006). This effect was present also in our study on quail, but only after 
exposure to 16�-LE2. 
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Figure 5. Section of the left testis from 16-day-old embryos exposed to vehicle (A), 
10 μg E2 (B), 300 μg PPT (C) and 0.3 μg 16�-LE2 (D). Co: cortex; T: testicular 
cord; Oo: oocyte-like germ cell in meiotic prophase.  

 
Figure 6. Cortex area analyzed in histological sections of the left testis in 16-day-old 
embryos following in ovo exposure to estrogens (EE2 and E2), selective ER� 
agonists (PPT and 16�-LE2) or vehicle (C). The dose of EE2 and PPT was 0.3 and 
300 μg/egg, respectively. The doses of E2 and 16�-LE2 are shown below the bars 
(μg/egg). The number of testes analyzed is shown at the base of the bars. Bars show 
mean +SD. Asterisks indicate significant differences compared to control (***p 
<0.001). 
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Figure 7. Testes from adult males exposed in ovo to vehicle (A), 10 μg E2 (B), 0.3 
μg 16�-LE2 (C) or 30 μg 16�-LE2 (D). Note the increased size-asymmetry in testes 
from treated birds. Retained oviducts are shown in B and C. The scale-bar is 2 cm.  

 
Figure 8. Testis asymmetry, shown as right/left testis weight ratio, in adult male 
quail following in ovo exposure to estrogens (EE2 and E2), selective ER� agonists 
(PPT and 16�-LE2) or vehicle (C). The dose of EE2 and PPT was 0.3 and 300 
μg/egg, respectively. The doses of E2 and 16�-LE2 are shown below the plots 
(μg/egg). Asterisks indicate significant differences compared to control (*p<0.05; 
***p <0.001).  

Müllerian ducts/oviducts 
The normal morphological differentiation of the MDs and their expression of 
ER� and ER� mRNA were examined in paper II. Sex differentiation of the 
MDs was first recognized on embryonic day 8. The MDs were at this stage 
more developed in females than in males. On day 9, both MDs in males were 
partly degenerated. In females, the right MD regressed gradually in a cranio-
caudal direction from day 9 and was only 2-4 mm long on day 16. 
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Expression of ER� and ER�  
ER� and ER� mRNAs were detected in the right and left MD of both sexes 
on embryonic day 7 and 8 and in females also on embryonic day 9 (males 
not examined), as shown in Fig. 2C in paper II. However, the ER� 
expression was very low and could not be quantified. On day 8, when the 
morphological sex difference was first apparent, the expression of ER� was 
significantly higher in female than in male MDs. It has been suggested that 
estrogen protects the left female MD from regression by interacting with 
ERs on the left MD (MacLaughlin et al., 1983; Ha et al., 2004). In the study 
by Ha et al (2004), ER� mRNA was found in higher concentrations in the 
left than in the right MD in female chicken embryos. There was no 
difference in ER� mRNA expression between the right and left MDs in our 
study. However, it can not be ruled out that there is a difference at the level 
of protein translation or turnover.  

Effect of estrogen treatment 
It is well documented that in ovo treatment of birds with estrogenic 
substances may cause abnormal MD development, and consequently also 
malformations of the oviduct. The predominant expression of ER� mRNA 
in MDs in both sexes suggests that activation of ER� may be responsible. 
This was confirmed by the treatment experiments in papers II-IV; both the 
positive controls EE2 and E2 and the selective ER� agonists PPT and 16�-
LE2 induced MD retention and MD malformations in female and male 
embryos. Malformations occurred on the female left MD and on the retained 
MDs in both sexes and included hypertrophy and liquid-filled cysts along the 
MDs. Only 2 of 52 control females showed any MD abnormalities and none 
of the 54 control males showed retained MDs. E2 induced MD abnormalities 
in females only at the highest dose tested (10 μg/egg) whereas in males MD 
retention was induced also at 3 μg/egg. All embryos, both males and 
females, were affected by the lowest dose of 16�-LE2 (0.3 μg/egg), showing 
that this substance is very potent and that the MD abnormalities were most 
likely induced by excessive ER�-activation. Furthermore, the frequency of 
PPT-induced MD abnormalities was lowered by co-treatment with the ER� 
antagonist MPP which further supports that the effect of PPT was ER�-
mediated and not caused by cross-activation of ER�.  

Effects of embryonic treatment with EE2, E2, PPT and 16�-LE2 persisted 
after hatching. In the exposure groups, the right oviduct was retained (10 
mm or longer) in the majority of juvenile females and both the left oviduct 
and the retained right oviduct were frequently malformed (Fig. 9). Similarly, 
treatment caused retention and malformation of oviducts also in males. None 
of the control males or females showed these abnormalities.  
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Figure 9. Oviductal abnormalities in a female (A) and a male (B) juvenile quail 
exposed in ovo to 0.3 μg of the selective ER� agonist 16�-LE2. In the female, the 
right oviduct (rOD) is developed and shows a liquid-filled cyst (*) in the posterior 
end, and it is not connected to the cloaca. The left oviduct is thin in the posterior end 
and would probably not become functional upon sexual maturation. In the male, the 
oviducts persist as liquid-filled sac-like cysts in the abdomen (*). O: ovary; T: testis. 

The expression of ER� mRNA in early MDs together with the results of the 
treatment with selective ER� agonists strongly suggest that xenoestrogens 
may disrupt MD development by activating ER�. Therefore it seems 
reasonable to assume that ER� is important in normal development of the 
MD and oviduct in females. As discussed above, it has been suggested that 
ER� located in the left MD in females would protect this duct from 
regression (MacLaughlin et al., 1983; Ha et al., 2004).  

To test the hypothesis that female differentiation is estrogen-dependent, 
Elbrecht & Smith (1992) treated chicken embryos with the aromatase 
inhibitor fadrozole. The females developed a male phenotype in adult life, 
and these birds lacked oviducts and developed bilateral testes capable of 
spermatogenesis (Elbrecht and Smith, 1992). In our study, treatment with the 
selective ER� antagonist MPP did not affect differentiation of either the 
MDs or the left ovarian cortex (paper II). Considering that the affinity of 
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MPP to hER� is only 11% that of E2 (Sun et al., 2002), the negative result 
may be due to incomplete competition with endogenous E2 for binding to 
ER� at the dose used. In some studies using aromatase inhibitors or ER 
antagonists, the females were unaffected or only partially masculinized 
(Hutson et al., 1985; Burke and Henry, 1999; Vaillant et al., 2001) and it 
seems possible that even low receptor activity is sufficient for at least some 
female differentiation to proceed.  

Cloacal gland 
Embryonic exposure to xenoestrogens causes reduced growth of the cloacal 
gland at sexual maturity (Adkins, 1979; Halldin et al., 1999, 2003). In papers 
III and IV we showed that this organizational effect of xenoestrogens can be 
mediated by ER�; embryonic exposure to PPT and 16�-LE2 significantly 
reduced the cloacal gland area in sexually mature males, compared to 
controls (Fig. 10). The plasma testosterone concentration was not affected by 
E2, PPT or 16�-LE2 and was increased by EE2, suggesting that the impeded 
growth was not due to insufficient testosterone levels. These results imply 
that estrogenic substances may act through ER� during embryonic life and 
permanently reduce the gland’s responsiveness to testosterone. Embryonic 
administration of the phytoestrogen genistein, which shows 5.6-fold higher 
affinity for ER� than ER� in quail (Hanafy et al., 2005), did not affect the 
cloacal gland at a dose that affected sexual behavior and the VT-ir system 
(Viglietti-Panzica et al., 2007), suggesting that ER� may alone be 
responsible for this effect.  

 
Figure 10. Cloacal gland area in sexually mature males administered in ovo with 
estrogens (EE2 and E2), selective ER� agonists (PPT and 16�-L E2) or vehicle (C). 
The doses of EE2 , PPT and E2  were 0.3, 300 and 10 μg/egg, respectively. The doses 
of 16�-LE2 are shown below the bars (μg/egg). The number of analyzed birds is 
shown at the base of the bars. Bars show mean +SD. Asterisks indicate significant 
differences compared to control (**p<0.01; ***p <0.001). 
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Brain and behavior 
To elucidate the roles of ER� and ER� in demasculinization of behaviorally 
relevant neural circuits, we examined the localization of transcripts of these 
receptors in the preoptic region and in associated limbic areas in the 
embryonic brain (paper I). In papers III and IV, we investigated whether 
selective activation of ER� would demasculinize male copulatory behavior 
and the VT-ir system.  

ER expression in the embryonic brain 
Both ER� and ER� mRNA was detected in homogenate of whole head from 
6-day-old embryos and in brain homogenate from 9- and 12-day old 
embryos using real-time PCR. The localization of ER� and ER� transcripts 
in embryonic brain was examined using in situ hybridization (Fig. 11). We 
found no apparent sex differences in the localization of ER� and ER� 
mRNA in the embryonic brain. In general, the ER� signal was weaker and 
more scattered than the ER� signal. In 17-day-old embryos, both ER� and 
ER� mRNA was found in POM and in the telencephalic TnA. In BSTm, 
there was an intense staining of ER� whereas no ER�-staining was detected 
in this nucleus. In 17-day-old embryos, the expression pattern of ER� and 
ER� in these nuclei was similar to that found in adults (Balthazart et al., 
1989) (Foidart et al., 1999; Halldin et al., 2006). In 9-day-old embryos, ER� 
mRNA was expressed in the developing POM and in BSTm whereas ER� 
was found only in the pituitary.  

Both POM and BSTm are known to be important for the expression of 
male copulatory behavior in adulthood (Balthazart and Surlemont, 1990; 
Balthazart and Surlemont, 1990; Balthazart et al., 1998; Balthazart and Ball, 
2007), and TnA is believed to be involved in sexual satiety (Absil et al., 
2002). In addition, part of the sexually dimorphic VT-ir system is located 
within BSTm and POM. Like behavior, the VT-ir system differentiates 
under the influence of estrogen in the embryo (Panzica et al., 1998). The 
expression of only ER� mRNA in BSTm at both examined ages and in POM 
and TnA on day 9 suggests that ER� may be involved in the differentiation 
of these sexually dimorphic nuclei. Another possibility is that the 
differentiation of POM and TnA is triggered by the onset of ER� expression 
in these nuclei, which according to our results should take place at some 
time point between day 9 and day 17. 
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Figure 11. Schematic illustration of the distribution of ER� (left) and ER� (right) 
mRNA in the brain of 17-day-old embryos. The sections were cut in the coronal 
plane and are presented in a rostral to caudal order. The figure is from paper I. CA: 
anterior commisure; POM: preoptic medial nucleus; BSTm: medial part of the bed 
nucleus of the stria terminalis; TnA: nucleus taeniae of the amygdala; LV: lateral 
ventricle; AM: nucleus anterior medialis hypothalami.  

Effect of treatment 
Male sexual behavior 
The two positive control estrogens, EE2 and E2, markedly suppressed all 
parts of the male copulatory sequence (neck grab, mount attempt, mount and 
cloacal contact movements). The doses were 0.3 and 10 μg/egg, 
respectively. The effect on cloacal contact movements is shown in Fig. 12. 
PPT (300 μg/egg) and the low dose of 16�-LE2 (0.3 μg/egg) did not affect 
the behavioral performance whereas the high dose of 16�-LE2 significantly 
suppressed the behavior. However, there are several factors favoring to that 
activation of ER� alone is not sufficient to obtain demasculinization of the 
behavior.  
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Figure 12. Sexual behavior displayed by adult males treated in ovo with estrogens 
(EE2 and E2), selective ER� agonists (PPT and 16�-L E2) or vehicle (C). The Y-axis 
shows number of tests where cloacal contact movements were observed. The doses 
of EE2, PPT and E2 were 0.3, 300 and 10 μg/egg, respectively. The doses of 16�-LE2 
are shown below the bars (μg/egg). The number of tested males was 8–10 in each 
group. Bars show median ± interquartile range.  Asterisks indicate significant 
differences compared to respective control (**p<0.01; ***p <0.001). 

Both PPT and 0.3 μg 16�-LE2/egg severely disrupted the differentiation of 
gonads, MDs/oviducts and the cloacal gland whilst having no effect on male 
sexual behavior. It could be hypothesized that the behavior is less sensitive 
than the reproductive organs and was therefore affected only by the high 
dose of 16�-LE2 (30 μg/egg). However, 10 μg/egg was the lowest dose of E2 
that elicited obvious effects on the embryo reproductive tract and this dose 
still markedly suppressed the behavior, indicating that the behavior is rather 
sensitive. Then, why was the behavior affected by the high dose of 16�-LE2 
but not by the lower dose of 16�-LE2 or by PPT? Three possible 
explanations will be discussed: 1) PPT and 16�-LE2 show different kinetics 
than EE2 and E2 and do therefore not reach sufficient concentrations in the 
brain unless given at high doses. 2) The substances induce different 
conformational changes of ER�, resulting in optimal affinity for different 
sets of coactivators and corepressors that may differ between tissues. 3) 
Demasculinization of the behavior can not be mediated by ER� alone and 
the effect seen at the high dose of 16�-LE2 was caused by cross-activation of 
ER�. 

Studies in rodents have shown that both PPT and 16�-LE2 are able to 
cross the blood brain barrier and exert central nervous effects (Lund et al., 
2005; Miller et al., 2005; Hill et al., 2007). The compounds are therefore 
most likely able to enter the brain also in quail embryos. The critical time-
window when estrogens may alter the differentiation ends on day 12 for the 
behavioral effects (Adkins, 1979) and probably around day 6 for gonadal 
effects (Koba et al., 2008), and a very short-lived estrogenic substance could 
therefore potentially affect the gonads without affecting the behavior. The 
lactone ring at the 17� position in 16�-LE2 protects against oxidative 
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metabolism (Hillisch et al., 2004) and 16�-LE2 is presumably more stable 
than E2. The metabolic stability of PPT has to my knowledge not been 
investigated, but the PPT-induced expression of VTG II and apoVLDL II on 
embryonic day 16 suggests that the growing embryo is continuously exposed 
to active PPT following injection into the yolk on day 3 (paper II). Thus, the 
lack of behavioral effects by PPT and the lower dose of 16�-LE2 is probably 
not due to insufficient levels in the brain, although this possibility can not be 
excluded. If the ligands cause recruitment of different sets of transcriptional 
coregulators, the relative potencies of the substances could differ depending 
on the tissue studied. This explanation (nr 2) may probably not apply when 
comparing E2 with 16�-LE2, which is a close derivative of E2. It is assumed 
that 16�-LE2 does not induce larger conformational rearrangements of the 
ER� ligand-binding pocket compared to E2 (Hillisch et al., 2004). Therefore 
it seems unlikely that E2 and 16�-LE2-bound ER� would recruit different 
sets of coregulators and thereby gain different relative potencies in 
reproductive organs and brain. 

Although explanations 1–3 are all plausible, number 3 seems most likely. 
That is, the behavior was demasculinized at the high dose of 16�-LE2 as a 
result of ER� cross-activation. PPT shows a higher ER�-selectivity than 
16�-LE2 in reporter systems expressing hERs (>1000 fold and 250 fold, 
respectively) (Harrington et al., 2003; Hillisch et al., 2004) and this could 
explain why PPT did not affect the behavior even though a high dose was 
used. The possibility that ER� is involved in the demasculinization of 
behavior is supported by the expression of ER� in embryonic brain areas 
known to be involved in the behavior at adulthood (paper I). Furthermore, 
embryonic treatment with the phytoestrogen genistein, which shows a 
preferential binding to ER� (Hanafy et al., 2005), has recently been shown to 
reduce expression of male copulatory behavior (Viglietti-Panzica et al., 
2007). The role of ER� in demasculinization of male copulatory behavior in 
the quail remains to be investigated.  

The vasotocin system 
In the study presented in paper III we found that embryonic administration 
of EE2 or PPT did not affect the vasotocin immunoreactivity in POM, SL 
and BSTm in adult males. Microphotographs of VT-ir staining in a 
representative male are shown in Fig. 13. Considering that the xenoestrogens 
E2-benzoate, DES and genistein all markedly reduce the VT-ir in these brain 
nuclei (Panzica et al., 1998; Viglietti-Panzica et al., 2005; Viglietti-Panzica 
et al., 2007) it was somewhat surprising that this was not seen for the very 
potent estrogen EE2 in our study. Our results show for the first time that 
demasculinization of male copulatory behavior and the VT-ir system not 
necessarily have to occur in parallel.  

PPT neither affected the behavior nor the VT-ir system, indicating that 
the VT-ir system can not be demasculinized by selective activation of ER�. 
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However, considering that the sensitivity of the VT-ir system in relation to 
the sensitivity of the reproductive organs is not well known, it is possible 
that the dose was not sufficient to affect the VT-ir system.  

Embryonic exposure to genistein has been shown to reduce the VT-ir 
(Viglietti-Panzica et al., 2007). Possibly this effect was mediated by ER� 
alone or by a combined effect of ER� and ER� activation. The predominant 
expression of ER� mRNA in POM and BSTm during ontogeny suggests that 
ER� is involved in the differentiation of these areas (paper I). Further studies 
on the relationships between dose of various ER-ligands and 
demasculinization of the behavior and the VT-ir system are needed to clarify 
the role of ER� and ER� in these estrogen-induced effects.  

 
Figure 13. Vasotocin immunoreactive structures (VT-ir) in the medial preoptic 
nucleus (POM), the lateral septum (SL) and the bed nucleus of the stria terminalis, 
pars medialis (BSTm). The brains were cut in the coronal plane. Images A�C show 
sections collected in a rostral to caudal order at the level of the anterior commissure 
(CA) in an adult male treated with PPT in ovo. The staining in the PPT group did not 
differ from that in the control and the EE2 group. The asterisk indicates the lateral 
ventricle. Scale bar: 500 μm.
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Table 4. Summary of effects of EE2, PPT, MPP and the combination of PPT and 
MPP in papers II and III 

 EE2 PPT PPT+MPP MPP 

Embryo mortality ns � � ns 
     
Female embryos n=5 n=5 n=13 n=11 
Retained right MD A � � ns ns 
Malformed left MD ns � � ns 
     
Male embryos n=8 n=12 n=11 n=17 
Testis cortex area B � �   
MD retention � � ns ns 
Hepatic VTG II  ns � � ns 
Hepatic apoVLDL II  � � � � 
     
Hatching frequency  ns ns   
Body weight weeks 1-3 ns ns   
     
Juvenile females n=16 n=15   
Retained right oviduct C � �   
Malformed left oviduct ns ns   
Length of left oviduct ns �   
     
Juvenile males n=12 n=14   
Testis weight asymmetry ns �   
     
Adult males n=10 n=10   
Copulatory behavior � ns   
Plasma testosterone � ns   
Body weight  ns ns   
Cloacal gland area � �   
GSI, right testis ns ns   
GSI, left testis ns ns   
Testis weight asymmetry � ns   
Retained oviducts D � �   
Abbreviations: MD = Müllerian duct; VTG II = vitellogenin II; apo VLDL II = very low 
density apolipoprotein II; GSI = gonado-somatic index; n=number of examined animals; ns = 
not significantly different from control, i.e. p > 0.05 
Number of control animals was, female embryos: 31; male embryos: 37; juvenile females: 8; 
juvenile males: 9; adult males: 10 
A >10% of body length  

B Number of analyzed testes from the various groups were as follows, Control: 21; EE2: 5; 
PPT: 11 
C >4 mm 
D Juvenile males were included in the analysis.  
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Table 5. Summary of effects of E2 and 16�-LE2 in paper IV 
 E2    16�-LE2   
Dose (�g/egg) 0.3 3 10  0.3 3 30 100 300 
Embryo mortality ns ns ns  ns ns ns ns ns 
          
Female embryos n =14 n=7 n=12  n=16 n=9 n=12 n=11 n=13 
Ovary size ns ns ns  ns � � ns � 
Absence of left MD ns ns ns  ns ns � � � 
Retained right MD A   ns ns �  � � � � � 
Malformed left MD ns ns �  � � � � � 
          
Male embryos n=24 n=18 n=14  n=9 n=17 n=12 n=12 n=11 
Right testis size ns � �  � � � � � 
Left testis size ns ns ns  ns � � � � 
Testis size asymmetry ns ns �  � � � � � 
Testis cortex area B ns  �  �  �   
Retained MDs ns � �  � � � � � 
          
Hatching frequency    ns  ns  �   
Body weight weeks 1-3   ns  ns  ns   
          
Juvenile females    n=10  n=11  n=4   
Retained right oviduct C    �  �  �   
Length of right oviduct   ns  �  �   
Malformed left oviduct   ns  ns  ns   
          
Adult males    n=9  n=8  n=8   
Copulatory behavior   �  ns  �   
Plasma testosterone   ns  ns  ns   
Body weight    �  ns  �   
Cloacal gland area   �  �  �   
GSI, right testis   ns  ns  �   
GSI, left testis   ns  ns  ns   
Testis weight asymmetry   �  ns  �   
Retained oviducts D   ns  �  �   

Abbreviations: MD = Müllerian duct; GSI = gonado-somatic index; n=number of examined 
animals; ns = not significantly different from control, i.e. p > 0.05 
Number of control animals was, female embryos: 21; male embryos: 17; juvenile females: 4 
and adult males: 9 
A >10% of body length  

B Number of analyzed testes from the various groups were as follows, Control: 12; E2 (0.3): 8; 
E2 (10): 8; 16�-LE2 (0.3): 3 and 16�-LE2 (30): 9. 
C >4 mm 
D Juvenile males were included in the analysis. 
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Summary and conclusions 

Sexual differentiation of the bird embryo is largely dependent on 
endogenous sex steroids. In ovo exposure of Japanese quail embryos to 
estrogenic substances disrupts sexual differentiation of the reproductive tract 
and impairs male sexual behaviors. The quail egg is therefore a convenient 
in vivo test system for potential estrogenic endocrine disruptors.  

The major aim of this thesis was to elucidate the roles of ER� and ER� in 
normal and disrupted sex differentiation in the Japanese quail. In particular, 
we were interested in investigating potential effects of excessive ER� 
activation during ontogeny.  

Embryonic exposure to the selective ER� agonists PPT and 16�-LE2 
induced similar effects on reproductive organ development as the estrogens 
EE2 and E2, which were used as positive controls. In females, exposure to 
estrogens and ER� agonists caused retention of the right MD/oviduct and 
severe malformations of the left MD/oviduct. In male embryos, exposure 
caused ovotestis formation and retention of the MDs. The ovotestis did not 
persist in adulthood. However, in most exposed males the testes remained 
asymmetrical in size and in some individuals the left testis was deformed. 
Adult males also exhibited partially developed oviducts on one or both sides 
and an undeveloped cloacal gland following embryonic exposure. These 
effects are consistent with previously reported effects by other estrogenic 
chemicals such as EE2, DES, o,p’-DDT and BPA. Our results show that 
disrupted differentiation of gonads, MDs/oviducts and cloacal gland can be 
mediated by ER�. This is also supported by the fact that we found high 
expression of ER� mRNA in gonads and MDs of both sexes from early 
development, whereas there was a very low expression of ER� mRNA. 
Together, these results imply that ER� is an important regulator of normal 
differentiation of the female reproductive tract in birds.  

In birds, the female brain is believed to be demasculinized by gonadal 
estrogen during ontogeny. Similarly, embryonic exposure of male bird 
embryos to xenoestrogens demasculinizes neural circuits implicated in male 
sexual behaviors and therefore the capacity to display sexual behaviors is 
permanently reduced. Both EE2 and E2 markedly suppressed male copulatory 
behavior, which is consistent with previous results. The selective ER� 
agonists PPT and 16�-LE2 were unable to elicit this response at doses which 
induced severe defects on the reproductive organs. At a 100-fold higher 
dose, 16�-LE2 significantly affected the behavior. However, E2 affected all 
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behaviors in the copulatory sequence at a dose that was very near the lowest 
observed effect level regarding effects on the reproductive organs. This 
shows that the behavior is not much less sensitive than the reproductive 
organs. Therefore the lack of effect on the behavior by PPT and the lower 
dose of 16�-LE2 indicates that activation of ER� is not sufficient for 
inducing behavioral demasculinization. Whether the behavioral 
demasculinization by the high dose of 16�-LE2 was caused by excessive 
activation of ER�, by cross-reaction with ER�, or by activation of both, 
remains to be investigated. The predominant embryonic expression of ER� 
mRNA in brain nuclei implicated in the control of male sexual behaviors 
supports that ER� is involved in sexual differentiation of the behavior.  

The VT-ir system in the brain was not demasculinized by EE2 or PPT. 
Previous studies have demonstrated that the male copulatory behavior and 
the VT-ir system are demasculinized in parallel after embryonic 
administration of estrogenic substances. This is in agreement with our result 
in the case of PPT, but not in the case of EE2, which markedly reduced the 
behavior whilst having no effect on the VT-ir system.  

We confirmed that induction of the egg-yolk proteins VTG II and 
apoVLDL II in male quail embryos can be used as an marker of 
xenoestrogen exposure. Additionally, we showed that the expression of both 
genes is positively regulated by ER�.  

In conclusion, we demonstrated that ER� can mediate disruption of 
reproductive organ development and induction of egg-yolk protein 
expression in the liver. The role of ER� in demasculinization of male 
copulatory behavior was not completely clarified. Recent results using the 
chicken as a model species confirm that selective activation of ER� causes 
disruption of reproductive organ differentiation and induces hepatic 
expression VTG II and apoVLDL II mRNA (unpublished results), while 
selective activation of ER� cause none of these effects.  

The next step to elucidate the roles of ER� and ER� during sex 
differentiation in quail would be to investigate whether selective activation 
of ER� will impair reproductive organ differentiation and male sexual 
behavior. Embryos should be exposed to a selective ER� agonist and a 
selective ER� agonist, alone and in combination. Such an experiment would 
also show if there is an interaction between the two ER subtypes. It can not 
be ruled out that the functions of the individual receptor subtypes in 
experimental feminization/demasculinization of males differ from those in 
the normal female development. One strategy to further investigate the roles 
of ER� and ER� in normal female development would be to prevent female 
development by inhibiting estrogen synthesis and then examine whether 
treatment with ER�- and/or ER�-selective agonists may rescue the female 
phenotype. 
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Svensk sammanfattning 

�

Det finns ett stort antal kemikalier som kan påverka människors och djurs 
hormonsystem. En del av dessa s.k. endokrinstörande ämnen är långlivade 
organiska miljögifter som både människor och vilda djur exponeras för via 
miljön. Människor kan även exponeras direkt för endokrinstörande ämnen 
som ingår i t.ex. konsumentprodukter. Kemikalier som påverkar det 
östrogena hormonsystemet, s.k. xenoöstrogener, har fått mycket 
uppmärksamhet på senare år. Ett aktuellt exempel på xenoöstrogener är 
kemiska UV-filter i solskyddsprodukter, vilka har visat sig kunna påverka 
östrogenreceptorer och därmed störa utvecklingen hos försöksdjur. Individen 
är som mest känslig för xenoöstrogener under embryonal- och 
fosterutvecklingen eftersom de egna könshormonerna då reglerar 
könsdifferentieringen.  

För att hormonstörande egenskaper hos kemikalier ska kunna upptäckas, 
och kemikaliernas produktion och användning ska kunna regleras, behövs 
testsystem som är känsliga och väl karaktäriserade. I vår forskargrupp, såväl 
som i andra forskargrupper runt om i världen, används japansk vaktel 
(Coturnix japonica) som modellorganism för att studera och karaktärisera 
effekter av xenoöstrogener på könsdifferentieringen. Exponering av 
vaktelembryon i äggen (in ovo) är en lovande försöksmodell att använda som 
testsystem för att upptäcka östrogena egenskaper hos kemikalier.  

Både däggdjur och fåglar har två typer av östrogenreceptorer vilka kallas 
ER� och ER�. De är nukleära receptorer som fungerar som ligandaktiverade 
transkriptionsfaktorer och de reglerar ett stort antal gener. Syftet med den 
här avhandlingen var att undersöka receptorernas respektive roller under 
könsdifferentieringen av reproduktionsorganen och hjärnan hos vaktlar samt 
att undersöka om xenoöstrogener stör könsdifferentieringen genom att 
interagera med receptorerna. Även regleringen av ägguleproteiner i levern 
undersöktes eftersom ökade halter i lever och blod av dessa proteiner ofta 
används som markör för östrogen aktivitet av kemikalier.  

För att ta reda på huruvida både ER� och ER� kan mediera östrogena 
effekter på reproduktionsorgan, hjärna och lever hos vaktelembryon 
undersöktes receptorernas uttryck i dessa organ. Resultaten visade höga 
nivåer av ER� mRNA i gonaderna och i de Müllerska gångarna (embryonala 
äggledare) under tidiga utvecklingsstadier. Däremot var nivåerna av ER� 
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mRNA väldigt låga, vilket tyder på att ER� spelar en större roll än ER� i 
differentieringen och utvecklingen av reproduktionsorganen. I hjärnan 
uttrycktes både ER� och ER� mRNA i områden som man vet är involverade 
i hanligt parningsbeteende, och i dessa hjärnområden verkade det vara ett 
högre uttryck av ER� mRNA än av ER� mRNA. Dessutom detekterades 
uttryck av ER� tidigare under utvecklingen i de här hjärnområdena än 
uttryck av ER�. I levern fanns både ER� och ER� mRNA.  

Eftersom ER� mRNA fanns i samtliga målorgan ville vi undersöka dess 
roll vidare. Vaktelembryon exponerades därför för PPT och 16�-LE2, som 
selektivt aktiverar ER�. Som positiva kontroller användes östradiol (E2) och 
ethynylöstradiol (EE2) vilka aktiverar både ER� och ER�. E2 är det 
kroppsegna östrogenet och EE2 är ett syntetiskt östrogen som bl.a. används i 
p-piller.  

Alla substanserna orsakade allvarliga missbildningar av de Müllerska 
gångarna, som därmed inte kunde utvecklas till normala äggledare. 
Dessutom gav substanserna hos hanembryon upphov till feminisering av 
testiklarna och de förhindrade tillbakabildningen av de Müllerska gångarna. 
Feminiseringen av testiklarna verkade inte kvarstå i vuxen ålder, men 
däremot var det många av de exponerade hanarna som i vuxen ålder hade 
deformerade testiklar och delvis utvecklade äggledare. Man har tidigare visat 
att dessa effekter kan uppstå efter embryonal exponering för östrogena 
substanser som EE2, dietylstilbestrol och o,p’-DDT. Det nya med våra 
resultat är att vi visat att effekterna kan medieras av ER�. Resultaten visade 
även att ER�-aktivering ökade uttryck av de gener som kodar för 
ägguleproteinerna VTG II (vitellogenin II) och apoVLDL II (very low-
density apolipoprotein II). 

Embryonal exponering för de positiva kontrollerna E2 och EE2 minskade 
markant hanarnas parningsbeteende. Däremot påverkades inte 
parningsbeteendet av PPT, och 16�-LE2 gav effekt på beteendet först vid en 
dos som var 100 gånger högre än den som gav effekt på 
reproduktionsorganen. Det är möjligt att 16�-LE2 vid den höga dosen 
korsaktiverade ER�. Resultaten tyder på att aktivering av ER� inte är 
tillräckligt för att påverka parningsbeteendet, utan att det krävs aktivering av 
båda receptorerna eller av enbart ER�.  

Sammanfattningsvis så verkar ER� vara involverad i differentieringen av 
reproduktionsorganen hos honor, men inte i differentieringen av hjärnan 
eller parningsbeteendet. Hormonstörande kemikalier kan därför störa 
utvecklingen av reproduktionsorganen hos både honor och hanar genom att 
överstimulera ER�. Det vore intressant att i framtiden undersöka om 
exponering för en ER�-agonist påverkar parningsbeteendet, eller om det 
krävs att båda receptorena är aktiverade. 
�
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