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Abstract

Steroids modulate the transcription of a multitude of genes and ultimately influence numerous 

aspects of reproductive behaviors. Our research investigates how one single steroid, testosterone, 

is able to trigger this vast number of physiological and behavioral responses. Testosterone potency 

can be changed locally via aromatization into 17β-estradiol which then activates estrogen 

receptors of the alpha and beta sub-types. We demonstrated that the independent activation of 

either receptor activates different aspects of male sexual behavior in Japanese quail. In addition, 

several studies suggest that the specificity of testosterone action on target genes transcription is 

related to the recruitment of specific steroid receptor coactivators. We demonstrated that the 

specific down-regulation of the coactivators SRC-1 or SRC-2 in the medial preoptic nucleus by 

antisense techniques significantly inhibits steroid-dependent male-typical copulatory behavior and 

the underlying neuroplasticity. In conclusion, our results demonstrate that the interaction between 

several steroid metabolizing enzymes, steroid receptors and their coactivators plays a key role in 

the control of steroid-dependent male sexual behavior and the associated neuroplasticity in quail.
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1. INTRODUCTION

The steroid hormone testosterone (T) plays a critical role in the regulation of development, 

physiology and behavior in nearly all vertebrate species investigated to date. Although a vast 

array of studies have demonstrated the rapid action of steroid hormones at the membrane 

and cytoplasm levels [35, 43, 46, 91], many of the biological effects of steroids are mediated 

through the activation of their respective nuclear receptors and rapid, non-genomic effects 

will not be discussed here. When exposed to the steroid, the steroid receptors dimerize, bind 

to a specific response element, and regulate gene transcription. Modulation of gene 
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transcription will affect the cell physiology, and ultimately could affect the response of an 

organism to its environment and the expression of a specific behavior in response to a 

defined social stimulus. Exposure to T, mainly produced in the gonads, but also in the 

adrenals and in the brain, will significantly modulate brain physiology and will increase the 

probability that the males perform male-typical behaviors, such as, in birds, singing, 

aggression and territoriality or copulation, depending on the social context they face. For 

example, intact male Japanese quail confronted to another male will display various forms 

of aggressive behavior [82, 83, 90], while presentation of a sexually mature female will 

trigger the display of a full copulatory sequence, including neck grab, mount attempt, mount 

and cloacal contact movement [3]. These behaviors are testosterone-dependent since 

castration completely abolishes aggression and copulation while exogenous testosterone 

treatment fully restores these activities [2, 24]. In addition, Japanese quail are an excellent 

model species to investigate the neuronal mechanisms underlying the activation of 

testosterone-dependent male sexual behavior. The medial preoptic nucleus (POM) was 

shown to be significantly larger in males compared to females [95] and, unlike most 

sexually dimorphic preoptic nuclei in mammals, its volume, defined by various markers 

including Nissl staining or aromatase immunohistochemistry, is reduced after castration in 

adulthood and fully restored to values observed in intact males after treatment with 

exogenous testosterone [7, 10, 22, 75, 77]. Importantly, functional experiments 

demonstrated that the action of T in this nucleus is necessary and sufficient to activate male 

sexual behavior in males. Lesions of the POM, but not in the surrounding area, completely 

suppress male sexual behavior while stereotaxic implants filled with testosterone activate all 

aspects of copulatory behavior if the tip of the implant is located within the boundaries of 

the POM [21].

2. GENOMIC ACTION OF TESTOSTERONE IS UNEXPECTEDLY FAST

While previous studies investigated the effect of T two weeks or more after the beginning of 

the treatment, we recently investigated in more detail the time course of T action on male 

sexual behavior and on the changes in POM morphology [28]. We showed that only 2 days 

of exposure to T were sufficient to significantly affect the initial stages of the copulatory 

sequence, i.e. neck grab and mount attempts, but 7 days of steroid exposure were necessary 

to activate the full sequence, including the cloacal contact movements (see figure 1). Groups 

of subjects were killed at different times after the beginning of the T treatment to investigate 

potential changes of POM volume, defined by two different techniques. We showed that the 

entire volume defined by Nissl staining was already significantly increased after 2 days of T 

exposure. Nissl staining highlights mainly the ribosomal RNA and this increase in ribosomal 

content likely mirrors major changes in general protein synthesis activity within this region. 

In agreement with this idea, aromatase expression was also significantly increased within 

this brain nucleus. This change was observed after only 24 hours of T treatment, likely due 

to the higher sensitivity of aromatase detection by immunohistochemistry as compared to a 

Nissl stain. This was to our knowledge the most rapid increase ever reported that affects the 

global volume of a brain nucleus (see figure 1). Increases in global volume of steroid-

sensitive brain nuclei such as POM in quail, but also in the postero-dorsal medial amygdala 

in mammals [34], have been related to changes in neuronal size, size of the non-neuronal 
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compartment (glial cells, blood vessels), cell spacing, volume of the neuronal dendritic 

arborization, and in the case of the song control nucleus HVC in oscine songbirds [25, 26, 

54] the incorporation and survival of new neurons.

In addition to these major structural changes, T also strongly affects cell phenotypes and 

modulates the expression of specific enzymes (aromatase, neural nitric oxide synthase, 

Catechol-O-methyl transferase,...) and neuropeptides (vasotocin, galanin, substance P, 

somatostatin, neurotensin to name a few) in various regions of the brain (see for review: [13, 

74]). T thus has pleiotropic, albeit specific, effects on the neural structure and transcriptome. 

This large array of changes induced by the presence of T raises the question of how one 

single steroid hormone can trigger hundreds, if not thousands, of cellular and physiological 

responses in an anatomically specific manner? There have to be mechanisms that 

specifically modulate how one tissue or even one cell will appropriately respond to the 

presence of T! Over the past decades, it has become clear that T action can be fine-tuned in 

vivo by three groups of distinct processes.

i. One way to modulate T action is to change its availability and effective 

concentration through the binding to specific binding proteins such as alpha-

fetoprotein (AFP), sex hormone binding globulin (SHBG), or corticosteroid 

binding globulin (CBG) [101]. According to the “free hormone hypothesis”, only 

free steroids not bound to globulins or binding proteins can bind to nuclear 

receptors in target tissues [63]. Based on this concept, it has been suggested that 

binding globulins can store steroid hormones and then release them when needed 

[47, 55]. This release of steroids from binding globulins can affect all tissues, or it 

can be targeted at specific sites [49, 56]. Because more than 50% of circulating 

steroids may be bound to binding globulins in plasma, it is important to consider 

the storage of steroids available under different physiological or environmental 

conditions. The importance of binding globulins and their role in the modulation of 

T action has been reviewed recently and will not be further discussed here [48, 58].

ii. Another way to change T action is to modify the steroid identity through local 

metabolism and activation of different receptors or finally

iii. to modulate T action at the level of the target genes (increase or decrease of 

transcription) via the recruitment by the steroid receptor of defined transcriptional 

coregulators, i.e. coactivators or corepressors. These two aspects have recently 

been investigated in our laboratory and will be further considered here.

3. TESTOSTERONE METABOLITES

Testosterone can be metabolized into 5α- or 5β-dihydrotestosterone by 5α- or 5β-reductases 

respectively. 5α-dihydrotestosterone activates androgen receptors, similarly to testosterone, 

while 5β- dihydrotestosterone is essentially an inactive metabolite [1, 36, 86] although see 

[19, 38]. The avian brain contains a significant amount of 5β-reductase activity [37], 

suggesting a strong modulation of testosterone action via inactivation. It should be noted 

that the exact neuroanatomical localization of the enzyme has not been studied in detail and 

its specific contribution to the control of testosterone action remains to be tested.
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More importantly, the androgen T can be aromatized into its estrogenic metabolite 17β-

estradiol (E2) by the enzyme aromatase (CYP19A) and this metabolism plays a critical role 

in the behavioral effects of T in numerous species, including the Japanese quail. In this 

species, high levels of aromatase activity have been measured in those brain areas that are 

implicated in the activation of male copulatory behavior, especially in the POM (for a 

review see [9, 12, 78]). This high level of aromatase expression is usually linked to an 

elevated local concentration of E2 [32, 33]. The treatment of quail with aromatase inhibitors 

also prevents T from activating male sexual behavior [15, 41]. Importantly, it has been 

demonstrated that the behavioral effects of T on sexual behavior can be mimicked by E2 or 

by the synthetic estrogenic compound, diethylstilbestrol. In addition, the blockade of 

estrogen receptors by antiestrogens such as tamoxifen or CI-628 blocks the activational 

effects of T on male copulatory behavior [4, 20]. Subsequent studies based on the 

stereotaxic implantation of steroids, steroid antagonists and steroid metabolism inhibitors 

demonstrated that T must be aromatized and the resulting estrogens must act within the 

POM to activate sexual behavior [16, 21, 98, 99].

This metabolism of androgenic to estrogenic compounds is functionally important since it 

allows T to not only activate androgen receptors and but also estrogen receptors (ER) and 

the related signaling pathways. Interestingly, the POM contains androgen receptors and the 

2 isoforms of ER, namely the ERα and ERβ [17, 18, 42, 97].

While numerous studies have confirmed the importance of E2 in activating male quail 

sexual behavior, the contribution of each ER was unknown until recently. Selective agonists 

for each receptor are now commercially available and we thus used them in an attempt to 

define the specific involvement of both ERα or ERβ in the activation of male sexual 

behavior [85]. Castrated male Japanese quail were daily injected with the general ER agonist 

diethylstilbestrol (DES), with propyl-pyrazole-triol (PPT), an ERα specific agonist, or with 

diarylpropionitrile (DPN), an ERβ specific agonist, and they were tested for activation of 

both appetitive and consummatory aspects of male sexual behavior (see figure 2).

Appetitive sexual behavior (ASB) consists of behaviors directed toward a female in 

anticipation of copulation (e.g., searching or approaching a female), whereas consummatory 

sexual behavior (CSB) consists of direct sexual contacts with the female, including 

mounting and copulation [13, 23, 79]. Both aspects of behavior are, to a large extent, under 

the control of T-derived estrogens though the site of steroid action in activating each 

component of male behavior appears to be distinct to some degree, involving mostly the 

anterior part of the POM for ASB and the posterior part of the nucleus for CSB [11, 14, 88].

The general estrogen receptor agonist, DES, significantly increased the number of castrated 

males displaying rhythmic cloacal sphincter movements (RCSM) in response to the visual 

presentation of a female, one aspect of appetitive behavior (figure 2A). The effects of DES 

were largely mimicked by injections of the ERα agonist PPT (increase in percentage of 

active birds but very low frequency of contractions), suggesting that the activation of ERα is 

required to trigger RCSM in response to the female. In contrast, no significant effect of the 

ERβ agonist DPN was observed on this behavior, suggesting that this receptor is possibly 

not implicated in the activation of this form of appetitive behavior [85]. The frequency of 
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the cloacal contractions after the activation of ERα was extremely low in comparison with 

birds treated with T, suggesting that other aspects of T action are likely to be critical for the 

activation of this behavior, such as the combined activation of estrogen and androgen 

receptors. Interestingly, it seemed that both ER isoforms were involved in the control of the 

consummatory aspects of male sexual behavior [85]. Indeed, both ERα and ERβ agonists, 

separately or together, enhanced the performance of the initial behavior patterns (NG and 

MA) in the copulatory sequence (see figure 2B). It should however be noted that behavior 

activation concerned a smaller percentage of subjects that displayed the behaviors with 

much lower frequencies than T treated birds, as was the case in preceding studies [4]. The 

two specific ER agonists activated NG and MA roughly to the same extent as DES (64% of 

birds active but with low frequencies) but had absolutely no effect on the expression of 

cloacal contact movement, CCM (see figure 2C).

Somewhat surprisingly, we observed only minimal effects of DES administration on the 

POM volume defined by aromatase-immunoreactive neurons and PPT or DPN had 

absolutely no effect on this measure while T-treated birds showed, as expected, a significant 

enlargement of the nucleus. Similarly, the vasotocinergic innervation of the POM, a well-

established estrogen-dependent response [93], was not significantly affected by the general 

estrogen receptor agonist DES although the relative optical density was numerically higher 

in this group as compared to controls. The independent activation of each receptor by 

specific agonists also did not result in any increase of this measure. This would suggest that 

both ER subtypes are playing a similar role in the activation of consummatory behavior but 

the low level and incomplete activation of the copulatory sequence, as well as the absence of 

marked changes in the POM neurochemical features (aromatase and vasotocin) prevent us 

from drawing final conclusions. The relatively weak activation of the behaviors observed 

here might be due to the use of insufficient doses of agonists, to a requirement for 

synergistic activation of both ERα and ERβ or to differences between avian and mammalian 

receptors resulting in a differential binding of PPT and DPN. These potential interpretations 

are discussed in more detail in our original publication [85].

We recently performed an additional study to define with more detail the genes regulated by 

the specific ER isoforms. We confirmed that both ER agonists independently affect male 

sexual behavior. The hypothalamus/preoptic area region containing the POM was then 

dissected out after behavioral testing and the transcription level in the different experimental 

groups was quantified using the chicken Affymetrix™ arrays as previously described [68]. 

These analyses are still in progress but we found that transcription of numerous functional 

groups of genes is affected by each agonist, including transcription factors and genes coding 

for proteins involved in signal transduction and metabolism. Due to the lack of complete 

information from the chicken genome sequencing, a relatively large percentage of genes 

(around 20%) were however not defined or could not be assigned any known function. 

Interestingly, only a small percentage of genes (less than 10%) were activated by more than 

one of the ligands (PPT vs. DPN), confirming the specificity of each ligand in the activation 

of their specific ER isoform. Validations using quantitative PCR and precise 

neuroanatomical localization of these transcriptional controls by in situ hybridization need 

now to be performed before any firm conclusion can be drawn. Altogether, this set of data 

shows that T can modulate transcription not only via androgen receptors, but also via the 
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two estrogen receptor isoforms. Although this increases by a factor of three the diversity of 

pathways by which T can act on physiology and behavior, the increase is still not sufficient 

to explain the huge diversity of T actions on cell specific phenotypes. It should be added that 

the 8 exons that constitute the coding region of the canonical ERα, ERβ and AR may 

generate a number of splice variants with single or multiple exons skipping, exon 

duplication or partial exon deletion. These splice variants were mostly studied in 

reproductive organs and in various cancer and cell lines but their potential role in various 

mental disease such as Schizophrenia and Alzheimer is poorly understood. Currently, up to 

64 ERα [53], 5 ERβ [80] and 11 AR [100] variants have been described but their exact 

function is relatively unknown. To our knowledge, the presence and importance of splice 

variants has not been studied in birds but their potential expression in the avian brain would 

likely increase the diversity of response to testosterone.

4. TRANSCRIPTIONAL COREGULATORS

A third way to fine-tune steroid action is identified at the transcriptional level. When 

exposed to their ligand, steroid receptors dimerize and recruit several proteins implicated in 

the regulation of transcriptional activation. Initial molecular biology techniques suggested 

that these proteins acted as transcriptional adaptors whose only purpose was to link the 

DNA-bound steroid receptor to the general transcription factors [81]. However, it is now 

clear that nuclear receptor coregulators display an extremely diverse array of enzymatic 

activities involved in the entire process of transcription and translation. These include 

ATPase-dependent chromatin remodeling, acetylation and methylation of histones, 

stabilization of the general transcription and modulation of protein activity and stability, the 

subcellular localization of nuclear receptors and coactivators and mRNA splicing [57, 60, 

62, 72]. The targets for these enzymatic activities are other members of the coactivator 

family, nuclear receptors, other transcription factors, and components of the basal 

transcription machinery, as well as the chromatin adjacent to the genes they regulate. It is 

now evident that coactivators do not act as single entities but are present in the form of 

preexisting complexes, regulating the sequential steps of transcription/translation processes 

[59, 61]. Altogether, approximately 300 coactivators and corepressors have been identified 

to date (see a complete list of nuclear receptors and coregulatory proteins at www.nursa.org) 

and it is likely that most of them undergo differential posttranslational modifications, adding 

to the great diversity of control factors [50]. Interestingly, a large number of these 

coregulators are not specific to one nuclear receptor but are part of transcriptional complexes 

recruited by different steroid hormone receptors. For example, SRC-1 can interact with ER 

and AR, but also with glucocorticoid, vitamin D and progesterone receptors [39, 45, 52, 73]. 

This requirement for the same coactivator results in some cases in a competition, or 

squelching, between nuclear receptors. For example, ligand-induced activation of PR is 

reduced by coexpression of ERα, due to squelching or sequestering of shared coactivators 

and this squelching can be reversed by over-expression of SRC-1 [73]. In another example, 

the ERα-mediated transcription of the preproenkephalin gene in transient transfection assays 

is inhibited following the activation of thyroid hormone receptor and restored following the 

over-expression of SRC-1 [92]. This suggests that coactivators are not only a limiting factor 
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necessary for full transcriptional activation of receptors, but also recruited by different 

receptors.

Very few laboratories are investigating the physiological role of coregulators in vivo and a 

few years ago, our lab initiated studies on the potential role of the first described coactivator, 

the steroid receptor coactivator 1, SRC-1 [73]. We showed that SRC-1 is present in steroid-

sensitive brain regions in Japanese quail, and particularly in the POM [29, 31]. To test the 

hypothesis that the coactivator could effectively play a significant role in the control of the 

steroid-dependent male sexual behavior and in the associated neuroplasticity, we used 

antisense technology to specifically decrease the expression of SRC-1. In a first set of 

experiments [27], male Japanese quail were daily injected in the third ventricle at the level 

of the POM with locked nucleic acid (LNA) antisense. Male-typical behaviors such as neck 

grabs, cloacal contact movements and pre- and post-copulatory displays (struts) were 

observed in these antisense (AS)-injected birds and in the control groups injected with saline 

or scrambled oligonucleotides (SC). The birds treated with antisense showed a weaker 

behavioral response to T, as attested by the low frequencies of neck grabs, cloacal contact 

movements and struts (see figure 3A). These data therefore confirmed the importance of 

SRC-1 not only for the activation of aspects of male sexual behavior influenced by estrogens 

(copulatory behavior per se), but also on a strictly androgen-dependent behavior (strut). All 

brains were then collected for histological analyses but five birds from the antisense-treated 

group were kept alive to test whether their behavior would recover after stopping the 

injections of the antisense and replacing them with control SC injections for two additional 

days (ASSC group). Males in this group showed an important increase of the behavioral 

response to T within two days after the interruption of the antisense treatment. Their sexual 

behaviors were expressed with frequencies exceeding the frequency of the control animals. 

Western blot analysis of SRC-1 expression in the preoptic area-hypothalamus, containing 

the POM, confirmed the down-regulation of this protein in subjects injected with antisense 

LNA. These analyses also showed that the ASSC birds that had been injected with antisense 

and then treated with SC oligonucleotides had a stronger expression of SRC-1 compared to 

control animals at the time of sacrifice. This SRC-1 over-expression could explain the very 

high behavioral response to T observed in these ASSC subjects.

The behavioral inhibition induced by the blockade of SRC-1 expression was associated with 

major neuroanatomical and neurochemical changes in the preoptic region. In agreement with 

the idea that SRC-1 is involved in the modulation of steroid action in the brain, we found 

that the volume of the medial preoptic nucleus as defined by Nissl staining was markedly 

decreased in birds treated with SRC-1 antisense [27]. In parallel, the volume of the POM 

defined by the cluster of aromatase-immunoreactive neurons was smaller in the AS group 

compared to controls and the expression of vasotocin in the POA, was also significantly 

reduced after antisense treatment (see figure 3C). This confirms that SRC-1 indeed regulates 

steroid action in the POM. Finally, the integrated density of aromatase in the POM, an index 

reflecting aromatase content in this nucleus (see figure 3B), was decreased in the AS 

compared to the control group while the higher expression of SRC-1 in ASSC was 

associated not only with a major rebound of copulatory behavior but also with an extremely 

rapid development of the POM volume defined by Nissl staining and by aromatase 

immunoreactivity and a very high aromatase integrated density [27]. These experiments 
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support the idea that SRC-1 is required in vivo for the behavioral and physiological response 

to T. A reduction of the expression of the coactivator decreased the estrogen- and androgen-

dependent male sexual behavior and the associated T-induced changes in the underlying 

neural substrate while an over-expression of the coactivator was associated with an 

augmentation of these steroid-dependent responses.

We also performed an additional experiment [30] to analyze in more detail the rapid 

increase of behavioral and neurochemical attributes of the HPOA during the recovery 

period, after interruption of antisense treatment (ASSC condition). In this experiment, birds 

were first treated for 6 days with the antisense targeting SRC-1 expression and then received 

for three additional days scrambled injections (ASSC group) while control subjects were 

injected for the entire duration with either AS or SC. As expected, subjects of the ASSC 

group increased their behavioral response to T within a day of the cessation of AS 

injections. However, the histological analysis revealed a lack of differences in POM volume 

and in various measures of aromatase expression and aromatase activity in the preoptic area 

between the ASSC and SC birds and more surprisingly between the two groups and the AS 

group. Unlike what we had observed in a previous experiment, the POM volume defined by 

Nissl staining or aromatase immunoreactivity as well as the optical density of the aromatase 

signal and the aromatase index reflecting the enzyme content in the POM were similar in the 

three groups [30].

This set of data therefore revealed a dissociation between the effects of T on male 

copulatory behavior and on the anatomical and neurochemical plasticity in the POM. As a 

consequence, the specific mechanisms mediating the inhibition of male sexual behavior 

following SRC-1 reduction remain partly unclear. Our first antisense experiment suggested 

that the inhibition of male sexual behavior was mediated, at least in part, by the decrease of 

aromatase content in POM. However, sexual behavior can also be inhibited by injections of 

SRC-1 antisense in the absence of significant changes in measures of brain aromatase. It is 

likely that other neurochemical systems controlling the expression of the behavior are also 

altered by the antisense treatment and play a major role in the suppression of behavior. For 

example, perikarya immunoreactive for neuropeptide Y, substance P, corticotropin releasing 

factor, galanin or neurotensin (see reviews in [13, 76, 94] are present along the third 

ventricle in close vicinity to or directly within the POM and their fibers are particularly 

dense within this nucleus. Many studies have shown that these systems are steroid-

dependent and, more specifically, that T modulates their expression in quail or in other 

vertebrate species (review by [74]. Moreover, these neuropeptides have been directly 

implicated in the regulation of male sexual behavior. It is therefore very likely that, in quail, 

SRC-1 depletion is associated with changes in the expression of these different 

neuropeptides within the POM, which may, in turn, modulate male copulatory behavior. It 

should also be noted that the importance of SRC-1 in mediating steroid-dependent behaviors 

was also investigated and confirmed in rodents [5, 8, 65, 66].

While the reduction of SRC-1 expression significantly inhibits T-dependent male sexual 

behavior, the cell phenotypes that are affected by this reduction remain largely unknown. 

This raises a large number of questions concerning the exact role of SRC-1 in biochemical 

and physiological cascades leading to the activation of behavior and the importance of 
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SRC-1 for individual target genes. We need to define whether enzymatic and peptidergic 

systems, other than aromatase, are involved in male sexual behavior and require SRC-1 for 

full activation. In addition, several coactivators, other than SRC-1, are very likely part of the 

physiological and behavioral response to T. Notably, SRC-1 is a member of the SRC family 

encompassing two other coactivators [104]. Its closely related member, SRC-2, shows a 

significant homology with SRC-1 and more importantly, exhibits the same functional 

domains [6, 70]. In vitro and in vivo studies indicate that SRC-2 interacts with numerous 

nuclear receptors, including ER and androgen receptors (AR), and dramatically enhances the 

transcriptional activity of these steroid receptors [51, 96, 103]. In addition, the 

neuroanatomical pattern of SRC-2 expression seems to match the pattern of SRC-1 

expression in numerous brain regions in quail, including the POM [70], similarly to what 

was described in rodents [5]. Not surprisingly then, the functions of SRC-1 and -2 in the 

brain seem to be redundant and one coactivator seems to easily replace the other [71, 102]. 

In addition, one study suggests similar functions for SRC-1 and -2 in hormone-dependent 

female sexual behavior and estradiol induction of progesterone receptors in the 

hypothalamus [5]. However, distinct physiological functions of SRC-2 have also been 

identified such as regulation of fertility and ductal branching in mammary gland [44, 67], 

and bone mass control [64]. We therefore investigated whether SRC-2 could also be 

involved in the control of steroid-dependent male sexual behavior and tested whether the 

SRC-2 regulated similar aspects of the neuroplasticity as those controlled by SRC-1.

Using the same methods as for SRC-1, we targeted SRC-2 expression in the POM using the 

antisense technique and showed that the chronic down-regulation of the coactivator 

expression led to a significant reduction of all consummatory aspects of male sexual 

behavior, including neck grabs, mount attempts, mounts (and cloacal contact movements 

([70] and see figure 3D). In parallel to the copulatory behavior per se, we also analyzed the 

appetitive aspect of sexual behavior by comparing the mean numbers of RCSM and showed 

that SRC-2 depletion did not affect this form of appetitive behavior (figure 3E). The most 

exciting interpretation of these results is that SRC-2 could be required only for specific 

aspects of male sexual behavior and this hypothesis will be further investigated. It is also 

possible that the antisense injections in the third ventricle affected SRC-2 expression in only 

one part of the POM; SRC-2 could have blocked T action only the posterior part of the 

nucleus leading to an inhibition of copulatory behavior per se whereas the rostral part of the 

POM and the expression of RCSM would not have been affected. As indicated above, 

appetitive sexual behavior was previously shown to be markedly inhibited when the anterior 

region of the POM is destroyed by an electrolytic lesion while the consummatory aspect 

seems to be controlled mostly by the posterior part of this nucleus [11, 14]. It should also be 

noted that the frequency of RCSM is only one of the possible tests used to quantify 

appetitive behavior in Japanese quail [84, 87, 89] and another specific test based on the 

measure of the learned social proximity response towards a female could potentially lead to 

different results [40, 69]. Indeed, the development of these two appetitive behaviors does 

(social proximity response) or does not (rhythmic sphincter cloacal contact movement) 

require previous sexual experience. It would therefore be interesting to define whether 

different aspects of appetitive behavior are equally (un)affected by the reduction of SRC-2 

in the preoptic area-hypothalamus.
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In addition to the reduced male sexual behavior, the depletion of SRC-2 significantly 

affected aromatase expression in the POM (figure 3F), while leaving the number of 

vasotocin fibers intact (figure 3G). It is interesting to note that the effects of SRC-2 

antisense on T-dependent male sexual behavior and aromatase expression mirror to a large 

extent those obtained with SRC-1 knock-down [27, 30]. Similar observations were made in 

rodents highlighting the importance of both SRC-1 and SRC-2 for the activation of estrogen-

dependent female sexual behavior and the induction of progesterone receptors in the ventro-

medial nucleus of the hypothalamus [5, 65, 66]. Additional studies will be required to define 

whether SRC-1 and SRC-2 act on the same or different target genes in vivo to control the 

complex sexual behavior.

5. CONCLUSIONS

The mechanisms by which T acts in a region-specific, and cell type-specific, manner is a 

fundamental issue in steroid hormone action in brain. It is now clear that the androgen T can 

not only act on androgen receptor, but also on two other steroid receptors, the estrogen 

receptors alpha and beta, via local metabolism by aromatase. Importantly, each of these 

receptor actions can be modulated by nuclear receptor coregulators. Studies from cell lines 

have revealed much about the molecular mechanisms of action of these coactivators. 

Furthermore, work in the brain, as well as other steroid-sensitive tissues, indicates that 

steroid receptor coregulators are critical in the fine-tuning of steroid responsiveness within 

individual cells. Coactivators appear to control hormone-responsiveness in specific brain 

sites. Understanding the mechanisms defining the early configuration of coactivator 

complexes and their later recruitment to the promoter of specific genes, a process likely to 

be cell- and tissue-specific, will be critical to understand how hormones, and T in particular, 

function in the brain to regulate complex behaviors and the underlying neural plasticity. The 

interest in coactivators is growing exponentially and researchers involved in the study of 

nuclear receptors cannot neglect the importance of these proteins. While the role of these 

coregulatory proteins is actively studied at the molecular level, their role in vivo remains 

largely unknown. In order to understand how hormones function in the brain to regulate 

complex behaviors, it will be critical to understand the recruitment of different coactivator 

complexes by each receptor to the promoter, which is likely to determine the cell- and 

tissue-specificity of steroid action.
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DES diethylstilbestrol

DPN diarylpropionitrile ERβ specific agonist

E2 17β-estradiol

ER estrogen receptors

POM medial preoptic nucleus

PPT propyl-pyrazole-triol

ERα specific agonist
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SRC steroid receptor coactivator
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Highlights

-Testosterone is able to trigger a vast number of physiological and behavioral events

- Testosterone can be aromatized to activate estrogen receptors

- Activation of estrogen receptors α or β activates male sexual behavior in quail

- The specificity of testosterone action is related to steroid receptor coactivators

- Steroid metabolizing enzymes, receptors and coactivators interact in a complex manner
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Figure 1. 
Bar graphs illustrating the size of the cloacal gland (in mm2), and the frequencies of neck 

grabs and cloacal contact movements (CCM). Data were recorded just before brain 

collection in castrated birds killed on day 1 (CXD1) and day 14 (CXD14) and in castrated 

birds treated with exogenous testosterone for 1 day (CX+T D1), 2 days (CX+T D2), 7 days 

(CX+T D7) or 14 days (CX+T D14). a: p<0.05 vs pooled CX birds; b: p<0.05 vs CX+T D1; 

c: p<0.05 vs CX+T D2; d: p<0.05 vs CX+T D7. Photomicrographs illustrating the POM as 

defined by Nissl staining (A–C) and ARO-ir cells (D–F) in castrates (A, D) and castrates 

treated with exogenous testosterone for 1 day (B, E) or for 14 days (C, F). The inserts 

represent higher magnification photomicrographs in the dorso-lateral part of the POM. CA: 
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anterior commissure. The scale bar located in F represents 200 μm in the 6 main panels and 

50 μm in the 6 inserts at higher magnification. Associated to the photomicrographs are bar 

graphs illustrating the measurement of POM volume defined by Nissl staining and 

aromatase immunoreactivity.
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Figure 2. 
Specific activation of estrogen receptor α and β modulates appetitive or consumatory aspects 

of male sexual behaviors. Bar graph representing the percentage of birds that displayed at 

least one female-induced rhythmic cloacal sphincter movement (RCSM) (A) and percentage 

of birds that displayed at least one mount attempt (B) or one cloacal contact movement (C). 

Castrated male Japanese quail were daily injected with the general ER agonist 

diethylstilbestrol (DES), with propyl-pyrazole-triol (PPT), an ERα specific agonist, with 

diarylpropionitrile (DPN), an ERβ specific agonist, with the vehicle propyleneglycol (PG) 
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or received an empty implant (CX) or implant filled with crystalline testosterone (T). *: 

p<0.05, **: p<0.01 and ***: p<0.001.
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Figure 3. 
Effects of the downregulation of SRC-1 (A-C) or SRC-2 (D-G) expression by antisense 

(AS) on testosterone-dependent responses as compared to control (C) subjects. In the SRC-1 

experiment, the AS group was split into two groups after test 7 (T7). One was killed, and the 

other (ASSC) received scrambled injections (SC) and was behaviorally tested for 2 d (T8–

T9). A and D highlight the frequencies of cloacal contact movements and the upward arrows 

represent the daily injection of antisenses. Bar graphs in B represent the reduction of 

aromatase expression and in C the vasotocin innervation after SRC-1 antisense injection. E 

illustrates the absence of effect of SRC-2 reduction on an appetitive sexual behavior, the 

rhythmic cloacal sphincter movements, whereas F shows the reduction of POM volume 

defined by aromatase staining and G the absence of effect on vasotocin innervation.
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Figure 4. 
Schematic diagram representing the potential mechanisms regulating the pleiotropic, albeit 

specific, effects of testosterone on the activation of gene expression.
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