
Abstract 

Oestrogens are produced by aromatisation of androgens by the aromatase enzyme. In the vertebrate 

brain this synthesis has vital functions in nerve protection, cell proliferation and nerve development during 

injury respectively brain development. Brain oestrogens are also crucial in activating certain reproductive 

and aggressive behaviours in mammals and birds. Teleosts have remarkably high activity of brain 

aromatase (bAA) compared to mammals and birds; 100-1000 times higher in brain regions like the 

hypothalamus, pre-optic area and optic tectum. The role of brain oestrogens in teleost behaviour is, 

however, less clear than in e.g. songbirds and rodents. This thesis studies the potential role of brain 

aromatase and brain oestrogens in the reproductive behaviour of the guppy male (Poecilia reticulata), 

how guppy brain aromatase responds to steroids and is distributed in the adult brain. 

The thesis shows that male behaviour can be affected by brain aromatase. Reduction of bAA by 

aromatase inhibitor treatment reduced the sexual behaviours sigmoid display and gonopodium swinging 

(I) and oestrogen receptor blocking with an oestrogen antagonist reduced the number of successful 

mating attempts (II). The anatomical study (IV) showed that brain aromatase is distributed in areas of the 

adult guppy brain that are connected to reproductive control and behaviour in vertebrates. 

Guppy bAA is stimulated by both androgens and oestrogens (III) but is more sensitive to oestrogens, 

especially in males, and could thus be used as an indicator of endocrine disruption at low concentrations 

found in the environment. 

The thesis can also conclude that females possess more brain aromatase than males, and that although 

it is expressed in the same pattern throughout the brain in both genders the enzymatic activity is 

differently distributed between the sexes. 
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1. INTRODUCTION 

1.1 - Oestrogens 

Steroids are a large family of lipophilic tetracyclic molecules derived derived from the 27-carbon molecule 

cholesterol and are synthesised by enzymes of the cytochrome P450 family in several steps (Norman and 

Litwack, 1997b). There are five major classes of steroid hormones among the vertebrates: progestins, 

oestrogens, androgens, glucocorticoids and mineralocorticoids (Norman and Litwack, 1997b). Steroid 

hormones are mainly produced in the gonads and the adrenal cortex, or in the interrenal tissues in 

teleosts. After transportation via the blood stream, steroids may also be further transformed to other 

steroids locally in target tissues to become fully functional.  

 

Figure 1 shows the pathways in oestrogen synthesis. Oestrogens are steroids derived from aromatisable 

androgens, and are mainly the hormones we associate with human female physiological characters such 

as female sex differentiation, puberty and menopause (Norman and Litwack, 1997a). In most vertebrates 

oestrogens are mainly produced in the ovaries, but may also be produced in other tissues like the 

mammalian placenta, adipose tissues and brain. In the ovary oestrogens are produced in the granulosa 

cell layer of the ovarian follicle under influence of gonadotropins (Janz, 2000). In teleosts ovarian 

oestrogens stimulate hepatic production of the yolk protein vitellogenin which is stored in the maturing 

oocyte as nutritional source for the developing embryo (Kime, 1998). During oogenesis blood plasma 

concentrations of 17β-oestradiol increase to feed the maturing oocytes with yolk proteins. This normally 

happens in the months preceding spawning in seasonal spawners (Kime, 1998) or days or weeks in non-

seasonal breeders like e.g. the guppy (Venkatesh et al., 1990). E2 may also serve an important function in 

sexual development and feminisation. Sex change from female to male can be induced by oestrogen 

synthase (aromatase) inhibitor treatment in protogynous fishes (Lee et al., 2002), and transition from 

male to female can be prevented in protandrous fishes when treated with aromatase inhibitors (Bhandari 

et al., 2004). Testicular oestrogen production has also been identified in both mammals and teleosts and 

may have an important function in male fertility (Carreau et al., 2003; Loomis and Thomas, 1999). 

 

The classical (referred to as the genomic) reaction pathway of steroid hormones is transcriptional 

regulation of different target genes through nuclear receptor binding. The steroid first tightly binds to its 

receptor forming a steroid-receptor complex which conformation enables it to act as a transcriptional  
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regulator through binding to sites, known as hormone response elements (HRE), in regulatory regions of 

target genes (Kawata, 1995). The complex may also act as a competitor or co-activator to other 

transcription factors to either up- or down-regulate gene transcription (reviewed in e.g. Kawata, 1995). 

Oestrogens act via specific oestrogen receptors (ERs). In tetrapods two different ERs, α and β, exist 

whereas teleosts also have a third type of oestrogen receptor, ERγ or Erβb or ERβ2 (Strobl-Mazzulla et 

al., 2008). The third oestrogen receptor was first discovered in the Atlantic croaker (Micropogonias 

undulatus) (Hawkins et al., 2000), followed by the zebrafish (Danio rerio) (Legler et al., 2002) and other 

species. 

Figure 1 

Schematic figure showing the major steps in oestrogen synthesis
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Behaviour responses to hormone signals can be very quick and therefore a non-genomic action has been 

suggested to potentiate biological responses to oestrogen signals in brain tissues of birds and mammals 

(Balthazart et al., 2004; Malyala et al., 2005; Vasudevan et al., 2005). These non-classical hormone 

signals are mediated by second messenger cascades activated by membrane bound ERs. But for the 

behaviour response to be triggered the brain has to be primed in advance by steroids and the local 

oestrogen concentration has to exceed the normal circulating oestrogen levels (Cornil, 2009). Quick 

responses to oestrogens and other steroids were demonstrated in the teleost plainfin midshipman 

(Porichthys notatus). In this species territorial males produce a humming behaviour that females and non-

territorial males do not exhibit. Steroid injections (17β-oestradiol & 11-ketotestosterone) stimulated 

humming responses within 5 minutes in both males and females, which suggests that non-classical 

steroid hormone signals are active in the teleost brain too (Remage-Healey and Bass, 2004; , 2007). 

 

1.2 - Aromatase reaction – The production of oestrogen 

The synthesis of oestrogens is performed by the oestrogen synthase or aromatase, a member of the 

cytochrome P450 family. The enzyme complex aromatises the unsaturated A-ring of C19 androgens, 

such as androstenedione (A) and testosterone (T) into oestrogenic C18 compounds like estrone (E1) or 

17β-oestradiol (E2), in five consecutive steps. The reaction takes place in the endoplasmic reticulum and 

requires 3 mol O2 and 3 mol NADPH per mol produced oestrogen (Lephart, 1996). During the reaction 1 

mol of water is produced as “waste” as the methyl-group on carbon 19 is removed. This feature makes it 

possible to detect the activity of the enzyme when incubating tissues with androgenic pre-cursors 

radiolabeled at this position with e.g. the hydrogen isotope tritium (3H). The transformation of the 

androgens releases radioactive (tritiated) water that can be measured on a scintillation counter following 

extraction with organic solvents. This method is referred to as the tritiated water assay (Noaksson et al., 

2003). 

 

1.3 - Brain aromatase 

After numerous studies during the 1960’ s, it was found that perinatal treatment with oestradiol was 

equally effective to androgens in masculinising the rodent pup brain (Lephart, 1996). Blocking neural 

oestrogen signals with anti-oestrogenic chemicals was also found to prevent T from masculinising the 

brain (Lephart, 1996). These findings led to the hypothesis that androgens exert their full masculinising 
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effects after being metabolised to oestrogens locally in the brain. Naftolin et al (1971) were the first to 

report oestrogen synthesis in the vertebrate brain. In an experiment where homogenised diencephalic 

tissue from two human male fetuses, aborted at 10 and 22 weeks post fertilisation, was incubated with 

radiolabeled A production of radioactive E and E2 was detected using paper chromatography. Their 

findings have since been followed up and confirmed in plenty of other species including birds, anurans, 

other mammals and fishes. 

 

1.3.1 - Behaviour effects of neuroestrogens in mammals and birds 

In mammals and birds, brain aromatase not only masculinises the brain but is also involved in regulating 

male typical behaviours such as courtship and aggression. In aromatase knock out mice sexual 

motivation is depressed but will be activated if given oestrogens subcutaneously (Bakker et al., 2002; 

2004). Castrated male rats will have their sexual motivation restored with T treatment, a restoration that 

will be prevented if administered anti-oestrogens at the same time (Luttge, 1975). In the canary bird 

(Serinus canaria) local aromatisation of T in the song-regulating nucleus of the brain is required for 

inducing male like singing, as shown by Fusani et al. (2003). Female canaries implanted with 

subcutaneous T pellets had their song patterns masculinised, while male type singing never appeared in 

females co-implanted with T and the competitive, non-steroidal aromatase inhibitor fadrozole (FAD). The 

local physiological effects of the two treatments were confirmed by in situ hybridisation of the song 

nucleus for ERα- and AR-mRNAs that were both affected differently by the two treatments. In the male 

ring-dove (Streptopelia risoria), where aggression also is aromatase dependent, some male courtship 

behaviours are negatively affected by treatment with FAD (Fusani et al., 2001). In male song sparrows 

(Melospiza melodia morphna) non-seasonal aggressive attacks on male intruders have been shown to be 

depressed by fadrozole injections (Soma et al., 2000). 

 

1.4 - Brain aromatase in teleosts 

Brain aromatase was for the first time described in a fish, the longhorn sculpin (Myoxocephalus 

octodecemspinosus), by Callard et al. ( 1978 ). They found that this teleost had extraordinarily high levels 

of the oestrogen synthase in pituitary and brain compared to mammals. Later when the goldfish 

(Carassius auratus) and toadfish (Opsanus tau) were examined it was discovered that teleost brain 

aromatase activity (AA) is 10 times as high as ovarian activity, which makes the brain the primary 
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production site of E2 in both males and females in these two species (Pasmanik and Callard, 1985; Zhao 

et al., 2001). Brain AA was also between 100-1000 times higher in both goldfish and toadfish than in 

classical laboratory mammals like rats and mice (Pasmanik and Callard, 1985). It has since been studied 

and described in a number of teleost species including African catfish, (Clarias gariepinus - Burchell) 

(Timmers et al., 1987), three-spined stickleback (Gasterosteus aculeatus) (Borg et al., 1989; 1987), 

Atlantic salmon (Salmo salar) (Mayer et al., 1991), Japanese medaka (Oryzias latipes) (Melo and 

Ramsdell, 2001), European sea-bass (Dicentrarchus labrax L.) (Blázquez et al., 2008; Blázquez and 

Piferrer, 2004; Gonzalez, 2003) and Japanese eel (Anguilla japonica) (Ijiri et al., 2003).  

 

1.4.1 - Distribution 

The anatomical localisation of brain aromatase has been examined in several teleost species. Aromatase 

can be found in almost any brain region (Pasmanik and Callard, 1985; Timmers et al., 1987), but is in 

general most concentrated to areas involved in reproduction and gonadotropin regulation including the 

hypothalamus, preoptic area, pituitary and olfactory bulbs (Goto-Kazeto et al., 2004; Pasmanik and 

Callard, 1985; Schlinger et al., 1999). High concentrations of aromatase also exist in telencephalic 

regions lining the ventricles and in optic tectum layers (Forlano et al., 2001; Goto-Kazeto et al., 2004; 

Menuet et al., 2003). 

 

1.4.2 –  Possible role in sexual differentiation 

Brain aromatase and locally produced oestrogens are crucial in the establishment of sex-specific neural 

circuits in the developing mammalian brain. These circuits are activating gender-specific behaviours in 

adult life (Lephart 1996). During a brief perinatal critical period the male rat pup peaks in blood 

testosterone and brain aromatase activity causing high concentrations of local oestrogens in the brain, 

which promotes development of the brain towards a masculine phenotype. In the female pup, 

testosterone levels are low in the blood, and the brain is protected from developing in a masculine 

direction as maternal oestrogens in the blood are prevented from entering the brain by alpha-fetoprotein 

(Bakker et al., 2006).  

 

In the teleost brain, the role of aromatase in sexual determination/development is less clear than in the 

rodent. Studies in the temperature-dependent sex determined pejerrey (Odontesthes bonariensis) 
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suggest that early temperature regulated brain aromatase expression could establish sex-specific 

neuroendocrine circuits that lead the gonadal differentiation (Karube et al., 2007; Strobl-Mazzulla et al., 

2008). In the sex-changing blue-banded goby (Lythrypnus dalli), females undergoing sex-change 

decrease brain aromatase activity long before histological changes appear in the gonads (Black et al. 

2005). Female European sea-bass exhibit significantly higher brain aromatase expression than males 

during the sex determining period (Blazquez & Pifferer, 2004). However, it is very unclear whether brain 

aromatase has a role in the sex-determination of sea bass as there is a much stronger correlation 

between early ovarian aromatase activity and goanadal establishment in this species (Blázquez et al., 

2008). Other species show that gonadal differentiation appears first. In e.g. the medaka cyp19b 

expression is equal in the head of female and male larvae while in the trunk region ovarian aromatase 

expression is distinctly higher in female than in male larvae (Patil & Gunasekra, 2008). Atlantic halibut 

(Hippoglossus hippoglossus) only show elevated ovarian aromatase expression at female producing 

temperatures, whereas brain aromatase expression shows no obvious pattern related to temperature 

(van Nes and Andersen, 2006). The possible role of brain aromatase in sexual differentiation of teleost 

fishes thus appears very diffuse. 

 

1.4.3 - Sex differences 

In most teleosts there are minor differences in distribution of brain aromatase activity and genetic 

expression between the two genders. In situ hybridisation with anti brain aromatase probes revealed that 

Zebrafish males have a stronger aromatase gene expression in the hypothalamus and in parts of the 

telencephalon compared to females (Goto-Kazeto et al., 2004). The authors also found a tendency of a 

strong aromatase transcription signal in the male olfactory bulbs, which might be connected to detection 

of female sex pheromones. Apart from these differences the overall brain tissue distribution was equal 

between the two genders.  

Young female European sea bass exhibit higher total brain aromatase gene expression than 

males during the period between 200 and 250 days post fertilisation, which is the period when gonadal 

sex differentiation is established. Following that period a shift appears and male brain aromatase 

expression becomes higher than female (Blázquez and Piferrer, 2004). Adults male sea bass have ~60% 

higher brain aromatase activity than females in all major brain regions (Gonzales & Piferrer, 2003).  
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In medaka expression of the brain aromatase gene is close to three-fold higher in females 

compared to males (Patil and Gunasekera, 2008), and there are also differences in the distribution of 

brain aromatase activity between the genders. Tritiated water measurements on transverse freeze 

sections from forebrain to hindbrain revealed that male brain AA was higher in more anterior sections of 

the forebrain containing the POA and the suprachiasmatic nucleus, while in the female brain AA was 

higher in more central and caudal sections containing the periventricular nuclei (Melo and Ramsdell, 

2001).  

Except for females having higher activity in the POA than males during the reproductive season, 

Borg et al. (1987) could not find any differences in tissue distribution of brain AA between the two genders 

in the three-spined stickleback. In the acoustic teleosts plainfin midshipman and toadfish, females exhibit 

higher concentrations of aromatase in the sonic motor nucleus of the hindbrain/anterior spinal cord 

compared to males (Forlano and Bass, 2005a; 2005b; Pasmanik and Callard, 1985; Schlinger et al., 

1999).  

 

1.4.4 - Cellular basis 

In contrast to mammals teleost brain aromatase is not expressed in neurons but in radial glial cells 

(Pellegrini et al., 2005). This was first discovered in the midshipman (Forlano et al., 2001), and later also 

confirmed in rainbow trout (Menuet et al., 2003) and zebrafish (Menuet et al., 2005) where aromatase 

antibodies and cellular markers for glial cells stained the same cells. However, based on shape and 

location of aromatase immunoreactive cells, Gelinas and Callard (1997) reported goldfish aromatase to 

be localised in neurons in all reported brain regions. Gelinas and Callard never co-stained these sections 

with antibodies specific for either neurons or glia. It may well be that goldfish aromatase is expressed in 

glial cells as well.  

 

Radial glial cells were for a long time believed to only act as guiding scaffolds for migration of neurons in 

the developing brain, but more recent evidence point at glia also serving as precursor cells for 

regenerating neurons (Pellegrini et al., 2005; Zupanc and Clint, 2003). Aromatase is up-regulated in radial 

glial cells surrounding injured areas in vertebrate brains (Peterson et al., 2004) and may have an 

important role in the constant neurogenesis of the continuously growing adult teleost brain (Menuet et al., 

2003; Timmers et al., 1987).  
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1.4.5 - Gene expression and regulation 

Most studied teleosts possess two different aromatase encoding genes, one ovarian form, cyp19a or 

cyp19-1 and one brain form, cyp19b or cyp19-2. The most striking differences between the two forms are 

in their tissue distribution and gene regulation. A proposed model of the regulation of the different 

isoforms is presented in figure 2. The ovarian form is almost exclusively found in gonads while the brain 

type can be found in both brain and gonads, but also in other tissues like kidneys, liver and adipose 

tissues. In all teleosts examined to date, studies of 5´-flanking regions of both genes reveal that both are 

regulated by different transcription factors, while the enzyme coding exons often are similar in structure. 

In general the promotor regions of cyp19b (brain aromatase) contain sites for steroid response elements, 

predominantly for oestrogens, while cyp19a often contain sites for 2nd messengers (probably connected 

to gonadotropin response) and elements active in male sex determination like SRY and SOX genes. The 

cyp19b of medaka (Kuhl et al., 2005; Tanaka et al., 1995), tilapia (Chang et al., 2005), goldfish 

(Tchoudakova et al., 2001) and zebrafish (Tchoudakova et al., 2001; Tong and Chung, 2003) also contain 

2nd messenger sites such as CRE and SRY recognition sequences that are likely to be involved in early 

sex determination in which brain aromatase is expressed earlier than the gonadal enzyme. Dioxin-

responsive elements have also been found in the promoters of both cyp19 genes and peroxisome 

proliferator activated receptor α/retinoid X receptor α responsive elements have been reported in the 

zebrafish cyp19b promoter (reviewed inCheshenko et al., 2008). The differences in promoter region 

structure between the two genes are related to the different functions of oestrogens in the tissues. In the 

gonads oestradiol is a hormone produced for gonadal development in response to GTHs while it in the 

brain is used as a neurotransmitter or neuromodulator (Cornil et al., 2006). 

 

 

 

 

 

 

 

 

 

Figure 2 

Proposed schematic model of transcriptional activation of brain- and gonadal aromatase for teleosts, based on described
transcription factor binding sites upstream of TATA-box.  
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cyp19b expression is steroid sensitive, and both ERs and ARs are very abundant in brain regions where 

aromatase appears to be most concentrated (Gelinas and Callard, 1997). Although oestrogens stimulate 

expression of brain aromatase, both in situ hybridisation and immunohistology have failed to recognise 

co-expression of oestrogen receptors and aromatase in zebrafish and rainbow trout glial cells (Menuet et 

al., 2003; 2005). These two studies did, however, report that extremely low levels of ER mRNA was 

detected when performing qRT-PCR for ERα on glial cells lines (Menuet et al., 2003; 2005). The authors 

suggested that although the low ERα transcription is undetected by histological examination, the ER 

content might be sufficient to induce cyp19 transcription. ERs are however often found in neurons 

surrounding the aromatase containing glial cells, which indicates a paracrine relationship between glial 

cells and these neurons (Menuet et al., 2005). In the midshipman the expression of cyp19b mRNA in the 

POA and in the sonic motoric nucleus (SMN) increases in a dose dependant manner with T treatment, 

while moderate levels of E2 are more effective in stimulating expression of aromatase in these tissues 

(Forlano and Bass, 2005b). In castrated goldfish, both E2 and T implants stimulate aromatase mRNA 

expression in the forebrain, mid/hindbrain and pituitary while the non-aromatisable androgen 5α-DHT is 

non-stimulatory (Gelinas et al., 1998). Borg et al (1989) reported that brain AA was stimulated by both 

aromatisable A and the non-aromatisable androgen 11-ketoandrostenedione (11-KA) in castrated three-

spined stickleback males. In the three-spined stickleback 11-KA is converted to 11-ketotestosterone (11-

KT) in the blood (Borg et al., 1987). Recently it was reported that plasma 11-KT levels correlate positively 

with brain AA in the male bream (Abramis brama) (Hecker et al., 2007). 

 

1.4.6 - Seasonal variation  

The sensitivity of brain aromatase to steroids becomes apparent when looking at seasonal changes in 

gene expression and enzyme activity. In Atlantic salmon bAA of mature male parr was reported to exceed 

bAA of immature parr by far (Andersson et al., 1988). In the European sea bass brain AA increases 7-fold 

during the three-month spawning period between December and February, (Gonzalez, 2003). The 

elevated brain AA levels are slowly reduced in the following months and are preceded by a peak in T, that 

remains elevated during the spawning months and returns to low basal levels when the spawning season 

comes to an end. The authors did not mention any differences between sexes in the seasonal variation. 

However, most fish examined were males, and aromatase enzyme activity was higher in males than in 

females in four out of five brain regions involved in reproduction. Gelinas (1998) examined seasonal 
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variations in gene expression of cyp19b from pooled male and female goldfish brain samples. Gene 

expression was highest in February in both forebrain and mid/hindbrain, corresponding to 4-fold 

respectively 50-fold increases from basal levels. The February peak in goldfish cyp19b mRNA expression 

is not in synchrony with brain aromatase enzyme activity, which increases in the following months when 

cyp19b gene expression has declined (Gelinas et al., 1998; Pasmanik and Callard, 1988). The delayed 

enzyme activity was suggested to be due to a posttranslational modification such as phosphorylation of 

the transcribed protein, which is then stored for later activation the coming spring. This is supported by in 

vitro studies of pre-optic and hypothalamic explants from Japanese quail that suggest a rapid activation of 

brain AA through dephosphorylation under the influence of glutamate and intracellular Ca2+ 

concentrations (Balthazart et al., 2004).  

 

1.5 - Brain aromatase in ecotoxicology studies 

Brain aromatase’s sensitivity to steroids have made it a prime target to study in ecotoxicology used as a 

biomarker for endocrine disruption of both oestrogenic and androgen mimicking substances as well as 

other contaminants that may occur in the wild.  

 

Laboratory studies in the fathead minnow (Pimephales promelas) have shown that exogenous E2 

exposure through the ambient water can act both stimulatory and inhibitory on the expression of brain 

aromatase, depending on the concentrations (Halm et al., 2002). The higher concentrations reduced the 

expression of cyp19b in males while the lower ones stimulated it. Interestingly, in this study female brain 

aromatase was unaffected by the exogenous E2 treatment. However both ovarian and testicular 

aromatase expression increased with increasing E2 concentrations, indicating a positive feedback of 

oestrogens on gonadal aromatase in this species. The highest oestrogen concentration (320 ng/L) had a 

disruptive effect on testicular growth, which could have been the cause of the disrupted aromatase 

expression in the brain of the males through less plasma androgens being available to the enzymatic 

reaction.  

 

Several man-made and natural substances found in the wild can inhibit aromatase. Inhibition can be 

caused by e.g. phytoestrogens, fungicides, organotins and xenoestrogens like DDT metabolites 

(reviewed in Cheshenko et al., 2008). Field studies have shown that brain AA is altered in teleosts 
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sampled from rivers and lakes polluted by complex mixtures of different organic pollutants. Noaksson et 

al. (2003) report low brain aromatase activity in female perch (Perca fluviatilis) collected from a Swedish 

lake contaminated by toxic leachate from a refuse dump. Both male and female bream collected from 

different sites along the river Elbe in Germany, showed suppressed brain aromatase activity in fish 

coming from the more polluted areas of the river, while the enzyme activity was higher in the fish from the 

lesser polluted areas and the reference site (Hecker et al., 2007). Other physiological variables coupled to 

reproduction, such as GSI, plasma hormone levels and sexual maturation, indicated the fish to be 

exposed to endocrine disruptors at the sites where the fish had the lowest brain aromatase activities.  

 In contrast to these examples, brain aromatase activity in female eastern mosquitofish (Gambusia 

holbrooki) from downstream of a paper mill in the Fenholloway river in Florida were elevated when 

compared to females sampled in the reference Econfina river (Orlando et al., 2002). The Fenholloway 

females also exhibited masculinised anal fin development, indicating that the fish had been exposed to 

androgenic contaminants from the pulp industry, which may also have caused the alterations in brain 

aromatase activity. 

 

1.6 - The study animal - the guppy (Poecilia reticulata)   

The small live-bearing guppy (Poecilia reticulata) has been the study model for this thesis. The guppy is a 

member of the family Poeciliidae of the Cyprinodontiformes order, and originates from northeastern South 

America and Trinidad with surrounding islands (Farr, 1983; Matthews et al., 1997). It is an excellent 

model to use in behaviour studies as it is easily kept in aquaria under laboratory conditions and breeds all 

year round without any external manipulations such as changing light or temperature conditions. Guppy 

sexual behaviour has been studied and described in detail by many aquarists and scientists and has 

been studied since the first half of the 20th century.  

The guppy is a highly sexual dimorphic species, and the females and males are easily separated 

by their physical appearance. The male is very often colourful and slim, up to 3.5 cm long and is also 

distinguished from the female by his modified analfin, the gonopodium that is used as a copulatory organ 

for inseminating the female. The female is larger than the male. She is up to 5 cm long, round bellied and 

lack the bright colours that the male possess, and instead has a greyish colour.  

The female gives birth to live broods that hatch at ovulation approximately 28 days after 

insemination. When the female has ovulated she becomes receptive for male courtship during a short 
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period of 3 to 5 days (Liley, 1972; Venkatesh et al., 1990), during which she may copulate with several 

males (Evans et al., 2002). For the remainder of the ovulatory cycle the female will be unreceptive to the 

male’s courtship.  

The female chooses her partner based on the quality of his body colouring and courtship 

intensity. The male has adapted his courtship strategies to this receptivity, and may perform both an 

active courtship and sneaky mating attempts depending on the receptivity of the female. The active 

courtship behaviour is referred to as Sigmoid Display in which the male performs a “dance” in front of the 

female. The male arches his body into the shape of an S or a C while quivering intensely for up to a 

couple of seconds (Liley, 1972). During this display he will have his unpaired fins spread (open display) or 

folded close to the body (closed display). One male can perform several sigmoid displays after each 

other, but normally he does not perform more than 1-3 displays during one minute when females are 

close (own observations). If the female accepts the courtship she will allow him to try inseminating her. 

She will then glide towards the male, arching her body laterally into a C, exposing her genital pore to the 

male into which he will try to insert his gonopodium for the transfer of sperm (Liley, 1972). During the 

Mating Attempt, the couple are wheeling with the male outside of and beneath the female. If the male 

proceeds with inserting his gonopodium into the female he will start to make several intense leaping 

movements (Liley, 1972) that may go on for several minutes (own observations). A successful mating 

attempt can also be distinguished by a small, dispersed white cloud of sperm packages that surrounds 

the couple (Liley, 1966). Males who have succeeded in copulating with a female may continue courting 

the same or other females but with less intensity, which is correlated to the size of the remaining sperm 

reserves (Bozynski and Liley, 2003; Matthews et al., 1997).  

The sneaky mating tactic, the Gonopodium Thrust, is an alternative to courtship behaviour 

performed by the male when he encounters an unreceptive female. The male will sneak up on the female 

from beneath with his gonopodium swung forward, aiming for inserting it into her genital pore in a 

thrusting movement (Liley, 1972). The importance of the gonopodium thrust in reproduction has been 

discussed over the years (Clark and Aronson, 1951; Liley, 1972) and it was not until recently shown to at 

least contribute to sperm transfer to the non co-operating female (Matthews and Magurran, 2000; Pilastro 

and Bisazza, 1999).  

Sexually active males may also swing their gonopodium forward without courting or sneaking up 

on a female (Liley, 1972). This behaviour called, Gonopodium Swinging, can be performed at almost any 
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given moment without the male being committed to courtship. Clark and Aronson (1951) described 

gonopodium swinging as a behaviour indicating high sexual motivation. This is supported by Bozynski 

and Liley (2003) who showed that males that had been stripped of sperm performed less gonopodium 

swings than un-stripped males when subjected to a gonadectomised female.  

The behaviours that have been studied in the two experiments included in this thesis are Gonopodium 

Swinging, Sigmoid Display, Gonopodium Thrust and Mating Attempts. 

 

 

2 - THESIS AIMS 

The objectives of this thesis was: 

• To investigate the possible role of the brain aromatase reaction and it’s resulting end product, 

neuroestrogens, in the regulation of reproductive behaviour of the male guppy (I & II). 

• To test the effects of oestrogenic and androgenic substances on brain aromatase activity, and 

evaluating guppy brain aromatase activity’s use as a possible bioindicator of endocrine disruptors 

in short-term studies (III). 

• To describe the anatomical distribution of guppy brain aromatase (IV). 

 

 

3 - METHODS 

The methods used are described in detail in each report. However, to give an overview of the designs of 

the experiments, short descriptions of the studies follow below. 

 

In the first two studies (I, II), male guppies were kept in groups of 8-16 in approximately 20 litres of 

constant through flowing tapwater, heated to between 24°C and 28°C. In the first study (I) the males were 

exposed to the aromatase inhibitor fadrozole (FAD) through the ambient water at nominal concentrations 

of 0, 15 or 100 μg/L for 26-29 days. In the second (II) males received food prepared with the 

antioestrogenic chemical ICI-182 780 (ICI) (0, 2.5 and 4 mg/g of food) or the synthetic oestrogen 17α-

ethynylestradiol (EE2) for 55 days.  
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In both studies the males were tested individually for alterations in reproductive behaviours together with 

a stimulus female, under either live (I & II) or video recorded supervision (I). Before the behaviour tests 

the males were acclimated to a floating 1-L guppy breeding-trap for 12 – 18 hrs (II) and one week (I) kept 

in the original exposure aquaria. The males were transferred in their breeding traps to a 10 L observation 

aquarium, and a stimulus female were introduced to each male. After the introduction of the female the 

number of each behaviour act performed by the male during 15-20 minutes was observed and 

documented. The behaviours documented were Gonopodium Swinging, Sigmoid Display, Gonopodium 

Thrust (I & II) as well as both successful and non-successful Mating Attempts (II). The behaviour data 

was analysed with non-parametric Kruskal-Wallis tests followed by Dunn´s Post test. 

 

Following the behaviour tests the males were killed by decapitation after being anaesthetised in 0.5% 

phenoxy ethanol. Their brains were immediately collected and homogenised in cold phosphate buffer and 

snap frozen in liquid nitrogen (I) or stored in RNA-stable buffer (II) for later use for measuring aromatase 

activity with the tritiated water method (I) and RT-PCR analysis of induction of gene expression of 

CYP19B and ER-α (II). In study II, liver somatic and gonadosomatic indexes (LSI resp. GSI) were 

calculated.  

 

In the third (III) study adult males and females were kept together in small communities of 16 fishes and 

were semi-statically exposed for two weeks to chemicals known to have either oestrogenic or androgenic 

effects. The chemicals used were EE2 – a synthetic oestrogen commonly used in contraceptives, 

androstenedione (A) – an androgen that is both endogenous in vertebrates and can be found as a 

bacterial degraded waste product downstream of paper and pulp mills, and the weakly oestrogenic 

surfactant 4-Nonylphenol (NP) – a degradation product of alcyl-phenols commonly used in textile 

industries.  

 

Two experiments were performed, one with high nominal concentrations of 50 μg/L, and another with low 

concentrations reported to be present in polluted areas (10 ng/L of EE2, 5 μg/L of NP and 0.7 μg/L of A). 

Following the two-week treatments the adult fishes were killed by anaesthetisation and decapitation, and 

brains were removed and homogenised in phosphate buffer. LSI and GSI were calculated for all 

individuals and the brain homogenates were analysed with the tritiated water assay to measure 
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aromatase activity. All enzyme activity, LSI and GSI data were analysed with One-way ANOVA followed 

by Dunnett´s multipl comparisons test. 

 

In the fourth (IV) study a cDNA clone of a 945 base pair long partial sequence of brain derived guppy 

aromatase was obtained following reverse transcription polymerase chain reaction on adult brain mRNA. 

The clone was sequenced and its translated amino acid sequence was aligned with known sequences of 

teleost and mammalian aromatases. Sense and anti-sense single strand UTP-degoxigeninated 

riboprobes were produced with the cDNA used as template. The probes were used for in situ-

hybridisation (ISH) detection of brain aromatase expression on 7μm thick transverse brain tissue 

sections. The hybridisation was detected with the use of NBT/BCIP incubation on the previously alkaline 

phosphatase-labelled anti-degoxigenin treated tissue slides causing dark blue staining aromatase 

expressing cells. Along with this, tritiated water assay measurements were performed on telencephalic, 

mesencephalic/diencephalic and rhombencephalic brain divisions of 16 untreated healthy adult males 

and females. The enzyme activity results were statistically analysed using One-way ANOVA followed by 

Bonferroni’s multiple comparison test 

 

4 - RESULTS 

I – Aromatase inhibition study 

Treating males with the highest concentration of FAD (100 μg/L) caused a significantly lower frequency of 

gonopodium swinging behaviour compared to control males. The mean frequency was reduced to 61% to 

that of the control males. The same treatment also reduced the mean frequency of the courtship 

behaviour sigmoid display to 38% of control male frequency. The effects of the FAD treatments were 

confirmed as reduction in brain aromatase activity to 31% of the control male activity in the 100 μg/L 

group and 38% in the 15 μg/L group of males. 

 

II - Anti-oestrogen study 

In this study the males were tested for courtship behaviours with stimulus females at three different 

occasions. In the first test series after 14-15 days of treatment, there was no effect from any of the 

treatments on any of the measured behaviours. At the second test series after 27-30 days post 

experiment start, sigmoid display frequency was less than a third of control male frequency in males fed 
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with 4 mg of ICI/g of food and EE2 fed males. These alterations were lost at the third and last behaviour 

test series for both treatments, when the frequency of successful mating attempts was significantly lower 

(<30%) in the ICI treated males than among control males when data from both ICI treatments was 

combined, while the EE2 treated males displayed no successful mating attempts at all. 

In the males receiving the 4 mg of ICI treatment expression of the cyp19b gene was significantly 

decreased to 58% of control male expression when analysed with RT-PCR, whereas the effects of EE2 

and 1 mg/g ICI were non-significant. The ICI 4 mg/g treatment also affected the expression levels of ER-α 

that increased to more than 400% of the expression of the control males. 

 

III – Androgen and oestrogen treatment study 

The results from this study showed that brain aromatase activity was susceptible to high concentrations of 

steroid treatments in both females and males after short-term two-week treatments. In both cases the 

enzyme activity increased, however, the response differed between the genders. In males, the activity 

increased by both A and EE2 treatments while the female only responded to the oestrogenic treatment, by 

increased bAA. At the lower concentrations females were unresponsive to all treatments while males still 

responded to EE2 with elevated brain aromatase activity. The weakly oestrogenic surfactant NP had no 

effect at any of the concentrations used in either males or females. The results from the two experiments 

also revealed that females possess more available aromatase enzyme than males. Female controls 

exhibited >10 fold higher brain aromatase activity than male controls. 

 

IV – Brain distribution study 

Multiple sequence alignment of translated amino acid sequence of the 945 bp cDNA sequence indicated 

that the guppy aromatase (PrCyp19) cloned had a very high similarity to other teleost aromatases, and it 

was concluded from a phylogenetic alignment tree that the PrCyp19 also belonged to the brain class of 

teleost aromatase. Hence, the gene was named PrCyp19b.  

 

The ISH revealed that PrCyp19b was expressed at the ventricular surfaces of the ventral telencephalic 

zones and the pre-optic area, in the hypothalamus, the pituitary gland, optic tectum and the cerebellum 

which is very consistent with the anatomical distribution of brain aromatase in other studied teleosts. The 

tritiated water assay of the different brain divisions confirmed the results from (III) that females possess 
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more brain aromatase, but also showed gender differences in its’ distribution. Females possessed the 

highest activity in the mesencephalic/diencephalic brain division, while males had similar amounts of 

aromatase in telencephalon and mesencephalon/diencephalon. 

 

5 – DISCUSSION 

5.1 - Brain aromatase in behaviour 

Oestrogen targets in the vertebrate forebrain are involved in the regulatory process of certain sexual 

behaviours. The oestrogens in these brain nuclei are locally produced by aromatisation of androgenic 

steroids, either locally produced or coming from the circulatory system. The effects on behaviours of local 

oestrogens have mainly been studied in avian and mammalian species and were long neglected in 

teleosts, even though it was proposed over 30 years ago that oestrogen target neurons in the forebrain 

could be involved in fish behaviour (Kim et al., 1979). The results of I & II show that the active courtship 

sigmoid display is reduced in guppy males when aromatase activity is partly inhibited (I) or ERs are 

blocked (II). This courtship will if successfully performed be followed by an acceptation from the female 

and ultimately end up with insemination. In both studies the effects on sigmoid display courtship was seen 

following 4 weeks of treatments with either the competitive aromatase inhibitor FAD (I) or anti oestrogen 

ICI (II). In (I) the study was terminated following the 4-week exposure while in (II) the treatments 

continued for another 4 weeks. At the last test the effects on sigmoid display were gone. However, the 

succeeding insemination act (called successful mating attempts in the manuscript) was significantly 

reduced in the ICI treated males. It is interesting that the insemination act is reduced following the long 

treatment while the preceding courtship somehow is rescued. At the same time the number of mating 

attempts performed by the couples at the end of (II) remains unchanged between ICI treated and control 

males. Thus it could be speculated that the preceding courtship and mating attempt act at this time were 

rescued by unknown secondary mechanisms, but that sperm release was inhibited in the males receiving 

the anti oestrogen treatment. Sperm release is controlled from the POA and ventral telencephalic region 

via the spinal cord, as shown in the green sunfish (Lepomis cyanellus) (Demski et al., 1975). Both these 

brain regions are known oestrogen targets and are aromatase positive in teleosts (see section 5.4). 

Creating lesions in these regions in goldfish reduced male courtship and spawning during a 3-week 

period, but lesioned males recovered 7 weeks post-lesioning (Kyle and Peter, 1982). 
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Reported studies on teleost reproductive behaviours and aromatase are limited. Therefore, making 

comparisons between the guppy and other teleosts in terms of brain aromatase and behaviour is not an 

easy task. The few studies made are first and foremost on either sex changers or teleosts with alternative 

mating tactics and are mainly focused on the steroidogenic brain profiles of females and the different 

male morphs. In the bluebanded goby brain aromatase activity drops dramatically in females undergoing 

sex change (Black et al., 2005). This coincides with increased aggressive behaviour and is within a few 

days followed by a restructuring of the gonad to develop testicular structures. Hence the neural and 

behavioural actions change long before gonadal hormones have shifted to maintain the new sexual 

phenotype of the former female individual. In Dr. Hans Hofmann’s laboratory at Harvard University, 

unpublished experiments on the African cichlid Astatotilapia burtoni involving intraperitoneal-injections of 

FAD have revealed marginal but significant decreases in territorial aggression in both males and females 

(personal communication from Dr. Hofmann). Dominance behaviour is under normal circumstances a 

male feature in A.burtoni, and dominant fish exhibit higher aromatase expression than subordinates 

regardless of sex (Fraser et al., 2005).  

 

In the peacock blenny (Salaria pavo), that has plastic male reproductive tactics, young males behave and 

look like females and steal spawnings from older territorial males (Gonçalves et al., 1996). After their first 

season, the sneaking males undergo a metamorphosis to become territorial under which their gonads are 

regressed and do not spawn. Females exhibit a slightly but significantly higher brain aromatase activity 

than both territorial and sneaking males (Gonçalves et al., 2008). However, territorial males possess 

higher brain aromatase activity than sneaking males do and males in transitional phase have an 

intermediate aromatase activity, although their gonads are in an inactive state. Both androgen and 

oestrogen implants will fail to induce territorial male behaviour in sneaking males but androgens can 

suppress female mimicking behaviour, however not by aromatisation as E2 has no effect on mimicking 

and 11-KT reduces it (Gonçalves et al., 2007; Oliveira et al., 2001). Steroid hormones and brain 

aromatase thus seem to affect the male morphs differently and brain aromatase could therefore have a 

more active role in a possible restructuring of the male brain during the transitional phase as brain 

aromatase activity starts getting elevated during this period. In the plainfin-midshipman, where the male 

morph tactics are fixed, territorial type-I males perform a specific humming sound. This humming pattern 

is evoked by steroid treatments in females and in both male morphs. The one steroid that actually elicits 
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humming behaviour in all three adult morphs is E2 whereas 11-KT only is effective in territorial type-1 

males (Remage-Healey and Bass, 2004; 2007).  

 

5.2 – Steroid feedback/regulation 

As in most teleosts guppy brain aromatase is stimulated by steroids (III) and oestrogens seem to be the 

main stimulating group of steroids in most species studied. Oestrogen response elements (EREs) are 

normally found in the promoter regions of brain aromatase genes in fishes and implantation and 

exogenous treatments of oestrogens like E2 and EE2 stimulates both aromatase gene transcription and 

aromatase enzyme activity in many species. Androgens like testosterone or androstenedione can also 

stimulate brain aromatase although androgen response elements are not as common as EREs in teleost 

brain aromatase promoter regions. The stimulating effect of androgens may thus be exerted via the 

locally produced oestrogens and not by the androgen itself (Mouriec et al., 2009; Mouriec et al., 2008). 

This is supported in the goldfish where the non-aromatisable androgen 5α-dihydrotestosterone fails to 

stimulate expression of the brain aromatase gene (Gelinas et al., 1998). However, the non-aromatisable 

androgen 11-KA stimulated brain aromatase activity in three-spined stickleback (Borg et al., 1989) and 

Atlantic salmon male parr (Mayer et al., 1991). The results from (III) showed that A is less potent in 

stimulating brain aromatase activity than EE2 in the guppy. A only stimulated male bAA at the high 

concentration, and the elevation was only 2.5-fold compared to 20-fold following the EE2 treatment that 

resembled the bAA of control females. In females bAA also increased with the 50 μg/L EE2 treatment 

from 100 fmol E1/hr/mg to almost 250 fmol E1/hr/mg. The results thus point at bAA as more sensitive to 

oestrogens than androgens. In (II) the qRT-PCR results from the EE2 treatment did not reveal a 

stimulating effect on gene transcription level of PrCyp19b, but ICI repressed the transcription in treated 

males by approximately 1/3 of control male transcription. The results in (III) and (II) suggests that in the 

adult guppy the aromatase enzyme activity is more steroid sensitive than its’ gene transcription, whereas 

gene transcription still is repressed by anti-oestrogens. The exact function behind this remains unknown 

at present and can only be speculated on. The stimulating effect of oestrogens could act on a post-

transcriptional level whereas gene transcription upholds bAA to basal levels under the influence of ERs. 

In the zebrafish embryo E2 stimulates expression of aromatase in glial cells while co-treatment with ICI-

182 780 completely inhibits this expression (Menuet et al., 2005; Tong et al., 2009). In the adult zebrafish 
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a similar co-treatment of E2 and ICI does not cause a complete inhibition of cyp19b transcription in the 

POA as was seen in the embryo (Menuet et al., 2005).  

 

5.3 – Guppy brain aromatase as a bio-indicator 

The nominally low EE2 concentration (10 ng/L) used in (III) elevated male brain aromatase activity by 

>100%. The same treatment had no effect on hepatic or on gonadal tissue weight (as indicated by the LSI 

and GSI), which are two physiological alterations that normally can be found in fishes exposed to 

endocrine disruptors. The experiment was on the other hand only performed during a relatively short time 

(two weeks), which may not have been long enough to enable changes in these tissues. In comparison 

the 50 μg/L treatment with EE2 did increase the GSI of males in the same study, and in (II) the 55 day 

long food treatment with the same steroid had serious disruptive effects on testis weight and increased 

liver weight by 170%. Brain aromatase expression and activity was also used as endpoints in other 

species exposed to environmental hormones/hormone mimics and suspected organic pollutants (Halm et 

al., 2002; Hecker et al., 2007; Noaksson et al., 2003; Orlando et al., 2002). From the results presented in 

this thesis it is concluded that male guppy brain aromatase activity is sensitive enough to use as one in 

the battery of biomarkers used to detect endocrine disruptors at low concentrations found in the aquatic 

environment following a short-term exposure of two weeks. Brain aromatase has been suggested by 

others (Kim et al., 2008; Meucci and Arukwe, 2006; Tong et al., 2009) as a complementary biomarker for 

detection of endocrine disrupting chemicals, and could be useful as it shows effects on the nervous 

system by endocrine disruptors. 

 

5.4 – Distribution of brain aromatase in the adult guppy 

PrCyp19b was mainly found in forebrain regions classically considered to be involved in reproduction, 

such as the POA, several of the hypothalamic nuclei and nuclei in the ventral telencephalon. These result 

were much in accordance to what has been reported in other species and these regions have also been 

described as oestrogen targets in e.g. the platyfish and the goldfish (Kim et al., 1978; 1979). The specific 

roles of aromatase in these nuclei in fish are unknown, but comparisons to what is known in mammals 

and birds suggest that nuclei in the POA regulate courtship and copulatory behaviours. As mentioned 

briefly in section 5.1 sperm release can be evoked from the POA in the green sunfish, and goldfish 

courtship is partly inhibited by electric lesioning in the same region. Borg et al. (1987) suggested that 
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aromatase in the POA in combination with the tuberal hypothalamus could have a functional role in 

regulating the release of gonadotropins from the pituitary of sticklebacks. Immunohistochemistry showed 

that both the tuberal hypothalamus and the POA are gonadotropin releasing hormone positive in poecilids 

(Schreibman et al., 1986) which argues for such a role in the guppy as well. 

 

In all fishes reported to date brain aromatase has been found at the surfaces of ventricles or in very close 

proximity to these surfaces. This has been interpreted as aromatase and oestrogens having a major 

function in neurogenesis and nerve development. Aromatase positive brain cells are often described as 

having long cytoplasmic extensions reaching into deeper brain layers while their nuclei are small and 

situated close to the surface of ventricles, and containing the glial cell specific glial fibrillary acidic protein. 

These morphological and biochemical characteristics suggest that aromatase positive cells in the teleost 

brain are radial glial cells and may act as progenitors for newly born neurons. In (IV) the characteristics of 

aromatase expressing cells in the guppy brain was not examined, however the blue stainings in 

aromatase expressing regions did appear to extend from the ventricular surfaces and reaching in to 

deeper layers of the brain. This was most apparent along the 3rd ventricle of the forebrain, but was also 

present in the pituitary gland and the torus semicircularis. Therefore it is suspected that PrCyp19b is 

expressed in radial glial cells too. As suggested in other teleosts, local oestrogens may thus have an 

active role in neurogenesis in the guppy brain, not only in the forebrain but also in the midbrain and in the 

hindbrain.  

 

5.5 – Differences in brain aromatase between males and females 

In (III) t-tests comparing the bAA in control males and females from both experiments showed that the 

female brain is capable of producing 10-fold more oestrogens than the male brain. These results were 

confirmed in (IV) indicating that females possessed more active aromatase enzyme in all subdivisions 

when tritiated water release was measured in telencephalic, mesencephalic/diencephalic and 

rhombencephalic brain divisions. Although the ISH-study showed no differences in distribution between 

male and female brain aromatase expression, the results from measuring aromatase activity in the brain 

divisions showed that differences existed at regional level. Female oestrogen production in the 

telencephalon was ~3-fold higher than in the male, mesencephalic/diencephalic bAA was ~10-fold higher 

whereas rhombencephalic oestrogen production was ~25-fold higher. In the males forebrain and midbrain 
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subdivisions produce similar amounts of oestrogens while in females the midbrain, containing the 

mesencephalon and diencephalon was the most oestrogen potent subdivision. The bAA distribution in 

guppies (although performed on a much less finer scale) remind of the distribution reported in the medaka 

by Melo and Ramsdell (2001). In the medaka females possess about 3 times more aromatase than their 

male counterparts (Patil and Gunasekera, 2008) and brain oestrogen production levels are the highest in 

hypothalamic regions in females while males have the highest bAA in the POA. The biological 

significance of these differences can only be speculated on, but they suggest that local oestrogens may 

play a more pronounced role in the anterior brain of males while in females the role is more important in 

the hypothalamus. This role could possibly be involved in differences in reproductive control. 

 

5.6 – Phylogeny 

Teleost aromatase is subdivided into two classes, brain class and ovarian class. The subdivision has 

been proposed to be due to a teleost-specific genome duplication (Cheshenko et al., 2008; Meyer and 

Van de Peer, 2005), on which evolution may have caused new functions for some of the duplicated genes 

if they were not secondarily lost (Chang et al., 2005; Meyer and Van de Peer, 2005). PrCyp19b as cloned 

and used in (IV) showed most similarity to brain class aromatase and especially to more closely related 

species of the percomorphs when analysed with multiple sequence alignment. As described before, brain 

class aromatase in the alignments show higher relation to brain aromatase in other species than to 

ovarian aromatase in the same species. An ovarian type aromatase remains to be cloned and sequenced 

in the guppy and therefore it cannot be concluded that such difference between brain and ovarian 

aromatase exist in this species, or if there even are two different aromatase genes in guppy. However, as 

the only teleosts reported to not have two different aromatase genes are European and Japanese Eels 

(Anguilla anguilla & Anguilla japonica) (Ijiri et al., 2003; Tzchori et al., 2004), both belonging to the 

evolutionary more ancient teleostean group Elopomorphs, it is highly unlikely that the guppy would differ 

from the other euteleostean species by only having one aromatase gene or showing higher similarity 

between brain and ovarian aromatase than between species similarities of the two proposed genes.  
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6 – CONCLUSIONS 

This thesis has shown that brain aromatase and neuroestrogens can affect male behaviours in the guppy. 

Aromatase inhibition through pharmacological treatment caused reductions in sigmoid display activity and 

gonopodium swinging, and anti-oestrogen treatment caused a reduction in successful mating attempts. 

Brain aromatase activity is sensitive to steroid stimulation and its gene expression is depressed in males 

by anti oestrogen treatment. Brain aromatase activity is sexually dimorphic in the guppy; females produce 

>10-fold more neuroestrogens than males and the production is also differently distributed whereas its 

gene expression appears more uniform. Expression of the guppy brain aromatase gene (PrCyp19b) is 

distributed at ventricular surfaces in the POA and ventral telencephalon of the forebrain, in the dorsal, 

ventral and tuberal hypothalamus, suprachiasmatic nucleus and paraventricular organ in the 

diencephalon, in the optic tectum close to the mesencephalic ventricle and in the torus semicircularis in 

the midbrain. It is also present in the hindbrain in close proximity to the 4th ventricle and scattered in the 

cerebellum. Guppy brain aromatase belongs to the brain class of teleost aromatase and show highest 

sequence similarity to closely related species of the percomorphs. 

 

 

 

 

 

 

 

 

 

 

 

 



Doctoral thesis –  Brain Aromatase in the guppy, Poecilia reticulata – Distribution, control and role in behaviour 

Stefan Hallgren 2009 

 31

 

7- ACKNOWLEDGEMENTS 

 
 
First and foremost I´d like to thank my two supervisors professors Håkan Olsén (Inst. För 

Livsvetenskaper, Södertörns högskola) and Bertil Borg (Zoologiska Institutionen, Stockholms Universitet) 

for their long time support and feedback during my work with the thesis. I wouldn´t have made it without 

the two of you. 

A BIG thank you also to my family; my three kids Benjamin, Dahlia and Nicolas, and their mother (and my 

ex-wife) Tiina for just being there, helping me through everyday life and making it just a chaotic as it 

should be ;). Of course my mother Britt-Marie (it´s ok you can wipe your tears of happiness now. Yes I did 

make it this far) and my sister Carolina. To my father – I wished you could have experienced this with me. 

Tuula – You have always been supportive. I appreciate that very much! 

To my short list of collaborators; Maria Linderoth, Satish Srinivas Kitambi and those who have helped me 

with setting up and learning new methods. A very special thank you to my closest colleagues Alia, Linda 

and Fredrik. Thank you to all my other past and present colleagues, students and administrators @ 

Institutionen för Livsvetenskaper – None mentioned, none forgotten. 

Stockholms Läns landsting for financial support and Östersjöstiftelsen for contributing with finances for 

traveling to conferences. 

A big-up to all my mates and good friends out there who have helped me through beer-drinking nights, 

parties and the odd rugby game; especially Emil, Dan, Derek and Fredrik (again?!)!!!!!!!!! 

 

 

/Stefan 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Doctoral thesis –  Brain Aromatase in the guppy, Poecilia reticulata – Distribution, control and role in behaviour 

Stefan Hallgren 2009 

 32

8 - REFERENCES. 

Andersson, E., Borg, B., Lambert, J.G.D., 1988. Aromatase activity in brain and pituitary of immature and 

mature Atlantic salmon (Salmo salar L.) parr. . Gen Comp Endocrinol 72, 394-401. 

Bakker, J., De Mees, C., Douhard, Q., Balthazart, J., Gabant, P., Szpirer, J., Szpirer, C., 2006. Alpha-

fetoprotein protects the developing female mouse brain from masculinization and defeminization by 

estrogens. Nat Neurosci 9, 220-226. 

Bakker, J., Honda, S., Harada, N., Balthazart, J., 2002. Sexual partner preference requires a functional 

aromatase (Cyp19) gene in male mice. Horm Behav 42, 158-171. 

Bakker, J., Honda, S., Harada, N., Balthazart, J., 2004. Restoration of male sexual behavior by adult 

exogenous estrogens in male aromatase knockout mice. Horm Behav 46, 1-10. 

Balthazart, J., Baillien, M., Cornil, C.A., Ball, G.F., 2004. Preoptic aromatase modulates male sexual 

behavior: slow and fast mechanisms of action. Physiol Behav 83, 247-270. 

Bhandari, R., Komuro, H., Higa, M.a., Nakamura, M., 2004. Sex inversion of sexually immature 

honeycomb grouper (Epinephelus merra) by aromatase inhibitor. Zoolog Sci 21, 305-310. 

Black, M., Balthazart, J., Baillien, M., Grober, M., 2005. Socially induced and rapid increases in 

aggression are inversely related to brain aromatase activity in a sex-changing fish, Lythrypnus dalli. Proc 

Biol Sci 272, 2435 - 2440. 

Blázquez, M., González, A., Papadaki, M., Mylonas, C., Piferrer, F., 2008. Sex-related changes in 

estrogen receptors and aromatase gene expression and enzymatic activity during early development and 

sex differentiation in the European sea bass (Dicentrarchus labrax). Gen Comp Endocrinol 158, 95-101. 

Blázquez, M., Piferrer, F., 2004. Cloning, sequence analysis, tissue distribution, and sex-specific 

expression of the neural form of P450 aromatase in juvenile sea bass (Dicentrarchus labrax). Mol Cell 

Endocrinol 219, 83-94. 



Doctoral thesis –  Brain Aromatase in the guppy, Poecilia reticulata – Distribution, control and role in behaviour 

Stefan Hallgren 2009 

 33

Borg, B., Andersson, E., Mayer, I., JG., L., 1989. Aromatase activity in the brain of the three-spined 

stickleback, Gasterosteus aculeatus. III. Effects of castration under different conditions and of 

replacement with different androgens. Exp Biol. 48, 149-152. 

Borg, B., Timmers, R., Lambert, J., 1987. Aromatase activity in the brain of the three-spined stickleback, 

Gasterosteus aculeatus. I. Distribution and effects of season and photoperiod. Exp Biol 47, 63-68. 

Bozynski, C.C., Liley, N.R., 2003. The effect of female presence on spermiation, and of male sexual 

activity on 'ready' sperm in the male guppy. Anim Behav 65, 53-58. 

Callard, G.V., Petro, Z., Ryan, K.J., 1978. Phylogenetic distribution of aromatase and other androgen-

converting enzymes in the central nervous system,. Endocrinology 103, 2283-2290. 

Carreau, S., Lambard, S., Delalande, C., Denis-Galeraud, I., Bilinska, B., Bourguiba, S., 2003. Aromatase 

expression and role of estrogens in male gonad : A review. Reprod Biol Endocrinol 1, 35. 

Chang, X., Kobayashi, T., Senthilkumaran, B., Kobayashi-Kajura, H., Sudhakumari, C.C., Nagahama, Y., 

2005. Two types of aromatase with different encoding genes, tissue distribution and developmental 

expression in Nile tilapia (Oreochromis niloticus). Gen Comp Endocrinol 141, 101-115. 

Cheshenko, K., Pakdel, F., Segner, H., Kah, O., Eggen, R.I.L., 2008. Interference of endocrine disrupting 

chemicals with aromatase CYP19 expression or activity, and consequences for reproduction of teleost 

fish. Gen Comp Endocrinol 155, 31-62. 

Clark, E., Aronson, L., 1951. Sexual behaviour in the guppy, Lebistes reticulates (Peters). Zoologica 36, 

49-66. 

Cornil, C.A., 2009. Rapid regulation of brain oestrogen synthesis: The behavioural roles of oestrogens 

and their fates. J Neuroendocrinol 21, 217-226. 

Cornil, C.A., Taziaux, M., Baillien, M., Ball, G.F., Balthazart, J., 2006. Rapid effects of aromatase 

inhibition on male reproductive behaviors in Japanese quail. Horm Behav 49, 45-67. 



Doctoral thesis –  Brain Aromatase in the guppy, Poecilia reticulata – Distribution, control and role in behaviour 

Stefan Hallgren 2009 

 34

Demski, L.S., Bauer, D.H., Gerald, J.W., 1975. Sperm release evoked by electrical stimulation of the fish 

brain: A functional-anatomical study. J Exp Zool 191, 215-231. 

Evans, J.P., Pitcher, T.E., Magurran, A.E., 2002. The ontogeny of courtship, colour and sperm production 

in male guppies. Journal of Fish Biology 60, 495-498. 

Farr, J.A., 1983. The Inheritance of quantitative fitness traits in guppies, Poecilia reticulata (Pisces: 

Poeciliidae). Evolution 37, 1193-1209. 

Forlano, P., Bass, A., 2005a. Seasonal plasticity of brain aromatase mRNA expression in glia: 

Divergence across sex and vocal phenotypes. J Neurobiol 65, 37-49. 

Forlano, P.M., Bass, A.H., 2005b. Steroid regulation of brain aromatase expression in glia: Female 

preoptic and vocal motor nuclei. J Neurobiol 65, 50-58. 

Forlano, P.M., Deitcher, D.L., Myers, D.A., Bass, A.H., 2001. Anatomical distribution and cellular basis for 

high levels of aromatase activity in the brain of teleost fish: aromatase enzyme and mRNA expression 

identify glia as source. J Neurosci 21, 8943-8955. 

Fraser, E.J., Renn, S.C., Hofmann, H.A., 2005. Sex, sex-roles, and social dominance: A functional 

genomics approach. In: Rosenthal, G. (Ed.), Third annual Boston Behavior Club Woods Hole 

Symposium, Swope Conference Center, MBL Woods Hole, MA. 

Fusani, L., Gahr, M., Hutchison, J.B., 2001. Aromatase inhibition reduces specifically one display of the 

ring dove courtship behavior. Gen Comp Endocrinol 122, 23-30. 

Fusani, L., Metzdorf, R., Hutchison, J.B., Gahr, M., 2003. Aromatase inhibition affects testosterone-

induced masculinization of song and the neural song system in female canaries. J Neurobiol 54, 370-379. 

Gardner, L., Anderson, T., Place, A.R., Dixon, B., Elizur, A., 2005. Sex change strategy and the 

aromatase genes. J Steroid Biochem Mol Biol 94, 395-404. 

Gelinas, D., Callard, G.V., 1997. Immunolocalization of aromatase- and androgen receptor-positive 

neurons in the goldfish brain. Gen Comp Endocrinol 106, 155-168. 



Doctoral thesis –  Brain Aromatase in the guppy, Poecilia reticulata – Distribution, control and role in behaviour 

Stefan Hallgren 2009 

 35

Gelinas, D., Pitoc, G.A., Callard, G.V., 1998. Isolation of a goldfish brain cytochrome P450 aromatase 

cDNA: mRNA expression during the seasonal cycle and after steroid treatment. Mol Cell Endocrinol 138, 

81-93. 

Gonçalves, D., Alpedrinha, J., Teles, M., Oliveira, R.F., 2007. Endocrine control of sexual behavior in 

sneaker males of the peacock blenny Salaria pavo: Effects of castration, aromatase inhibition, 

testosterone and estradiol. Horm Behav 51, 534-541. 

Gonçalves, D., Teles, M., Alpedrinha, J., Oliveira, R.F., 2008. Brain and gonadal aromatase activity and 

steroid hormone levels in female and polymorphic males of the peacock blenny Salaria pavo. Horm 

Behav 54, 717-725. 

Gonçalves, E.J., Almada, V.C., Oliveira, R.F., Santos, A.J., 1996. Female mimicry as a mating tactic in 

males of the blenniid fish Salaria pavo. J Mar Biol Assoc U.K. 76, 529-538. 

Gonzalez, A., Piferrer, F., 2003. Aromatase activity in the European sea bass (Dicentrarchus labrax L.) 

brain. Distribution and changes in relation to age, sex, and the annual reproductive cycle. Gen Comp 

Endocrinol 132, 223-230. 

Goto-Kazeto, R., Kight, K.E., Zohar, Y., Place, A.R., Trant, J.M., 2004. Localization and expression of 

aromatase mRNA in adult zebrafish. Gen Comp Endocrinol 139, 72-84. 

Halm, S., Pounds, N., Maddix, S., Rand-Weaver, M., Sumpter, J.P., Hutchinson, T.H., Tyler, C.R., 2002. 

Exposure to exogenous 17β-oestradiol disrupts P450aromB mRNA expression in the brain and gonad of 

adult fathead minnows (Pimephales promelas). Aquat Toxicol 60, 285-299. 

Hawkins, M.B., Thornton, J.W., Crews, D., Skipper, J.K., Dotte, A., Thomas, P., 2000. Identification of a 

third distinct estrogen receptor and reclassification of estrogen receptors in teleosts. PNAS 97, 10751-

10756. 

Hecker, M., Thomas Sanderson, J., Karbe, L., 2007. Suppression of aromatase activity in populations of 

bream (Abramis brama) from the river Elbe, Germany. Chemosphere 66, 542-552. 



Doctoral thesis –  Brain Aromatase in the guppy, Poecilia reticulata – Distribution, control and role in behaviour 

Stefan Hallgren 2009 

 36

Ijiri, S., Kazeto, Y., Mark Lokman, P., Adachi, S., Yamauchi, K., 2003. Characterization of a cDNA 

Encoding P-450 aromatase (CYP19) from Japanese eel ovary and its expression in ovarian follicles 

during induced ovarian development. Gen Comp Endocrinol 130, 193-203. 

Janz, D.M., 2000. Endocrine system. The Laboratory Fish. Academic Press, pp. 189-213. 

Karube, M., Fernandino, J.I., Strobl-Mazzulla, P., Strüssmann, C.A., Yoshizaki, G., Somoza, G.M., Patiño, 

R., 2007. Characterization and expression profile of the ovarian cytochrome P-450 aromatase (cyp19A1) 

gene during thermolabile sex determination in pejerrey, Odontesthes bonariensis. J Exp Zool Part A Ecol 

Genet Physiol 307A, 625-636. 

Kawata, M., 1995. Roles of steroid hormones and their receptors in structural organization in the nervous 

system. Neurosci Res 24, 1-46. 

Kim, D.-J., Seok, S.-H., Baek, M.-W., Lee, H.-Y., Na, Y.-R., Park, S.-H., Lee, H.-K., Dutta, N.K., 

Kawakami, K., Park, J.-H., 2008. Benomyl induction of brain aromatase and toxic effects in the zebrafish 

embryo. J Appl Toxicol, In press. 

Kim, Y.S., Stumpf, W.E., Sar, M., 1978. Topography of estrogen target cell in the forebrain of goldfish, 

Carassius auratus. J Comp Neurol 182, 611-620. 

Kim, Y.S., Stumpf, W.E., Sar, M., 1979. Topographical distribution of estrogen target cells in the forebrain 

of platyfish, Xiphophorus maculatus, studied by autoradiography. Brain Res 170, 43-59. 

Kime, D., 1998. Introduction to Fish Reproduction. In: Kime, D. (Ed.), Endocrine Disruption in Fish. Kluwer 

Academic Publishers, pp. 81-107. 

Kuhl, A.J., Manning, S., Brouwer, M., 2005. Brain aromatase in Japanese medaka (Oryzias latipes): 

Molecular characterization and role in xenoestrogen-induced sex reversal. J Steroid Biochem Mol Biol 96, 

67-77. 

Kyle, A., Peter, R., 1982. Effects of forebrain lesions on spawning behaviour in the male goldfish. Physiol 

Behav 28, 1103-1109. 



Doctoral thesis –  Brain Aromatase in the guppy, Poecilia reticulata – Distribution, control and role in behaviour 

Stefan Hallgren 2009 

 37

Lee, Y.-H., Yueh, W.-S., Du, J.-L., Sun, L.-T., Chang, C.-F., 2002. Aromatase Inhibitors Block Natural Sex 

Change and Induce Male Function in the Protandrous Black Porgy, Acanthopagrus schlegeli Bleeker: 

Possible Mechanism of Natural Sex Change. Biol Reprod 66, 1749-1754. 

Legler, J., Zeinstra, L.M., Schuitemaker, F., Lanser, P.H., Bogerd, J., Brouwer, A., Vethaak, A.D., de 

Voogt, P., Murk, A.J., van der Burg, B., 2002. Comparison of in vivo and in vitro reporter gene assays for 

short-term screening of estrogenic activity. Environ Sci Technol 36, 4410-4415. 

Lephart, E., 1996. A review of brain aromatase cytochrome P450. Brain Res Brain Res Rev. 22, 1-26. 

Liley, N.R., 1966. Ethological isolating mechanisms in four sympatric species of poeciliid fishes. 

Behaviour Suppl 14, 1-197. 

Liley, N.R., 1972. The effects of estrogens and other steroids on the sexual behavior of the female guppy, 

Poecilia reticulata. Gen Comp Endocrinol 3, 542-552. 

Loomis, A.K., Thomas, P., 1999. Binding Characteristics of Estrogen Receptor (ER) in Atlantic Croaker 

(Micropogonias undulatus) Testis: Different Affinity for Estrogens and Xenobiotics from that of Hepatic 

ER. Biol Reprod 61, 51-60. 

Luttge, W.G., 1975. Effects of Anti-Estrogens on Testosterone Stimulated Male Sexual Behavior and 

Peripheral Target Tissues in the Castrate Male Rat. Physiol Behav 14, 839-846. 

Malyala, A., Kelly, M.J., Ronnekleiv, O.K., 2005. Estrogen modulation of hypothalamic neurons: Activation 

of multiple signaling pathways and gene expression changes. Steroids 70, 397-406. 

Matthews, I.M., Evans, J.P., Magurran, A.E., 1997. Male display rate reveals ejaculate characteristics in 

the Trinidadian guppy, Poecilia reticulata. Proc Biol Sci 264, 695-700. 

Matthews, I.M., Magurran, A.E., 2000. Evidence for sperm transfer during sneaky mating in wild 

Trinidadian guppies. J Fish Biol 56, 1381-1386. 



Doctoral thesis –  Brain Aromatase in the guppy, Poecilia reticulata – Distribution, control and role in behaviour 

Stefan Hallgren 2009 

 38

Mayer, I., Borg, B., Berglund, I., Lambert, J.G.D., 1991. Effects of castration and androgen treatment on 

aromatase activity in the brain of mature male Atlantic salmon (Salmo salar L.) parr. Gen Comp 

Endocrinol 82, 86-92. 

Melo, A., Ramsdell, J., 2001. Sexual dimorphism of brain aromatase activity in medaka: Induction of a 

female phenotype by estradiol. Environ Health Perspect 109, 257-264. 

Menuet, A., Anglade, I., Le Guevel, R., Pellegrini, E., Pakdel, F., Kah, O., 2003. Distribution of aromatase 

mRNA and protein in the brain and pituitary of female rainbow trout: Comparison with estrogen receptor 

alpha. J Comp Neurol 462, 180-193. 

Menuet, A., Pellegrini, E., Brion, F., Gueguen, M.-M., Anglade, I., Pakdel, F., Kah, O., 2005. Expression 

and estrogen-dependent regulation of the zebrafish brain aromatase gene. J Comp Neurol 485, 304-320. 

Meucci, V., Arukwe, A., 2006. The environmental estrogen, 4-nonylphenol modulates brain estrogen-

receptor- and aromatase (CYP19) isoforms gene expression patterns in Atlantic salmon (Salmo salar). 

Marine Environmental Research 62, 195-199. 

Meyer, A., Van de Peer, Y., 2005. From 2R to 3R: evidence for a fish-specific genome duplication 

(FSGD). BioEssays 27, 937-945. 

Mouriec, K., Gueguen, M.-M., Manuel, C., Percevault, F., Thieulant, M.-L., Pakdel, F., Kah, O., 2009. 

Androgens upregulate cyp19a1b (Aromatase B) gene expression in the brain of zebrafish (Danio rerio) 

through estrogen receptors. Biol Reprod, In press. 

Mouriec, K., Pellegrini, E., Anglade, I., Menuet, A., Adrio, F., Thieulant, M.L., Pakdel, F., Kah, O., 2008. 

Synthesis of estrogens in progenitor cells of adult fish brain: Evolutive novelty or exaggeration of a more 

general mechanism implicating estrogens in neurogenesis? Brain Res Bull 75, 274-280. 

Naftolin, F., Ryan, K., Petro, Z., 1971. Aromatization of androstenedione by limbic system tissue from 

human foetuses. J Endocrinology 51, 795-796. 



Doctoral thesis –  Brain Aromatase in the guppy, Poecilia reticulata – Distribution, control and role in behaviour 

Stefan Hallgren 2009 

 39

Noaksson, E., Linderoth, M., Bosveld, A.T., Balk, L., 2003. Altered steroid metabolism in several teleost 

species exposed to endocrine disrupting substances in refuse dump leachate. Gen Comp Endocrinol. 

134, 273-284. 

Norman, A.W., Litwack, G., 1997a. Estrogens and progestins. In: Norman, A.W., Litwack, G. (Eds.), 

Hormones. Academic Press, San Diego, pp. 361-386. 

Norman, A.W., Litwack, G., 1997b. Steroid hormones: Chemistry, biosynthesis, and metabolism. In: 

Norman, A.W., Litwack, G. (Eds.), Hormones. Academic Press, San Diego, pp. 49-86. 

Oliveira, R.F., Carneiro, L.A., Gonçalves, D.M., Canario, A.V.M., Grober, M.S., 2001. 11-Ketotestosterone 

inhibits the alternative mating tactic in sneaker males of the peacock blenny, Salaria pavo. Brain Behav 

Evol 58, 28-37. 

Orlando, E., Davis, P., Guillette, L., 2002. Aromatase activity in the ovary and brain of the eastern 

Mosqitofish (Gambusia holbrooki) exposed to paper mill effluent. Environ Health Perspectives 110, 429-

433. 

Pasmanik, M., Callard, G., 1988. Changes in brain aromatase and 5-alpha reductase activities correlate 

significantly with seasonal reproductive cycles in goldfish (Carassius auratus). Endocrinology 122, 1349-

1356. 

Pasmanik, M., Callard, G.V., 1985. Aromatase and 5α-reductase in the teleost brain, spinal cord, and 

pituitary gland. Gen Comp Endocrinol 60, 244-251. 

Patil, J.G., Gunasekera, R.M., 2008. Tissue and sexually dimorphic expression of ovarian and brain 

aromatase mRNA in the Japanese medaka (Oryzias latipes): Implications for their preferential roles in 

ovarian and neural differentiation and development. Gen Comp Endocrinol 158, 131-137. 

Pellegrini, E., Menuet, A., Lethimonier, C., Adrio, F., Gueguen, M.-M., Tascon, C., Anglade, I., Pakdel, F., 

Kah, O., 2005. Relationships between aromatase and estrogen receptors in the brain of teleost fish. Gen 

Comp Endocrinol 142, 60-66. 



Doctoral thesis –  Brain Aromatase in the guppy, Poecilia reticulata – Distribution, control and role in behaviour 

Stefan Hallgren 2009 

 40

Peterson, R.S., Lee, D.W., Fernando, G., Schlinger, B.A., 2004. Radial glia express aromatase in the 

injured zebra finch brain. J Comp Neurol 475, 261-269. 

Pilastro, A., Bisazza, A., 1999. Insemination efficiency of two alternative male mating tactics in the guppy 

Poecilia reticulata. Proc Biol Sci 266, 1887-1887. 

Remage-Healey, L., Bass, A.H., 2004. Rapid, hierarchical modulation of vocal patterning by steroid 

hormones. J Neurosci 24, 5892-5900. 

Remage-Healey, L., Bass, A.H., 2007. Plasticity in brain sexuality is revealed by the rapid actions of 

steroid hormones. J Neurosci 27, 1114-1122. 

Schlinger, B.A., Greco, C., Bass, A.H., 1999. Aromatase activity in the hindbrain vocal control region of a 

teleost fish: Divergence among males with alternative reproductive tactics. Proc Biol Sci 266, 131-136. 

Schreibman, M.P., Magolis-Nunno, H., Halpern-Sebold, L.R., Goos, H.J.T., Perlman, P.W., 1986. The 

influence of androgen administration on the structure and function of the brain-pituitary-gonad axis of 

sexually immature platyfish, Xiphophorus maculatus. Cell Tissue Res 245, 519-524. 

Soma, K., Tramontin, A., JC., W., 2000. Oestrogen regulates male aggression in the non-breeding 

season. Proc Biol Sci 267, 1089-1096. 

Strobl-Mazzulla, P.H., Lethimonier, C., Gueguen, M.M., Karube, M., Fernandino, J.I., Yoshizaki, G., 

Patiño, R., Strüssmann, C.A., Kah, O., Somoza, G.M., 2008. Brain aromatase (Cyp19A2) and estrogen 

receptors, in larvae and adult pejerrey fish Odontesthes bonariensis: Neuroanatomical and functional 

relations. Gen Comp Endocrinol 158, 191-201. 

Tanaka, M., Fukada, S., Matsuyama, M., Nagahama, Y., 1995. Structure and promoter analysis of the 

cytochrome P-450 aromatase gene of the teleost fish, medaka (Oryzias latipes). J Biochem (Tokyo) 117, 

719-725. 

Tchoudakova, A., Kishida, M., Wood, E., Callard, G.V., 2001. Promoter characteristics of two cyp19 

genes differentially expressed in the brain and ovary of teleost fish. J Steroid Biochem Mol Biol 78, 427-

439. 



Doctoral thesis –  Brain Aromatase in the guppy, Poecilia reticulata – Distribution, control and role in behaviour 

Stefan Hallgren 2009 

 41

Timmers, R., Lambert, J., Peute, J., Vullings, H., van Oordt, P., 1987. Localization of aromatase in the 

brain of the male African catfish, Clarias gariepinus (Burchell), by microdissection and biochemical 

identification. J Comp Neurol 258, 368-377. 

Tong, S.-K., Chung, B.-c., 2003. Analysis of zebrafish cyp19 promoters. J Steroid Biochem Mol Biol 86, 

381-386. 

Tong, S.-K., Mouriec, K., Kuo, M.-W., Pellegrini, E., Gueguen, M.-M., Brion, F., Kah, O., Chung, B.-c., 

2009. A cyp19a1b-GFP (Aromatase B) transgenic zebrafish line that expresses GFP in radial glial cells. 

Genesis 47, 67-73. 

Tzchori, I., Degani, G., Hurvitz, A., Moav, B., 2004. Cloning and developmental expression of the 

cytochrome P450 aromatase gene (CYP19) in the European eel (Anguilla anguilla). Gen Comp 

Endocrinol 138, 271-280. 

van Nes, S., Andersen, Ø., 2006. Temperature effects on sex determination and ontogenetic gene 

expression of the aromatases cyp19a and cyp19b, and the estrogen receptors esr1 and esr2 in atlantic 

halibut (Hippoglossus hippoglossus). Mol Reprod Dev 73, 1481-1490. 

Vasudevan, N., Kow, L.M., Pfaff, D., 2005. Integration of steroid hormone initiated membrane action to 

genomic function in the brain. Steroids 70, 388-396. 

Venkatesh, B., Tan, C.H., Lam, T.J., 1990. Steroid hormone profile during gestation and parturition of the 

guppy (Poecilia reticulata). Gen Comp Endocrinol 77, 476-483. 

Zhao, J., Mak, P., Tchoudakova, A., Callard, G., Chen, S., 2001. Different catalytic properties and 

inhibitor responses of the goldfish brain and ovary aromatase isozymes. Gen Comp Endocrinol. 123, 180-

191. 

Zupanc, G., Clint, S.C., 2003. Potential role of radial glia in adult neurogenesis of teleost fish. Glia 43, 77-

86. 

 

 


