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Abstract
The mechanisms through which estrogens modulate neuronal physiology, brain morphology, and
behavior in recent years have proven to be far more complex than previously thought. For example,
a second nuclear estrogen receptor has been identified, a new family of coregulatory proteins
regulating steroid-dependent gene transcriptions was discovered and, finally, it has become clear that
estrogens have surprisingly rapid effects based on their actions on cell membranes, which in turn
results in the modulation of intracellular signaling cascades. This paper presents a selective review
of new findings in this area related to work in our laboratories, focusing on the role of estrogens in
the activation of male sexual behavior. Two separate topics are considered. We first discuss functions
of the steroid receptor coactivator-1 (SRC-1) that has emerged as a key limiting factor for behavioral
effects of estradiol. Knocking-down its expression by antisense oligonucleotides drastically inhibits
male-typical sexual behaviors. Secondly, we describe rapid regulations of brain estradiol production
by calcium-dependent phosphorylations of the aromatase enzyme, themselves under the control of
neurotransmitter activity. These rapid changes in estrogen bioavailability have clear behavioral
consequences. Increases or decreases in estradiol concentrations respectively obtained by an acute
injection of estradiol itself or of an aromatase inhibitor lead within 15-30 min to parallel changes in
sexual behavior frequencies. These new controls of estrogens action offer a vast array of possibilities
for discrete local controls of estrogen action. They also represent a formidable challenge for
neuroendocrinologists trying to obtain an integrated view of brain function in relation to behavior.
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1. Introduction
Since the origins of the field of behavioral neuroendocrinology, the way we understand how
sex steroids influence behavior has undergone a tremendous evolution. For example, it was
originally thought that steroid hormones relevant to the control of reproductive behaviors are
secreted mostly if not exclusively by the gonads and act through a single mode of action
involving the binding to intracellular receptors and modulation of gene transcription. During
the last few years, this simplistic view has progressed markedly and it is now clear that steroids
are produced by a variety of tissue types, including the brain itself, and that they act in the brain
through multiple pathways resulting in the modulation of a wide array of physiological and
behavioral processes including reproduction, metabolism, development and cognition [1]. One
important cornerstone in the development of our current understanding of steroid action in the
brain was the discovery that circulating steroids often need to be metabolized into more active
molecules to exert their effects [2-4]. One well established example is that many effects of
androgens in the brain are mediated via their local conversion into estrogens by the enzyme
aromatase [5-7]. For instance, testosterone activates male sexual behavior in many vertebrate
species through its active metabolites including 17β-estradiol [8,9]. This conclusion is
supported by experiments demonstrating that behavioral effects of testosterone are mimicked
in castrates by treatments with estrogens or aromatisable androgens, but not by non-
aromatisable androgens, and that they are blocked by aromatase inhibitors and anti-estrogens
but not, or less so, by anti-androgens [7].

Another important development in the study of the mechanisms of steroid action arises from
the identification of two types of fundamentally different modes of steroid action that result in
the modulation of an enormous diversity of intracellular signaling pathways. The classic
genomic mode of action involves the binding of the hormone-receptor complex to specific
sequences of the DNA known as “hormone-responsive elements” resulting in the regulation
of the transcription of genes encoding a wide array of proteins [10,11]. These actions occur
relatively slowly and develop with latencies ranging from one hour to several days. Besides
this genomic mode of action, steroids also exert rapid and presumably short-lived effects
through their interaction with the cell membrane (non-genomic effects). For instance, estradiol
can within a few seconds or minutes affect the firing rate of neurons or activate a variety of
intracellular signaling pathways resulting in the modulation of intracellular calcium
concentrations or of protein phosphorylations (for review, see [12-15]). The present review
will focus on the new advances on these genomic and non-genomic modes of action of
testosterone and its estrogenic metabolite, 17β-estradiol in the brain and their relevance to the
control of male sexual behavior. We shall specially highlight work performed in our
laboratories on the Japanese quail (Coturnix japonica), a species that has proved to be a very
suitable model for the study of steroid action in the brain in relation with the control of male
reproductive behavior.

2. The genomic action of steroids: role of the coactivators
Many effects of steroid hormones are mediated via the activation of specific receptors that are
part of the nuclear receptors superfamily. According to the standard model of nuclear receptor
action [16,17], the unbound steroid receptor is present in the cytoplasm and interacts with
several chaperone proteins such as heat shock proteins (HSP: [18,19]). The function of these
proteins is to prevent anarchic folding by stabilizing the unbound receptor and avoiding the
aggregation, presence in the wrong subcellular compartment and non-specific binding of the
receptor to DNA (see for example [20]). The specific binding of the steroid ligand to its receptor
induces the release of HSPs, a conformational change and the hyperphosphorylation of the
receptor [21]. These changes generally lead to the homodimerization of the receptor and its
binding to a specific DNA sequence known as the Hormone Response Element (HRE: [22]),
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usually located upstream of the target gene sequence (see however [23]). In some cases,
activated steroids receptors dimerize with other steroid receptors (e.g., the heterodimers
between the two estrogen receptors (ER) of the alpha and beta subtypes; ERα-ERβ) or even
bind to other transcription factors such as AP-1 or sp1 [24]. The receptor will then recruit
several general transcription factors such as the general transcription factors IIB, TFIIB [25]
to induce the transcription of specific target genes that will modulate specific brain responses,
ultimately leading to changes in behavior. This basic mechanism of steroid action involving a
“ligand-receptor-promoter” pathway is, however, an oversimplified vision of steroid action on
physiology. Research from a few laboratories suggests that a large family of proteins called
steroid receptors coregulators play a key role in the control of transcription initiated by steroid
receptors. In this section we shall selectively review results from our and other laboratories on
recent progress made in the understanding of steroid action mediated by the slow “classical”
genomic pathway.

2.1 Steroid receptor coactivators
The key initial observation that led to the discovery of steroid receptor co-factors was made
by Meyer and colleagues [26] who observed that the induction of a reporter gene by the
progesterone receptor is inhibited in HeLa cells co-transfected with ER or, to a lesser extent,
with glucocorticoid receptor. They hypothesized that steroid receptors, and nuclear receptors
in general, require common cofactors that would constitute a limiting factor when competition
between different receptors (squelching) takes place. Subsequent advances in molecular
biology have brought forward the importance of coregulatory molecules that modulate the
transcriptional activity of steroid receptors. O’Malley and his group cloned the first receptor
coactivator and confirmed that squelching, resulting in the repression of the transcriptional
activity of one steroid receptor by another, is reversed by the addition of coactivators [27],
therefore demonstrating that these coactivators are truly limiting factors. In vitro studies using
antibodies against nuclear receptor coactivators confirmed that recruitment of coactivators is
rate-limiting in steroid receptor-mediated gene transcription [28]. It should be noted that
coactivators do not act as single regulatory proteins but act in a synergistic manner as a
multiprotein complex [29-31]. Each member of these complexes will influence transcription
through a variety of mechanisms, including acetylation, methylation, phosphorylation,
chromatin remodeling and mRNA splicing [32]. We know now that nuclear receptor activity
can be enhanced or decreased by coactivators and corepressors, respectively and approximately
300 of these proteins have currently been identified [33]. However, there is still much to be
learned about the role and importance of coregulatory proteins in the modulation of specific
responses following steroid receptor activation.

2.2. Functional significance of coactivators
Although coactivators have now been studied for the past 15 years, relatively little is known
about their in vivo function, especially in the brain. The physiological importance of
coactivators has been studied through the targeted gene disruption technique (often referred to
as the knock-out method) in mice. Although the complete suppression of the expression of
some coactivators was lethal [34,35], other knockout mice did not present any significant
adverse effects [36]. For example, females in which expression of the steroid receptor
coactivator-1 has been eliminated (SRC-1-/-) are fully fertile (functional pituitary-ovarian axis)
and exhibit normal proceptive and receptive sexual behavior [36] despite the fact that, in
vitro, SRC-1 is known to be critical for the transcriptional activity of ER. SRC-1-/- knock out
males and females are fertile and only show weak resistance to steroid and thyroid hormones
[36-38]. It should be noted that the absence of major deficit is due to a compensatory adaptation
resulting from the over-expression of another related coactivator, SRC-2 [39]. To define
whether a reduction of coactivator expression can affect cell phenotype and behavior, our
laboratory and others used the antisense oligonucleotide technique to knock-down gene
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expression as an alternative method that would not be susceptible to compensatory adaptation
during ontogeny.

We focused our attention on defining the role of SRC-1 in the physiological responses to
testosterone in the context of the activation of sexual behavior. Studies were centered on steroid
action in the preoptic area (POA). This region is well known to play a critical role in the control
of male sexual behavior [7]. In quail, in particular, testosterone action in the medial preoptic
nucleus (POM) is necessary and sufficient for the activation of male sexual behavior by
testosterone [40,41]. To test whether this coactivator was required in the control of steroid-
dependent male sexual behavior and its associated neuroplasticity, antisense oligonucleotides
were used to specifically decrease the expression of SRC-1.

In a first set of experiments [42], testosterone-treated castrated male Japanese quail were
implanted with an injection cannula to allow the infusion of the antisense directly into the third
ventricle, at the level of the POA. Two or three days after the implantation of testosterone-
filled capsules, male-typical behaviors including neck grab, cloacal contact movement and pre-
and post-copulatory displays were observed in the control groups injected with saline or
scrambled oligonucleotides. The birds treated with antisense showed a weaker response to
testosterone, as attested by significantly decreased frequencies of neck grab, cloacal contact
movement and strut (Fig. 1A-B).

In quail, behaviors of the copulatory sequence sensu stricto such as neck grabs and cloacal
contact movements are activated by testosterone only if the steroid can be aromatized into an
estrogen. Pre- and post-copulatory displays such as crowing and strutting do not require
testosterone aromatization and are therefore strictly androgen-dependent [7,8]. Interestingly,
while previous studies suggested that SRC-1 interacts principally with ERα in vitro and does
not seem to modulate androgen receptors [43,44], our data showed that SRC-1 is important
not only for aspects of male sexual behavior influenced by estrogens (copulatory behavior per
se) but also for a strictly androgen-dependent behavior (strut).

After the final behavioral test, brains were collected for histological analysis and protein
quantification. Five birds from the antisense (AS) treated group were maintained in the
experiment to test whether their behavior would recover after the injections of the antisense
(AS) ceased. AS injections were then replaced by control scrambled oligonucleotides (SC)
injections for two additional days (AS-SC group). Males in the AS-SC group showed an
important increase of the behavioral response to testosterone two days only after the
interruption of the AS treatment, so that their sexual behaviors were now expressed with
frequencies exceeding those of control animals whose performance had apparently reached a
plateau for three consecutive days.

Western blot analysis of SRC-1 expression in the preoptic area-hypothalamus (POA-HYP)
confirmed the down-regulation of this protein in AS subjects as compared to controls. These
analyses also showed that the AS-SC birds had a stronger expression of SRC-1 compared to
control animals at the time of brain collection, probably as a result of compensatory
mechanisms activated during the antisense treatment (e.g., accumulation of untranslated
mRNA that would produce an excess of protein after the cessation of the antisense infusions).
This SRC-1 over-expression could explain the enhanced behavioral response to testosterone
observed in these AS-SC subjects.

The reduction of sexual behavior induced by the down-regulation of SRC-1 expression was
associated with significant neuroanatomical and neurochemical changes in the preoptic region.
In quail, testosterone regulates multiple male-biased sex differences in the POA such as the
total volume of the POM, the number of cells expressing aromatase in this nucleus and the
density of fibers immunoreactive for the peptide vasotocin innervating the area via its
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estrogenic metabolites [45,46]. In agreement with the idea that SRC-1 is involved in the
modulation of steroid activity in the brain, the volume of the POM as defined by Nissl staining
was markedly decreased in birds treated with SRC-1 antisense. In parallel, the volume of the
POM defined by the cluster of aromatase-immunoreactive neurons was also smaller in the AS
group as compared to controls (Fig. 1C) and the density of the expression of vasotocin in the
POA was significantly reduced. Finally, the integrated density of aromatase immunoreactivity
in the POM, an index reflecting aromatase content in this nucleus, was decreased in the AS as
compared to the control group. It is also interesting to note that the cessation of the AS injections
(group AS-SC) was associated not only with a major rebound of copulatory behavior but also
with a quite rapid increase of the POM volume defined by Nissl staining and by aromatase
immunoreactivity. The aromatase index was also significantly higher in the AS-SC group
compared to the control group [42]. Together, these data support the idea that SRC-1 is a key
limiting factor for the in vivo production of behavioral and physiological responses to
testosterone. A down-regulation of the coactivator decreased both estrogen- and androgen-
dependent aspects of male sexual behavior and the associated neuroplasticity, while the over-
expression of this protein in AS-SC subjects was associated with an increase of these steroid-
dependent responses.

In a subsequent set of experiments, we analyzed in more detail the time-course of the effects
of SRC-1 inhibition on the steroid-dependent activation of male sexual behavior and of
aromatase expression in the Japanese quail brain. It was previously demonstrated that the
induction of aromatase activity is a prerequisite for the activation of male sexual behavior in
this species, with aromatase activity reaching its maximal level 48 hours after the beginning
of a treatment with testosterone while copulatory behavior occurrence frequencies are maximal
96 hours after steroid implantation [47]. Somewhat surprisingly, the decrease of SRC-1
expression significantly blocked steroid-dependent male sexual behavior and decreased the
density of the aromatase immunoreactivity in the POA, but aromatase activity in the POA was
not affected by the repeated injection of SRC-1 antisense. This absence of an effect on the
enzymatic activity paralleled by a significant decrease in the apparent concentration of the
enzyme as assessed semi-quantitatively by immunohistochemistry is potentially explained by
a compensatory increase in enzymatic activity of the remaining enzymatic molecules (see
[48] for additional discussion).

We also performed an additional experiment to analyze in more detail the rapid increase of
neurochemical attributes of the POA during the behavioral recovery period following
interruption of an SRC-1 antisense treatment (AS-SC condition). Birds were first treated for 6
days with the antisense targeting SRC-1 expression and then received for three additional days
scrambled injections (AS-SC group) while control subjects were injected for the entire
treatment duration with either AS or SC. As expected, subjects of the AS-SC group increased
their behavioral response to testosterone within a day of the cessation of AS injections, as
attested by the doubling of the cloacal contact movement frequencies, which confirmed results
of our previous study [42]. However, the histological analysis of these brains at the end of the
experiment failed to identify significant differences in POM volume and in various measures
of aromatase expression in the POA between the AS-SC, SC and more surprisingly the AS
group [48]. Unlike what we had observed in previous experiments [42], the POM volume
defined by Nissl staining or by 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.

These data indicate a clear dissociation between effects of testosterone on male copulatory
behavior and on the anatomical and neurochemical plasticity in the POM of Japanese quail.
The specific mechanisms mediating the inhibition of male sexual behavior during the present
experiment remain, however, unclear. As previously mentioned, aromatase expression in the

Charlier et al. Page 5

Biochim Biophys Acta. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



POA is steroid-sensitive and plays a critical role in the activation of male sexual behavior. Our
first antisense experiment suggested that the inhibition of male sexual behavior following
depletion of SRC-1 expression was mediated, at least in part, by the decrease of preoptic
aromatase content. However, we now observed in two independent experiments that sexual
behavior was inhibited by injections of SRC-1 antisense in the absence of significant changes
in measures of brain aromatase activity or in the volume of the POM defined by aromatase
staining. It is likely that the antisense treatment additionally affected the control by steroids of
other neurochemical systems of the POA besides aromatase (e.g., various neuropeptides or
neurotransmitters) and that these changes played a major role in the suppression of behavior
following SRC-1 depletion.

This set of experiments suggests that different steroid-sensitive neurochemical systems
underlying the activation of sexual behavior such as aromatase, vasotocin and other
neuropeptides or transmitters that were not considered in these studies are differentially
affected by the reduction of SRC-1. While the reduction of SRC-1 expression significantly
inhibited testosterone-dependent male sexual behavior in all these experiments, the associated
neurochemical changes were more variable. 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 regarding the importance of SRC-1 for individual target genes. It would thus be
necessary to define which steroid-sensitive enzymatic and peptidergic systems besides
aromatase are involved in the activation by testosterone of male sexual behavior and require
SRC-1 expression. In addition, it is important to note here that in the studies performed so far
we focused on SRC-1 but several other steroid coactivators are likely to be involved in the
control of the physiological and behavioral responses to testosterone [39,49].

Similar experiments were performed to define the role of coactivators in the sexual
differentiation, during ontogeny, and activation, in adulthood, of hormone-dependent female
sexual behavior in rats. It was found that females treated neonatally with testosterone who
received hypothalamic SRC-1 antisense infusions during development had a smaller sexually
dimorphic nucleus of the medial preoptic area (SDN) compared to testosterone-treated control
females, suggesting that interfering with SRC-1 disrupts the masculinization of the SDN
[50]. Males and testosterone-treated females infused with SRC-1 antisense during the neonatal
period also exhibited high levels of adult female sexual behavior that were comparable to
control females, suggesting that SRC-1 is critical in mediating the defeminizing actions of
testosterone on adult female sexual behavior. Interestingly the knock-down of CBP (CREB-
Binding Protein) expression during ontogeny by the same antisense strategy also interfered
with testosterone’s ability to defeminize sexual behavior [51].

Steroid receptor coregulators also affect the expression of adult female sexual behavior. Adult
female rats treated with antisense to both SRC-1 and CBP into the ventromedial nucleus of the
hypothalamus (VMN) display reduced levels of hormone-dependent female sexual receptivity
as compared to scrambled-treated controls [49]. Another study supported these findings with
SRC-1 alone and extended them to include a role for SRC-2 in steroid-dependent behavior
[39]. These two studies thus demonstrated that the activation by estrogens of female sexual
behavior is inhibited by a knock-down of coactivators, including CBP, SRC-1 and SCR-2. In
addition, they showed that the estrogen-dependent progesterone receptor (PR) induction in the
VMN is also significantly decreased by these treatments. Interestingly, combining the knock-
down of several coactivators, such as SRC-1/CBP [49] or SRC-1 or -2/SRA [52], has more
prominent inhibitory effects as compared to single knock-downs, thus confirming the
importance of coactivator complexes in the regulation of nuclear receptor activity. The effects
of these nuclear receptor coactivators on both ER- and PR-dependent aspects of female sexual
behavior were also specifically investigated and it was confirmed that SRC-1 enhances activity
of both ER and PR.
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These experiments demonstrate that SRC-1 expression is critical for the hormone-mediated
sexual differentiation and activation of neural gene expression and of male and female sexual
behavior. This set of data also demonstrates that SRC-1 is required for androgen, estrogen and
progesterone action in vivo and suggests that spontaneous variations of the expression of these
coactivators in physiological conditions could modify in a significant manner the responses to
steroids of brain and behavior.

This conclusion obviously raises the question of whether these coactivators are constitutively
expressed in a fairly constant manner or if their expression is acutely regulated by the
environment. Very few studies have investigated the potential regulation of the expression of
coactivators in the brain and they mostly concern SRC-1 and other members of the SRC family.
Overall our work in Japanese quail as well as studies performed in other laboratories, mainly
on rats, clearly indicate that SRC-1 expression in the brain is not constitutive but, rather, is
regulated by multiple endogenous and exogenous factors, including the neuroanatomical site
considered, the sex of the subject, its endocrine condition (sex steroid hormones circulating
concentrations), and potentially the time of the day [53,54].

In mammals, 17β-estradiol treatment reduces the levels of SRC-1 in rat pituitary cells both in
vivo and in vitro [55], while the same treatment reverses the down-regulation of SRC-1
expression in the rat ventromedial hypothalamus caused by ovariectomy [56]. SRC-1 levels in
female rat hypothalamus vary during the estrous cycle; they are lowest during diestrus, and
highest at proestrus and estrus [57]. In male Siberian hamsters, short days reduce SRC-1
expression in the posteromedial bed nucleus of the stria terminalis and posterodorsal medial
amygdala independently of testosterone treatment [58]. Interestingly, both testosterone
treatment and day length significantly altered SRC-1 expression in the anterior amygdala
[58].

Regulation of coactivator concentrations is clearly achieved at the transcriptional level, but in
vitro experiments have additionally demonstrated the important role of protein degradation.
Post-translational modifications such as phosphorylation and methylation lead to the
ubiquitination of the coactivators and direct them to the ubiquitin-proteasome pathway [59,
60]. Although the importance of proteasome has been demonstrated in progesterone receptor-
dependent behavior [61], no information is currently available on the function at the organismal
level of this proteasome-induced coactivator degradation.

Much remains to be done to understand the exact mechanisms involved in the control of the
expression of SRC-1. Moreover, relatively little is known about potential regulation of other
coactivators. Coactivators exist as preformed complexes that seem to be dynamically regulated
[62]. To date, no study has simultaneously investigated the control of the expression of the
different coregulators that are part of a specific transcriptional regulatory complex within a
particular cell type or brain region. Together, cellular differences in coactivator concentrations
and ratios as well as their unique post-translational modifications are likely to be involved in
cell-specific responses to hormones [63,64]. Understanding the recruitment of the different
coactivators that are part of a same transcription complex will be critical for the understanding
of how hormones function in the brain to regulate integrated responses such as sexual behavior
[33,65].

3. Non-genomic effects of estrogens and rapid changes in aromatase activity
Besides their genomic mode of action, steroids, including the intensively studied 17β-estradiol,
also exert effects that are too rapid (seconds to minutes) to be mediated through the modulation
of DNA transcription and protein synthesis [66-68]. Similar rapid effects of other steroids such
as testosterone have also been described (e.g., [69,70]) but these are not the focus of the present
special issue.
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Although purely cytoplasmic effects have been described [71], non-genomic effects generally
appear to be initiated at the plasma membrane by an estrogen receptor located at the membrane
such as GPR30, STX-binding protein, or ER-X that shows features resembling those of G
protein coupled receptors (GPCR). Additionally, the nuclear receptors ERα and ERβ seem able
to associate to the neuronal membrane and interact with G proteins (for review see [15]). These
effects result in the activation of a wide variety of intracellular signaling pathways including
the modulation of intracellular calcium concentrations [72] and the phosphorylation of a variety
of proteins such as the mitogen activated protein kinase (MAPK) and cAMP response element
binding protein (CREB) [73-77]. The activated intracellular pathways lead to modulations of
electrical activity [12,73] and to neuronal activation [74,78-81] in various brain regions which
can ultimately result in the modulation of gene transcription through mechanisms independent
of classical estrogen responsive element (indirect genomic effects; for review see [14,68,82].

3.1. Functional significance of the non-genomic effects of estrogens for behavior control
Evidence is accumulating that these acute effects of estrogens that have been described in some
detail at the cellular level influence a variety of physiological and behavioral processes in
different species. Non-genomic effects of estrogens on sexual behavior have been described
in both sexes. In females, acute administration of 17β-estradiol facilitates lordosis behavior
partly through non-genomic actions that potentially involve the interaction of activated ERα
with metabotropic glutamate receptors [15,83,84]. In males, Cross and Roselli first showed
that, in castrated rats, the acute injection of a high dose of 17β-estradiol stimulates mounts and
anogenital investigations within 35 min [85]. In quail and mice, a single injection of a bolus
of 17β-estradiol facilitates the expression of most aspects of male sexual behavior within 10-15
min and this effect vanishes after 30 min [86-88]. These effects are best observed when subjects
are pre-treated with a sub-optimal dose of steroids (testosterone or 17β-estradiol) suggesting
that these non-genomic effects require some steroid priming to occur. In male plain
midshipman fishes, an intramuscular injection of 17β-estradiol increases within 5 min the
duration of fictive vocalizations stimulated by electrical stimuli in an in vitro preparation
[89]. This effect persists for 15 to 30 min. Interestingly, 17α-estradiol or testosterone do not
produce similar effects. Hayden-Hixson and colleagues also showed that a microinjection of
17β-estradiol in the anterior hypothalamus stimulates agonistic behavior (flank marking)
within 15 min in male hamsters [90].

A few generalizations about the non-genomic effects of estrogens on behavior can be drawn
from these and other data:

1. Fast effects of estrogens, and of other steroids, have been identified in different
vertebrate species suggesting that the non-genomic mechanisms of action of steroids
are conserved across species (For review, see [91]).

2. These behavioral effects occur with latencies ranging from 5 min to 1 hour, most of
them being observed around 15-30 min. This time course of action is a lot faster than
the several days usually observed for transcription-dependent activation of behavior
[14].

3. Most of these rapid effects on behavior occur only during estrogen exposure and
rapidly disappear when estrogens are eliminated. These actions appear transient when
compared to the long lasting effects mediated by transcriptional actions.

4. These non-genomic effects of estrogens have been described in both males and
females. Interestingly, males do not produce high circulating levels of estrogens.

5. Although some rapid effects of estrogens are elicited in vitro at high picomolar to low
nanomolar concentrations [68,72,81,92,93], many acute cellular and behavioral
effects of estrogens appear to require concentrations higher (i.e., micro to millimolar)
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than normal circulating levels. This conclusion is based on several sets of
observations: a) many in vitro non-genomic effects of estrogens are only elicited at
concentrations superior to physiological levels [74,78,94,95], and b) the doses of
17β-estradiol acutely administered in vivo are estimated to reach circulating levels
that are 2 to 3 orders of magnitude above the endogenous plasma levels. However,
estrogen concentrations exceeding circulating levels have been measured in brain
regions such as the hypothalamus, the preoptic area and the hippocampus [96,97] and
therefore the very high doses of steroids required to trigger these non-genomic effects
could reflect the physiological concentrations that are present locally in the brain (for
more detail and a discussion of the physiological relevance of these concentrations,
see [14]).

3.2. What is the source of estrogens?
One question arising from these observations concerns the nature of the mechanism(s) that are
able to produce and rapidly modulate the high local concentrations of estrogens on a timescale
compatible with their acute effects [14,66]. An example of transient increase of estrogens is
the preovulatory surge of 17β-estradiol. This surge could potentially explain rapid effects of
estrogens seen in females but, as we have seen, rapid effects of estrogens also exist in males.
In addition, it is unlikely that this surge provides a concentration of the steroid that is high
enough to explain all non-genomic effects. Finally, the time course of the preovulatory estradiol
surge is relatively slow as compared to the latencies of non-genomic effects. Even if non-
genomic effects were triggered only when 17β-estradiol reaches its maximal concentration,
the use of this peak to trigger rapid non-genomic effects would still probably result in a waste
of the temporal resolution offered by these rapid effects. In the following section we develop
a suite of arguments supporting the involvement of aromatase in the rapid control of local brain
estrogen concentrations and we analyze the functional significance of rapid changes in this
enzymatic activity for the control of behavioral responses such as male sexual behavior.

Rapid modulations of estrogens concentrations in the brain could result from rapid changes in
brain aromatase activity or from rapid changes in the concentration of substrate available to
the enzyme. Plasma concentrations of testosterone do not seem to vary rapidly enough and
with sufficient amplitude to provide the desired changes in aromatase substrate concentration.
However, the expression of all enzymes involved in the steroidogenic pathway, including
StAR, P450ssc, 3β-HSD and 17β-HSD, was demonstrated in the brain of many species
including the Japanese quail [98-100]. Rapid changes in brain steroid production upstream of
aromatase could thus also influence the availability of androgenic substrate. However, very
few data exists indicating a rapid regulation of these brain enzymes (see however [101,102]).
Based on castration experiments, it also seems that most of, if not all, androgens that support
male sexual behavior in quail originate from the testes (castration completely abolishes
behavior; [103,104]). This does not exclude that part of the androgenic substrate used by brain
aromatase to activate rapid changes in behavior could not be produced locally but there is no
actual data supporting this notion at the present time. The potential implication of locally
produced androgens in the determination of brain estradiol concentration will therefore not be
discussed further in this review.

As previously mentioned, preoptic aromatase activity is critical for the activation of male sexual
behavior. Chronic inhibition of aromatase activity by specific inhibitors delivered to the POA
results in the complete suppression of copulatory behavior within a few days [105]. In castrates,
the behavioral sequence can be restored by the local administration of testosterone as well as
estrogens [106]. These results indicate that the expression of male sexual behavior is tied to
changes in aromatase concentration and activity in the POA [47].
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Previous studies demonstrated that changes in preoptic aromatase activity are paralleled by
changes in enzyme concentration that are largely mediated by the synergistic transcriptional
action of estrogenic and androgenic metabolites of testosterone [7,107]. However, beside this
genomic control of aromatase activity, it has also been established that this enzymatic activity
can be modulated much more rapidly in a fashion that does not depend on changes in the
concentration of the enzyme. In vitro studies conducted in our laboratory showed that
aromatase activity measured in preoptic-hypothalamic homogenates is markedly inhibited
within 10-15 min after homogenates have been exposed to elevated but physiological
concentrations of ATP, Mg2+ and Ca2+. This inhibition is prevented by compounds that chelate
divalent ions or by kinase inhibitors thus indicating that it is caused by calcium-dependent
phosphorylation processes [108,109]. The presence of several consensus sites of
phosphorylation in the sequence of aromatase fits in well with this interpretation [108,110].

Interestingly, rapid inhibitions of aromatase activity were detected in quail preoptic/
hypothalamic explants, in which the cellular integrity of the neurons and a large part of their
connectivity is maintained. In such explants, aromatase activity is rapidly (within 5 min) and
reversibly inhibited by conditions that increase the intracellular Ca2+ concentration such as a
K+-induced depolarization (Fig. 3A) or the exposure to thapsigargin, a drug that mobilizes
intracellular pools of Ca2+ [109]. These data indicated that the rapid modulations of aromatase
activity can also be observed in morphologically intact neurons.

Similarly, the application on these preoptic/hypothalamic explants of glutamatergic agonists
(AMPA and kainate and to a lesser extent NMDA), but not of GABA, also resulted in a rapid
inhibition of aromatase activity. These effects were reversible and could be blocked by specific
antagonists (Fig. 3B) [111]. They are likely mediated by a direct action of glutamatergic agonist
on aromatase-expressing neurons. Indeed, previous electrophysiological studies had
demonstrated that the POA of quail and rats displays a nearly continuous neuronal firing and
that this tonic electrical activity is suppressed by blockers of glutamatergic and GABAergic
transmission [112-114]. Intracellular recordings combined with the biocytin labeling of the
recorded neurons also indicated that the electrical activity of aromatase-positive neurons is
directly sensitive to glutamate, dopamine and norepinephrine [112,113]. It is therefore likely
that direct glutamatergic inputs to aromatase cells regulate in an acute manner (within min) the
activity of the enzyme. This mechanism could explain why aromatase activity in the POA
decreases within a few min following expression of copulatory behavior in quail ([115] and
see below for additional description of these data). It is indeed known that there is a major
release of glutamate in the rat POA following copulation [116]. Whether a similar release takes
place in quail has not been determined.

Similar interactions between neurotransmitter action and aromatase activity have also been
reported recently in another avian species, the zebra finch. In this species, retrodialysis of
glutamatergic agonists in the caudo-medial nidopallium, a brain region expressing elevated
concentrations of aromatase, induced a local decrease in estrogen synthesis, thus confirming
the inhibitory role of glutamate on estrogen synthesis in vivo [117]. Recent data indicate that
the acute delivery of estradiol in this auditory brain region results in a rapid modulation of
electrical responses to species-specific sounds [118]. Collectively, these data indicate that rapid
changes in aromatase activity mediated by conformational changes of the enzyme are able to
rapidly regulate brain estrogen concentrations. It is likely that this mechanism, conserved
across species and common to both males and females, plays a pivotal role in the control of
acute effects of estrogens making it possible to a) to reach the high local concentrations required
to trigger non-genomic actions of estrogens and b) regulate endogenous estrogen
concentrations on a timescale compatible with their acute effects.
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This conclusion is also supported by the presence of aromatase in brain regions where rapid
effects of estrogens have been described. Indeed, in birds and mammals, a dense expression
of aromatase is found in the preoptic area, the bed nucleus of the stria terminalis, the mediobasal
hypothalamus, the amygdala and in the spinal cord [119-123]. A reproducible although lower
expression of the enzyme is also found in the hippocampus and the dorsal root ganglion (DRG)
[122-124]. Songbirds such as zebra finches also exhibit abundant aromatase expression
throughout most of the telencephalon in auditory areas and in regions surrounding nuclei that
are part of a specialized network involved in the control of song production [123]. Interestingly,
non-genomic actions of estrogens have been described in most of these brain regions [74,81,
84,94,95,118,125-129]. Finally, although males generally display a higher aromatase activity
than females, both male and female brains express aromatase [130-133]. This observation fits
in well with the fact that cellular and behavioral non-genomic effects of estrogens occur in
both sexes (see above).

3.3. Aromatase and rapid controls of male sexual behavior
Recent work from our laboratory investigated the implications of the rapid modulations of local
estrogen brain production in the control of male-typical behaviors using two complementary
strategies. In a first set of experiments, knowing that acute injections of estradiol facilitate the
expression of both appetitive and consummatory aspects of male sexual behavior (see above
and Fig. 4A), we reasoned that the pharmacological blockade of estrogen synthesis by
aromatase inhibitors should rapidly inhibit the expression of these behaviors. Accordingly,
systemic injections of a large dose of vorozole™, a non-steroidal aromatase inhibitor, rapidly
reduced most aspects of male sexual behavior in sexually active male quail (gonadally intact
males or castrates implanted with 40 mm testosterone-filled capsules; Fig. 4B). The same effect
was observed following injections of androstatrienedione (ATD), another type of aromatase
inhibitor. In both cases, this behavioral inhibition reached a maximum after 30 min and started
to diminish 15 to 30 minutes later [86]. Enzymatic assays performed on homogenized preoptic-
hypothalamic blocks collected 30 min after the injection of the aromatase inhibitor
demonstrated that within 30 min both vorozole™ and ATD had reached the preoptic area and
completely inhibited aromatase activity. When applied to the extracellular milieu of preoptic-
hypothalamic explants maintained in vitro, Vorozole™ actually blocked aromatase activity
within 5 min. These enzyme assays thus confirmed that the behavioral effects of aromatase
inhibitors are correlated with the complete blockade of the enzymatic activity [86].

Similarly, in mice the systemic acute injection of vorozole™, ATD or its metabolite 17-OH-
ATD also completely suppressed mount and intromission behaviors within 10-20 minutes
[87]. Such inhibitions were not observed in mice with targeted disruption of the aromatase
gene (i.e. aromatase knock-out mice) in which sexual behavior has been activated by a chronic
treatment with exogenous estrogens. This lack of effect of aromatase inhibitors in mice that
do not express the enzyme but display sexual behavior activated by exogenous estrogens
provides additional evidence for the specificity of the aromatase involvement in the acute
modulation of sexual behavior.

Based on these studies, we anticipated that the preoptic aromatase activity should change
significantly during or after the expression of sexual behavior in order to regulate the short-
term variations in behavioral frequencies. This hypothesis was experimentally tested during a
second group of studies conducted in quail. Sexually experienced male quail were given visual
access to a receptive female or copulated with a receptive female for 1, 5 or 15 minutes. Control
subjects were simply handled and returned to their home cage for the duration of the test.
Immediately after the behavioral interaction brains were collected from all subjects. The block
of brain tissue containing the preoptic-hypothalamic region was dissected out and aromatase
activity was assayed in these samples. These enzymatic assays identified a decrease of
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aromatase activity in samples collected after 1 min of visual access to or copulatory interaction
with the female. The reduction of activity peaked (-20%) after 5 min of interaction and was
almost back to control activities after 15 min (Fig. 5) [115]. Ongoing experiments indicate that
this 20% reduction of enzymatic activity following the expression of copulatory behavior
results primarily from a decrease in enzymatic activity in the POM and the mediobasal
hypothalamus (Cornil and Balthazart, unpublished data). Although the functional significance
of such a reduction in brain aromatase activity still remains to be determined, these data
demonstrate that aromatase activity is rapidly modulated in vivo in behaviorally relevant
situations and in the relevant brain areas.

3.4. Rapid inactivation of brain estrogens
The rapid inhibition of sexual behavior following acute inhibition of brain aromatase prompted
us to consider what terminates non-genomic estrogen actions when estrogen synthesis is
reduced or interrupted. Although a single injection of an aromatase inhibitor almost
immediately blocks estrogen synthesis (within 5 min or less, see above), one must indeed
consider that high concentrations of estrogens should be present when this inhibition is installed
and they should continue to activate for quite some time the neural mechanisms that mediate
the activation of behavior. One would expect this estrogen-dependent neural activation to be
blocked itself by some currently unidentified mechanism.

One possibility is that estrogens that are potentially present in very high concentrations at their
site of synthesis (e.g., in presynaptic boutons, see [133-135]) simply diffuse away from their
site of synthesis and action. Since the loci where this synthesis occurs produce high but very
local concentrations that are presumably anatomically discrete, passive diffusion could fairly
rapidly reduce these concentrations below the minimal threshold that is required to activate
the non-genomic effects. Because these effects apparently require the presence of estrogen
concentrations that are markedly higher than the circulating peripheral concentrations (see
above), diffusion away from the localized synthesis sites should rapidly bring concentrations
below the active threshold.

A non-exclusive alternative involves the rapid catabolism of the newly synthesized estrogens
into less active and water-soluble steroids that can be eliminated in feces and/or urine.
Estrogens are metabolized through oxidations, hydroxylations, and conjugation processes such
as glucuronidation, sulfonation and/or O-methylation [136]. Although these metabolic
pathways have been mainly described in the liver, detectable levels of metabolic activity have
also been reported in the brain.

One of the best-characterized enzymes mediating this catabolism is the 2-hydroxylase which
transforms estrogens into 2-hydroxy- or catechol-estrogens. Interestingly, it has been proposed
that, depending on the available substrate, aromatase not only has the capacity to synthesize
estrogens from androgens, but also displays an estrogen 2-hydroxylase activity. This
conclusion is based on various independent observations including the fact that when cell lines
that do not express aromatase nor 2-hydroxylase activities are transfected with the aromatase
gene, they begin to express both enzymatic activities. Both reactions should thus be catalyzed
by the same enzymatic protein [137]. This conclusion is also consistent with the fact that the
distributions of these two enzymatic activities are nearly identical in the quail brain [138,
139]. Because catechol-estrogens are less active than their parent estrogens, the co-existence
of these two enzymatic activities could provide a mechanism through which estrogens would
be produced in high concentration, but also catabolized and partly inactivated in the exact same
brain loci.

Regardless of the mechanism underlying estrogen inactivation, indirect evidence derived
mainly from behavioral studies suggests that brain-synthesized estrogens are rapidly
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eliminated [13]. Together with the rapid modulation of estrogen synthesis through
conformational changes of aromatase, these rapid enzymatic changes provide a mechanism to
rapidly switch on and off the non-genomic actions of estrogens.

4. General conclusion
The last two decades have witnessed the identification of an unsuspected diversity of
mechanisms through which steroids are produced and affect brain activity. Sex steroids are not
only produced by the gonads and adrenals but the brain itself is able to synthesize these
hormones directly from cholesterol [99] even if the functional significance of this synthesis
still remains somewhat unclear. Two fundamentally different modes of steroid action in the
brain are also clearly distinguishable now. A large part of their effects result from the
modulation of the transcription of a vast array of specific genes but, additionally, more rapid
effects are mediated by changes in intracellular signaling usually elicited by interactions of the
steroids with the plasma membrane. We have presented here a selective review of a few recent
developments in this field focusing specifically on the actions of estrogens in the brain as they
relate to the activation of male sexual behavior.

The genomic effects of estrogens are known to be mediated by two different types of
intracellular receptors (ERα and ERβ) that interact with a broad variety of coregulators to
modulate gene expression. Work in our and other laboratories has shown that two of these
coregulators, SRC-1 and SRC-2, play a key role in the activation by estrogens of male sexual
behavior but a huge amount of work remains to determine how other regulators and
transcription factors interfere with and control the estrogen-dependent genomic regulation.

On a shorter time scale, a variety of estrogen actions on neuronal physiology have been
identified and they seem to be triggered by the interaction of estrogens with new membrane
receptors (GPR30, STX-binding protein, ER-X,…) as well as with the classical nuclear
receptors (ERα and ERβ) that become associated to the neuronal membrane. It is now firmly
established in a variety of animal species that these rapid non-genomic actions of estrogens at
the neuronal level play a significant role in the control of short-term variations in reproductive
behavior. In quail, we demonstrated the existence of two independent mechanisms that regulate
the local synthesis of estrogens in the brain: (1) a transcriptional control of the concentration
of the enzyme aromatase and (2) conformational changes (phosphorylations) leading to rapid
changes in the enzymatic kinetics independent of changes in enzyme concentration. These two
processes seem to nicely match the time scale of genomic and non-genomic actions of estrogens
on behavior. Changes in aromatase activity mediated by phosphorylations of the enzyme
indeed provide a transient source of high local concentrations of estrogens that are necessary
to trigger most of the non-genomic effects described in vitro and in vivo. In this case also, many
questions remain, however, unanswered concerning namely the nature of the membrane
receptors implicated in the rapid control of behavior by estrogens and the mechanisms that are
able to rapidly inactivate local estradiol action when its synthesis is blocked either
pharmacologically or due to physiological changes in neurotransmitter activity. One might
have thought at the end of the 1980s that the mechanisms of steroid action had been (almost)
completely identified and research could turn to other important questions. Recent
developments that are briefly and selectively summarized here clearly demonstrate that this is
far from being the case and there are still many significant questions that require additional
experimental investigations.
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Figure 1.
SRC-1 knock-down by antisense injections (AS) significantly inhibits testosterone–induced
sexual behavior (A-B) and aromatase induction (C) in castrated male quail in comparison with
control birds injected with scrambled antisense (Ctrl). Sexual behaviors are illustrated here by
the estrogen-dependent cloacal contact movements and by the strictly androgen–dependent
display, strutting (B). The SRC-1 knock-down also blocked the induction by testosterone of
aromatase expression resulting in a smaller number of aromatase-immunoreactive cells
delimiting a smaller surface of the medial preoptic area (C). See [42] for original data and their
statistical analysis.
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Figure 2.
Expression of SRC-1 in the preoptic area-hypothalamus is significantly affected by the sex and
endocrine condition of the subjects. The concentration of the SRC-1 protein (A, C) and of the
corresponding mRNA (B, D) were measured by Western blot and quantitative real-time PCR
respectively in sexually mature males (M) and females (F) (panels A, B) and in castrated males
that had been treated with testosterone (CX+T) or not (CX) (panels C, D). SCR-1 is expressed
at higher concentrations (both mRNA and protein) in males than in females and in testosterone-
treated castrates than in castrates. Both the sex difference and the effect of testosterone were
however not replicated in one other experiment (not shown here) for reasons that are not
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completely identified (see [54] for discussion). Redrawn from data in [54] where detail of
statistical analyses can also be found.
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Figure 3.
Rapid changes in aromatase activity (AA) are observed in paired quail preoptic-hypothalamic
explants maintained in vitro. A. One explant was exposed for 10 min [between 20 min (upward
arrow) and 30 min (downward arrow)] to a K+-induced depolarization. Data are expressed as
percentages of basal release, defined as the activity during the period preceding the
experimental manipulation (15–20 min). B. Both explants were exposed for 10 min (between
20 and 30 min) to the glutamate agonist kainate (100 mM) but one explant had been pre-
incubated with the non-NMDA glutamate antagonist NBQX. The gray area represents the
control values, observed in the absence of any manipulation, derived from the experiment
described in A. See [109] and [111] for detail of original data and their statistical analysis
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Figure 4.
Behavioral effects of rapid changes in estrogen availability following an acute injection of
estradiol (A) or of the aromatase inhibitor Vorozole™ (B). A. A single injection of estradiol
(E2) performed 5, 15 or 30 min before the beginning of the behavioral test significantly
increases the expression of sexual behavior measured here by the frequency of cloacal contact
movements (CCM). B. Significant inhibition by a single injection of the aromatase inhibitor
Vorozole™ performed 15, 30, 45 or 60 min before the beginning of the behavioral test of the
expression of sexual behavior measured by the frequency of CCM. Control values for birds
injected with the control vehicle solution are represented by the gray areas. Redrawn from data
in [88] and [86]
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Figure 5.
Rapid changes in aromatase activity (AA) are observed in quail following copulation with a
sexually mature female for 1, 5 or 15 min. A significant decrease is observed at the 5 min time
point. Control birds were simply handled and returned to their home cage (Values in gray area).
Brains were collected immediately after the end of the behavioral test and AA was quantified
in the preoptic area-hypothalamus. Redrawn from data in [115] where detail of statistical
analyses can be found.
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