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Abstract
In birds as in other vertebrates, estrogens produced in the brain by aromatization of testosterone
have widespread effects on behavior. Research conducted with male Japanese quail demonstrates
that effects of brain estrogens on all aspects of sexual behavior, including appetitive and
consummatory components as well as learned aspects, can be divided in two main classes based
on their time-course. First, estrogens via binding to estrogen receptors regulate the transcription of
a variety of genes involved primarily in neurotransmission. These neurochemical effects
ultimately result in the activation of male copulatory behavior after a latency of a few days.
Correlatively, testosterone and its aromatized metabolites increase the transcription of the
aromatase mRNA resulting in an increased concentration and activity of the enzyme that actually
precedes behavioral activation. Second, recent studies with quail demonstrate that brain aromatase
activity (AA) can also be modulated within minutes by phosphorylation processes regulated by
changes in intracellular calcium concentration such as those associated with glutamatergic
neurotransmission. The rapid up or down-regulations of brain estrogen concentration presumably
resulting from these changes in AA affect, by non-genomic mechanisms with relatively short
latencies (frequency increases or decreases respectively within 10–15 min), the expression of male
sexual behavior in quail and also in rodents. Brain estrogens thus affect behavior on different
time-scales by genomic and non-genomic mechanisms similar to those of a hormone or a
neurotransmitter.
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Introduction
One of the unexpected discoveries of behavioral (neuro)endocrinology around the middle on
the 20th century was that differences in behaviors spontaneously exhibited by males and
females do not originate, as previously believed, because adult males are exposed to “male-
typical” hormones, primarily testosterone (T) secreted by their testes, while females are
exposed to “female-typical” hormones, i.e., the ovarian steroids, 17β-estradiol (E2) and
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progesterone. Surprisingly E2 is able to activate the same behaviors as T in males (see
examples in [1]). This finding progressively resulted in the idea that somehow T can be
transformed in the brain into E2 before it produces its behavioral effects. The discovery that
behaviors activated by androgens (e.g., T) can be blocked by a concomitant treatment with
antiestrogens [2], and that estrogens very effectively mimic the central actions of T,
especially on brain differentiation in rats (reviewed in [3, 4]) confirmed this notion. These
studies thus promoted an active search for the brain enzyme that could produce estrogens
from androgens and ultimately led to the discovery of brain aromatase activity in the early
1970s [5, 6].

During the following decades, important progress was made in the understanding of the role
played by this enzyme in the control of male reproductive behavior as well as concerning the
distribution of the enzyme in the brain and the control of its activity. It has in particular been
demonstrated that aromatization of T within the preoptic area plays a critical role in the
activation of many aspects of reproductive behaviors in a variety of vertebrate species [4].
Studies on birds, in particular the ring dove (Streptopelia risoria) and the Japanese quail
(Coturnix japonica), have in this context played a critical role, namely because aromatase is
expressed in the avian brain at higher concentrations than in the brains of mammals. The
study of the neuroanatomical distribution of the enzyme and of the regulation of its activity
is therefore markedly facilitated. The induction of brain aromatase activity by testosterone
was for example discovered in ring doves [7] before being also identified in other birds and
in mammals [8, 9].

Most of our own research has been carried out on male quail, a species that shows
tremendous endocrine and neuroanatomical/neurochemical variation in response to changes
in photoperiod (transfer from short days mimicking winter conditions to long days typical of
the spring or summer) and in which activation of male-typical sexual behaviors is clearly
linked to actions of sex steroids (Balthazart and Ball, 1998). Quail have also been selected
for efficient reproduction and consequently males reliably show a variety of reproductive
behaviors in standardized laboratory conditions, which greatly facilitates the analysis of the
neuroendocrine controls of these behaviors. We have taken advantage of these useful
features of quail to advance our understanding of the biological significance of brain
aromatase in the control of the activation of male reproductive behavior. Much of the
evidence presented below is thus derived from studies performed in this species but similar
studies in other tetrapods, to the extent that they have been completed, largely confirm the
conclusions drawn from quail studies.

Aromatase and activation of male copulatory behavior
Multiple studies performed first in the laboratory of Elizabeth Adkins-Regan at Cornell
University and then subsequently in our own laboratory at the University of Liège have
demonstrated beyond any doubt that, in quail, the activation of male copulatory behavior by
T is limited by its aromatization into an estrogen. This conclusion is namely supported by
the facts that 1) the behavior is activated by aromatizable (T, androstenedione) but not or
much less by non-aromatizable androgens (5α-dihydrotestosterone, methyltrienolone), 2)
the behavioral effects of T can be mimicked by treatments with estrogens such as E2 or
diethylstilbestrol (DES), 3) the effects of T are blocked by simultaneous injections of anti-
estrogens, i.e. compounds that block access of estrogens to their receptors but not or less so
by anti-androgens, and finally 4) effects of T on copulatory behavior are blocked by
injection of aromatase inhibitors, i.e. compounds that block the aromatization of the
androgen (reviewed in: [4, 10]).
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The results of one of these experiments is illustrated in Fig. 1A. One group of castrated male
quail were in this experiment treated with a Silastic™ implant filled with T and then starting
two weeks later, submitted to 8 behavioral tests during which they were presented to a
sexually mature female for 5 min and their copulatory behavior (number of cloacal contact
movements) was recorded. The birds were then assigned to one of two matched groups that
had displayed equivalent amounts of behavior during the pretests. Subjects in one group
were injected twice daily with the aromatase inhibitor, Vorozole™ while birds in the other
group were injected with the vehicle. All birds were then submitted to two series of 5 tests
measuring one aspect of their appetitive sexual behavior (see next section) and their
copulatory behavior was again measured at the end of each series of tests. As expected, the
frequency of cloacal contact movements (and other consummatory sexual behaviors
including grabing the female’s neck feathers and mounting) was markedly inhibited in the
Vorozole™-treated birds as compared to the other birds submitted to the same T treatment
but without aromatase inhibitor. The frequency of these behaviors was very close to zero at
the end of the experiment.

Stereotaxic implantation of steroids in the brain, originally developed by Lisk [11], indicated
that in mammals the preoptic area (POA) is the most important sex steroid-binding site for
the activation of male sexual behavior. Subsequent experimental studies confirmed this
conclusion in other vertebrate classes including birds (see [12, 13] for review) and quail are
no exception to this rule. A suite of experiments indeed revealed that the medial POA is a
necessary and sufficient site of T action for the activation of consummatory copulatory
behavior in male quail [14]. Furthermore, a sexually dimorphic nucleus (volume larger in
males than in females; [15]), identified as the medial preoptic nucleus (POM), that is located
in the center of this area, is specifically involved in the control of this behavior. Indeed,
electrolytic lesions of the POM, but not of the surrounding POA, suppress copulatory
behavior activated in castrated males by subcutaneous Silastic™ implants containing T [16].
Conversely, stereotaxic implants filled with T activate all aspects of copulatory behavior in
castrated males if their tip is located within the cytoarchitectonic boundaries of the POM but
not if it is located in the adjacent POA [16, 17]. These data clearly indicate that T action in
the POM is sufficient to activate copulatory behavior in adult male quail, although they do
not rule out the possibility that the action of T at additional sites in the central nervous
system may contribute to the behavioral activation under physiological conditions.

Subsequent stereotaxic work also demonstrated that T must be aromatized and estrogens act
within the POM to activate sexual behavior. Indeed, implants of estrogens (E2 or DES) in
the medial POA activate copulatory behavior in castrated quail like systemic treatments with
the same compounds [14, 18], and conversely, the implantation in the medial POA of an
aromatase inhibitor (Vorozole™) or of an antiestrogen (tamoxifen) inhibits the activation of
sexual behavior produced by a systemic treatment with T [18–20].

Aromatase also mediates activation of appetitive sexual behavior
Theoretically, a motivated behavior can be divided in two successive phases, respectively
called appetitive and consummatory [21]. Frank Beach originally introduced this distinction
in the field of behavioral neuroendocrinology [22]. Although the usefulness of this
classification has been questioned (see [23, 24] for recent discussions on this topic), it was
used in multiple research projects investigating namely the potential separation between the
neural structures controlling the appetitive and consummatory aspects of sexual behavior (in
rats: [25, 26]; in quail: [13]).

Appetitive sexual behavior (ASB) can be defined as the suite of behaviors performed by an
individual to localize and approach a sexual partner. These behaviors are usually quite

Balthazart et al. Page 3

Ann N Y Acad Sci. Author manuscript; available in PMC 2012 December 15.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



variable and are potentially affected by learning processes (see next section). In contrast,
consummatory sexual behavior (CSB) includes the behavior patterns directly associated
with copulation and gamete transfer. They are more stereotyped and less susceptible to be
influenced by learning processes.

In Japanese quail, two distinct behavioral responses have been used so far, in laboratory
conditions, to quantify ASB: the learned social proximity response and the rhythmic
contractions of the cloacal gland muscles.

The learned social proximity response—Michael Domjan and his colleagues at the
University of Texas, Austin discovered that, when a male copulates with a female in a
particular test arena, his behavior changes markedly and he will subsequently stand for
hours in front of a window that provides him with visual access to the female. This is a type
of associative learning that cannot easily be classified as either a form of classical
conditioning or instrumental conditioning [27]; it has been called the learned social
proximity response [28, 29]. This behavior appears to be a good indicator of appetitive
sexual behavior, in that the male seems clearly to be engaging in this behavior in
anticipation of copulatory behavior itself, and the behavior is expressed only in birds
exposed to high T levels [30, 31].

Three types of experiments subsequently demonstrated that the learned social proximity
response indicative of ASB depends, like copulatory behavior, on T aromatization. It was
first demonstrated that the learned proximity response is acquired by castrated birds if they
are systemically treated with either E2 or DES but not by untreated castrates [32]. A second
experiment further demonstrated that once the proximity response had been acquired, its
expression could be blocked by daily injections of the antiestrogen, tamoxifen [32] and
finally, it was shown that daily injections of the aromatase inhibitor, Vorozole™,
progressively inhibit the social proximity response previously acquired by castrated birds
treated with T [33] (Fig. 1B) in parallel with the inhibition of CSB previously described
(Fig. 1A).

The rhythmic contractions of the cloacal sphincter muscles (RCSM)—One
problem with the social proximity response, however, is that the response is only learned if
reinforced by the performance of CSB (although approach to an arbitrary stimulus has been
successfully conditioned in male quail with paired visual access to a female [34]). This
linkage prevents the assessment of ASB in subjects that fail to copulate. It is thus impossible
to assess independently the appetitive and consummatory components of the behavior. A
second behavioral procedure was more recently developed, based on studies conducted in
the laboratory of Elizabeth Adkins-Regan [35, 36]. Male quail produce meringue-like foam
that is transferred with sperm to the female cloaca during copulation and enhances the
probability of egg fertilization [37]. Female quail have sperm storage tubules [38]. One
function of the foam may be to increase the quantity of sperm stored after copulation.
Female quail both lay eggs [39] and are most sexually receptive [40] in the afternoon. A
hard-shell egg is thus likely to be in the oviduct during mating that occurs in the afternoon.
If the cloacal foam of the male quail is manually expelled by the experimenter prior to
afternoon matings, fewer eggs are fertilized than if the male has its normal foam quantity.
The foam appears to increase the number of sperm reaching the storage tubules should
oviposition occur prior to sperm storage [41].

This foam is produced by rhythmic movements of a sexually dimorphic striated cloacal
sphincter muscle that is interdigitated with the proctodeal gland [36], an androgen-
dependent structure [42] located at the caudal lip of the cloaca. These movements are greatly
facilitated in males in the presence of a stimulus female [36]. This facilitation is also
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observed in sexually naive males [36] so that effects of endocrine manipulations on this
behavior can be assessed independently of the activation of CSB. These RCSM are also
facilitated nearly 20-fold in castrated males treated with T compared to castrated males
receiving no T when provided with visual access to a female [43].

Interestingly, the activation by T of RCSM also seems to be limited by the aromatization of
the androgen. During an experiment, two groups of castrated males that were treated with
exogenous T and expressed RCSM with similar frequencies in response to the visual
presentation of a female were injected twice daily with Vorozole™ or its vehicle during 25
days. They were then tested at regular intervals for the expression of RCSM during 2.5 min
presentations to a female. As can be observed in Figure 1C, the aromatase inhibitor
progressively decreased the RCSM frequency in treated subjects while the behavior was
expressed at constant levels in control birds [44].

Together these data therefore support the notion that the mechanisms mediating the
activation of appetitive and consummatory components of sexual behavior have a very
similar if not identical steroid specificity. Both aspects of sexual behavior are activated by T
but aromatization clearly limits the behavioral effects of the androgen. Interestingly, these
two aspects of the behavior appear, in contrast, to be controlled by slightly different parts of
the medial preoptic area. The data supporting this conclusion have, however, been reviewed
recently [13] and their discussion is beyond the purpose of the present short review.

The learned components of sexual behavior also depend on aromatase
Successful reproduction requires the complex integration of a variety of internal and
external stimuli. The male must indeed be able to react to the endocrine and neurochemical
changes that mediate sexual motivation, identify the external stimuli related to the potential
sexual partner, detect signs of sexual receptivity of this potential partner, approach and
establish physical contact with this partner, and finally perform the relatively elaborate
sequence of copulatory behaviors that will transfer gametes in the female’s reproductive
tract. Many aspects of these tasks are spontaneously expressed by male quail that have been
raised in isolation. They must therefore incorporate an innate component that develops in the
absence of social imitation. The consummatory components of sexual behavior are largely
innate in their form. Birds raised in isolation can produce the copulatory sequence including
grabbing the female’s neck feathers, mounting and cloacal contact movements. There is
however a form of learning that affects the coordination of these behaviors. During their first
encounters with a female, males perform the correct sequence of movements but these are
often poorly oriented (male will for example attempt to mount a female head to tail) and
consequently male will often fail to achieve a successful copulation. However, with practice,
the form and orientation of these behaviors will rapidly improve, allowing the efficient
transfer of gametes to the female.

Learning processes are more important and complex at the level of appetitive aspects of
sexual behavior. Males indeed need to develop knowledge of the specific stimuli that
indicate the female’s sexual receptivity and of the situations in which they can successfully
copulate with her. Learning thus allows males to predict the success of copulation. We
already mentioned the learned social proximity response that male quail will express only
after they have experienced sexual interactions in a specific test arena. This response is
obviously adaptive since it will increase the attention paid by the male to the female and will
consequently improve his chances of achieving successful copulations.

Work on RCSM has also demonstrated the potential importance of learning in the
expression of this measure of ASB and the functional significance of this learning process.
Adkins-Regan and MacKillop demonstrated that quail inseminations are more likely to
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fertilize eggs if they occur in a context that predicts the arrival of a conspecific, i.e. a context
where males have previously copulated with a quail hen [45]. The mechanisms underlying
this increased efficiency are not fully understood but if exposure to a sexual conditioned
stimulus (CS) also promotes the expression of RCSM, then the benefits of increased RCSM
and early foam production could account for the increased fertilization rates reported in male
quail exposed to a sexual CS prior to copulation.

We therefore initiated investigations to explore whether RCSM could be elicited by a CS
unrelated to copulation and indeed demonstrated that repeated exposure to an arbitrary
stimulus paired with the presentation of a female progressively elicits after repeated testing
the expression of RCSM in response to the CS only. In these experiments, male quail were
placed in a two chamber test arena in which one large chamber contained the experimental
subject and one smaller chamber located on the side could slide and provide a view of either
an arbitrary stimulus (two terry-cloth covered cylinders placed at right angle, the CS) or a
live quail hen (the unconditioned stimulus [US]). In this arena, males were repeatedly
exposed in sequence to the CS for 30-s followed by visual access to the female (US) for 2
min. A rapid and orderly acquisition of the conditioned RCSM response was observed in
these conditions and a plateau in responding was usually obtained after 5 to 10 conditioning
trials [46].

These conditioned RCSM are testosterone-dependent. Like RCSM made in response to a
female [43], they almost completely disappear during non-reinforced test trials in castrated
birds from which Silastic™ implants providing exogenous T are removed, and they are
rapidly restored when the treatment with exogenous testosterone is reinstated. This
observation thus suggests an additional functional significance: the performance of learned-
RCSM conditioned during one breeding season may transfer across a non-breeding period to
a subsequent breeding season. Their expression in response to the sexual CS would simply
disappear during the winter when plasma T concentration are low but would reappear
without any need for relearning in the following spring as soon as testicular activity is
stimulated by the increase in day length and plasma T concentrations return to breeding
level.

Interestingly, like most other aspects of reproductive behaviors, the conditioned RCSM also
depend on T aromatization for their expression. In one experiment, castrated, T-treated,
male quail were again presented with paired presentations of the same arbitrary focal CS and
visual access to a female. Once conditioned RCSM had developed, subjects were injected
twice daily with the aromatase inhibitor Vorozole™ during a series of non-reinforced test
presentations of the CS. As shown in Figure 1D, injections of Vorozole™ significantly
decreased the number of RCSM elicited by the sexual CS. This decrease was specific to
sexual RCSM [47]. Conditioned sexual RCSM are therefore mediated by the aromatization
of T, most likely due to effects on central aromatase activity related to sexual motivation.

The controls of aromatase activity: genomic and non-genomic mechanisms
As already mentioned, the high level of expression of aromatase in the avian brain has
facilitated the analysis of the distribution of the enzyme in the brain. Converging evidence
coming from assays of enzyme activity in nuclei microdissected by the Palkovits punch
technique, from immunhistochemistry of the enzymatic protein and from in situ
hybridization of the corresponding mRNA indicates that in birds aromatase is mainly
expressed in the medial preoptic area, the medial portion of bed nucleus of the stria
terminalis, and the mediobasal hypothalamus from the level of the ventromedial nucleus to
the caudal end of this structure at the level of the infundibulum. This information has been
reviewed several times [10, 48–50] and will not be considered here in more detail. The
distribution of the enzyme is interestingly very similar in mammalian species [51] but
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analysis of the protein by immunohistochemistry remains difficult at this time, at least in the
adult brain due apparently to the low concentration of this protein.

The mechanisms that regulate brain aromatase activity have been largely revealed based on
studies in birds (ring doves and quail) but appear to be very similar to the mechanisms
operating in mammals. In all species of tetrapods investigated so far, T increases aromatase
activity in the POA. A parallel increase in the mRNA of the enzyme has also been
demonstrated in several species including rodents (e.g., [52] ), suggesting that the control of
the enzymatic activity by steroids results from a change in the transcription of the aromatase
gene. In quail, this control of aromatase by T has been investigated independently at the
level of the enzymatic activity, the protein (assessed semi-quantitatively by
immunocytochemistry) and the corresponding mRNA (quantified by RT-PCR or in situ
hybridization). These studies have demonstrated that the induction of aromatase activity by a
chronic treatment with exogenous T of castrated male quail has approximately the same
magnitude (6 fold increase) as the increase in the number of aromatase-immunoreactive
neurons in the POM (5 fold increase) or the increase in aromatase mRNA concentration
measured by RT-PCR (4 fold increase) [53, 54]. This suggests that the control by T of
aromatase activity takes place mainly if not exclusively at the transcriptional (or at least pre-
translational) level (Fig. 2, left part).

These effects of T on aromatase transcription appear to be largely mediated by the
interaction of the steroid with androgen receptors in rats [9, 55], but mostly by an action of
locally produced estrogens in birds [56, 57]. There is, however, in both species a clear
synergism between non-aromatizable androgens and estrogens in the regulation of
aromatase, but androgens play the major role in mammals, while estrogens play the major
role in birds. This synergism has been observed in quail at the three different levels at which
aromatase has been studied: the mRNA concentration, the protein as assessed semi-
quantitatively by immunocytochemistry and the enzyme activity (see [54, 58] for reviews).

Available evidence, therefore, suggests that the control of brain aromatase activity mainly
takes place via changes in the transcription of the corresponding gene and consequently of
the enzyme concentration. There are, however, other ways through which the activity of an
enzyme can be modified without changing its concentration. The presence of various types
of endogenous inhibitors can, for example, modify either the maximum velocity or the
apparent affinity of an enzyme and thus its activity in vivo. In addition, changes in the
structure of the enzyme can also affect its activity and in this context, a substantial amount
of data indicates that the specific phosphorylation of serine, threonine, or tyrosine residues
of an enzymatic protein can dramatically change its activity [59, 60]. There was anecdotal
evidence in the literature that divalent cations such as Ca2+ and Mg2+ acutely modify
aromatase activity [61–63] and because these cations are also known to modulate
phosphorylation processes [64], we hypothesized that brain aromatase activity could be
modified by phosphorylations.

As expected under this hypothesis, we observed a profound (80–90%) inhibition of
aromatase activity within 10–15 min after the addition of suitable physiological
concentrations of ATP, Mg2+ and Ca2+ to quail brain homogenates (Fig. 2, Right side). This
inhibition was blocked by agents that chelate divalent ions such as EGTA or EDTA as well
as after the addition of kinase inhibitors such as staurosporine (a serine/threonine kinase
inhibitor), or inhibitors of protein kinase C (PKC), or A (PKA) clearly indicating that
inhibitory effects of ATP/Mg/Ca are mediated by protein phosphorylations [65, 66]. This
interpretation is also consistent with the finding that the quail aromatase sequence contains
several consensus sites of phosphorylation that are present in the avian as well as
mammalian aromatase sequences (e.g. [66–72]). Interestingly, these effects are also by far
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much faster (a few minutes) than the changes in activity related to increases in the
transcription of the enzyme (hours to days).

We also wondered whether similar rapid regulations of aromatase activity occur in a more
natural system containing intact neurons. Explants of the preoptic-hypothalamic area were
therefore incubated in vitro in the presence of [1β-3H]-androstenedione. Cumulative
aromatase activity in these explants was then measured every 5 min by quantifying the
amount of tritiated water that had been released by aromatization of radioactive
androstenedione. Experimental manipulations designed to manipulate the intracellular
calcium concentration in the explants, such as a depolarization by addition of potassium in
the incubation medium or the exposure to thapsigargin, a lactone known for its capacity to
mobilize intracellular pools of Ca2+, inhibited within 5 min and in a reversible manner the
enzymatic activity [65]. Furthermore, the activation of glutamatergic receptors of the AMPA
(a-amino-methyl-4-isoxazole propionic acid) or kainate subtypes similarly reduced
aromatase activity within 5 min and in a transient manner. This effect could be blocked by
preincubation with specific antagonists such as NBQX or CNQX indicating that it results
from a receptor-mediated mechanisms. Rapid modulations of aromatase activity in these
explants possibly involves also a modification of intracellular Ca2+ concentrations (entrance
of extracellular Ca2+ or mobilization of intracellular Ca2+)[73].

All these experiments thus indicated that brain aromatase activity can be rapidly regulated in
vitro, both in brain homogenates and in brain explants, by calcium-dependent
phosphorylations potentially mediated in physiological conditions by glutamate release.
Interestingly rapid changes (after 5–15 min) in preoptic aromatase activity have also been
detected in vivo in male quail that had just been stressed [54] or had copulated with a female
[74]. There is to this date no direct experimental evidence that these changes of aromatase
activity observed in vivo are mediated by the same mechanisms as in vitro (i.e., by calcium-
dependent enzyme phosphorylations) but their latency precludes a transcriptional control
modifying the concentration of the enzyme. A change in enzyme conformation (e.g.,
phosphorylation) is therefore a parsimonious interpretation, but additional studies should be
carried out to test this interpretation.

In summary, two apparently independent types of mechanisms have been identified that
modulate the activity of aromatase in the quail preoptic area. The enzyme activity can be
increased via changes in the transcription of the enzymatic protein, mainly controlled in the
brain by sex steroids. This control mechanism is relatively slow and takes hours to days to
affect in a significant manner the activity of the enzyme [75]. In parallel, changes in the
phosphorylation of the existing molecules of enzymatic protein (and possibly other less
characterized mechanisms such as the fixation of calmodulin, see [76]) are also able to
change within minutes the enzymatic activity without changing the enzyme concentration.
These mechanisms are schematically presented in Figure 2.

Rapid behavioral effects of rapid changes in brain aromatase activity
The concentration of estrogens in the brain can thus be affected on different time-scales by
genomic and non-genomic mechanisms. We previously described effects of brain estrogens
on different aspects of sexual behavior (consummatory, appetitive, and learned) that are
produced after days of exposure to the steroid. These behavioral effects are mediated, by and
large, by genomic mechanisms of action of estrogens as indicated by their latency and by the
demonstration that they are blocked by administration of estrogen receptor antagonists such
as tamoxifen or CI-628 [18, 77]. Because brain aromatase and thus presumably brain
estrogens concentration can also be rapidly modified by non genomic mechanisms, we
wondered whether these rapid changes in estrogen bioavailabilty could have functional
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consequences at the behavioral level. This question was additionally prompted by the
observation that aromatase immunoreactivity and aromatase activity can be identified at the
level of presynaptic boutons [51, 78, 79] where the enzyme presumably produces estrogens
that could act directly by non genomic mechanisms at the synapse level. Evidence had
accumulated indicating the existence of rapid cellular effects of steroids in the brain, in
particular of estrogens, but little information was available concerning the existence of such
effects at the level of the entire organism. One study had, however, shown that in rats,
systemic injections of estradiol in castrated males increase within 35 min the expression of
some aspects of reproductive behaviors including anogenital olfactory investigations and
mounts of the female by the male [80]. This study indicated that estrogens could possibly
modify sexual behavior with short latencies presumably incompatible with a genomic mode
of action. We decided therefore to investigate this possibility in quail, a species in which
estrogen production in the brain had been shown to vary within minutes.

Experiments were carried out in which effects of rapid up- or down-regulations of brain
aromatase activity were mimicked by either injecting a large dose of exogenous estrogen or
a single dose of an aromatase inhibitor, respectively. Sexual behavior was then quantified at
various latencies between 5 min and one hour after these manipulations. The most salient
features of the results obtained in these studies will be briefly summarized. Additional
discussion can be found in previous reviews [50, 54, 81, 82].

A single injection of the aromatase inhibitor Vorozole™ (VOR), a non-steroidal aromatase
inhibitor [83] induced in gonadally intact sexually mature males or in castrates treated with
Silastic™ testosterone implants (CX+T40) a major decline in the frequency of copulatory
behaviors that reached its maximal magnitude 30 to 45 min after the injection [84]. This
inhibition nearly disappeared after one hour (see Fig. 3A for one example of such an
experiment; [84]). Quite interestingly, appetitive sexual behavior as measured by the
frequency of rhythmic contraction of the cloacal sphincter muscles (RCSM) was similarly
affected (Fig. 3B). A statistically significant decline in the frequency of these contractions in
response to the view of a female was observed 30 to 45 min after the injection of
Vorozole™, and the behavior was beginning to recover at 60 min post injection [84].

Conversely, the injection of a single large dose of estradiol (500 μg/kg) elicited within 15
min a significant increase in the frequency of male copulatory behaviors (see Fig. 3C for a
representative experiment). This effect was, however, not observed in castrated birds but
was obtained only if castrated males were chronically pretreated for at least one week with a
very small dose of exogenous testosterone that activated a weak and infrequent sexual
behavior. This small dose of testosterone is by itself insufficient to fully activate sexual
behavior, but must be administered to make the acute injection of the bolus of estradiol
behaviorally effective [85]. Rapid effects of estrogens thus cannot be obtained in subjects
that have not been previously primed with a suboptimal dose of testosterone, presumably
reflecting the fact that there is an interaction between genomic and non-genomic effects of
steroids in the activation of male copulatory behavior. A similar synergism has been
demonstrated in the mechanisms controlling female receptivity in rats as well as for the
activation of a number of neurochemical effects of estrogens in the rat preoptic area-
hypothalamus[86, 87].

Rapid effects of estradiol on the expression of appetitive sexual behavior could also be
observed in male quail. As illustrated in Fig. 3D, male quail that had been injected 30 min
before the behavioral test with a single dose of the aromatase inhibitor Vorozole™ showed a
significant decrease in the frequency of rhythmic contractions of the sphincter muscles when
presented with a female, but this inhibition was almost completely reversed by a single
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injection of estradiol given concurrently with the aromatase inhibitor, that is 30 min before
the test [84].

Similar rapid effects of estradiol additionally seem to be affecting responses to nociceptive
stimuli in male quail [88], and a recent set of studies also indicated that the acute injection of
an aromatase inhibitor or of estradiol respectively inhibits or stimulate with latencies of 15
to 30 min the expression of copulatory behavior in male mice [89]. The existence of such
rapid behavioral effects of estradiol seems to be an ancient conserved feature in vertebrates
since they are already observed in fishes. Injection of estradiol indeed modulates within
minutes sound production (vocal communication) in the plainfin midshipman fish [90].

Conclusions
During the reproductive season, all animals must express a suite of behavioral patterns that
allow them to locate and encounter a conspecific of the opposite sex and then to copulate
with him/her. In order to lead to a successful reproduction, these behaviors must be
expressed in a coordinated manner and also must be adjusted to the behavior of the partner
in response to adequate social stimuli. The expression of this behavioral sequence is largely
controlled by “innate” mechanisms that do not require any special social learning. The
copulatory sequence, for example, is expressed in its species-typical form by male quail that
have been raised independently of adult birds from the previous generation and had
therefore no model to copy their behavioral patterns. The orientation of the copulatory
patterns and the nature of the objects that trigger the expression of appetitive sexual
behavior are, however, learned at least in part during the first interactions with the partner of
the other sex.

Because these different aspects of sexual behavior must obviously be coordinated to ensure
the success of reproduction, it could on a priori bases be expected that they are controlled by
endocrine and neural mechanisms that are themselves closely related. Our research in
Japanese quail has indeed demonstrated that the neural circuits controlling appetitive and
consummatory sexual behavior are very similar even if some subtle differences can be
observed namely in the loci within the preoptic area that seem to be implicated in the control
of these two aspects of behavior (see [13, 91] for review). Furthermore, all aspects of sexual
behavior in quail are also the object of a strong synchronization by endocrine stimuli and
actually depend on similar if not completely identical neuroendocrine mechanisms. Both the
appetitive and consummatory aspect of male sexual behavior as well as the learned
components of this behavior all depend for their activation of the action of testosterone that
must be aromatized into estradiol in order to exert its activating effects on behavior (Fig. 4).

Interestingly both appetitive and consummatory sexual behaviors are affected by estrogens
derived from brain aromatization of testosterone in a manner that seems to include an
interaction between genomic and non-genomic effects of the steroid. Rapid effects of
changes in brain estrogen concentrations (up- or down-regulations) were shown to modulate
the expression of both appetitive and consummatory sexual behavior but only in birds that
were exposed to sub-threshold doses of testosterone activating a minimal amount of sexual
behavior. The rapid stimulatory effects of exogenous estrogens could not be seen in
castrated males if they were not pretreated with a small dose of testosterone. At this time,
rapid effects of estrogens on components of sexual behavior that are learned, such as the
rhythmic contractions of the cloacal sphincter muscles expressed in reaction to a conditioned
stimulus, have not been specifically tested. However, inhibition of aromatase acutely
blocked the expression of the learned social proximity response indicating that at least some
aspects of a partly learned sexual behavior are affected by rapid changes in estrogens
bioavailability.
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Rapid changes in brain estrogens thus seem to affect all aspects of sexual behavior. They
also seem to be widespread among vertebrates since such effects have been detected in
representative species from three different vertebrate classes, fishes, birds and mammals [80,
84, 85, 89, 90]. It appears likely that future research will be able to evidence them broadly
across a variety of species. These findings do obviously raise a large number of questions
that will only be considered briefly here due to space limitations. A more extensive
discussion of these issues can be found in previous review papers [50, 54, 81, 82].

Cellular mechanisms—The work summarized here clearly indicates that estrogens can
exert rapid physiological and behavioral effects that concern the entire organism. This raises
the question of the cellular mechanisms mediating these effects. There is to this date a very
substantial literature describing cellular effects of estrogens (and steroids in general) that are
not mediated by their interaction with nuclear receptors and it is beyond the scope of the
present paper to review these data. An entire volume of Frontiers in Neuroendocrinology
was recently devoted to this issue (vol 29/2, 2008), including two chapters on estrogens [87,
92].

Because aromatase is expressed in synaptic boutons in quail and in various species of
mammals [79], the release of estrogens at the synapse level might conceivably act on the
postsynaptic membrane, through an interaction with GABA or glutamate receptors, and/or
with one of the putative membrane estrogen receptors (or estrogen-sensitive systems) that
have been tentatively identified. These include (a) intracellular nuclear estrogen receptors
(i.e. α and β subtypes) that become associated with the cell membrane, or receptors of a
different nature that at least show specific immune cross-reactivity with the nuclear
receptors, (b) forms of receptors associated with membrane caveolae, (c) the newly
identified ER-X receptor, or (d) other novel membrane estrogen receptors, including G-
protein-coupled seven transmembrane domain receptors such as GPR30. There are therefore
multiple transduction systems for fast signaling by estrogens at the membrane level.
Furthermore fast estrogen signaling can also take place within the neuronal perikarya and,
for example, estrogens have been shown to modulate the activity of various kinases (e.g.
PKA, PKC, MAPK or phosphatidylinositol-3 kinase), thus the affecting phosphorylation of
various molecules implicated in second messenger signaling cascades (e.g. CREB) or in
neurotransmission (e.g. tyrosine hydroxylase phosphorylation) (see [81, 82, 93, 94] for
references). Additional research will be needed to identify aspects of these cellular actions
that mediate the rapid effects of estrogen on sexual behavior

Termination of estrogen action—The observation that various aspects of sexual
behavior are rapidly inhibited following a single injection of an aromatase inhibitor reveals
that some mechanism(s) must be present in the brain to terminate estrogen action when the
synthesis of the steroid is interrupted. The half-life of estrogens in the periphery is relatively
short and the steroid can be metabolized by a variety of enzymes. Some of these enzymes
have been shown to be expressed in the brain, and they are likely to play a significant role in
the catabolism of brain-derived estrogens [82]. Alternatively, it is also conceivable that
estrogens are produced in high concentration at the level of specific synapses implicated in
the control of sexual behavior but that diffusion rapidly equilibrates these high local
concentrations with the much lower average brain concentration that reflects peripheral
concentrations. This lower concentration would then be unable to trigger the fast effects of
estrogens that have been discussed here that are known to depend on steroid concentrations
much higher than those found in the periphery (see [50, 82] for additional discussion).

Functional significance—Finally, the functional significance of such a dual control of
behavior through a synergistic action of genomic and non-genomic mechanisms remains
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partly unclear at present. Why would evolution have allowed the co-existence of a double
regulation of behavior by estrogens with latencies of effects that differ by several orders of
magnitude? It must be noted that behavior itself is and must be regulated on several different
time scales. In the long term, species breeding in the temperate zone have adjusted to the
variable environmental conditions so that reproduction takes place only when food will be
abundant to raise a brood successfully. In quail and many other avian and mammalian
species, this seasonal control is exerted by the changes in photoperiod that control testicular
(and ovarian) activity. In quail, it is only during spring, under the influence of increasing day
lengths, that the testes will develop and secrete large amounts of testosterone that will then
act on the brain to activate the transcription of aromatase and the activation of sexual
behaviors.

However, even during the reproductive season, birds have to attend other activities than
reproduction (search for food, hide from predators, etc…), and it is appropriate that sexual
behavior is only expressed during specific time windows when a partner of the opposite sex
is present and sexually receptive. It has usually been considered that this short-term
regulation of behavior expression was controlled by neurotransmitter activity (e.g.
dopaminergic, noradrenergic, or glutamatergic inputs to steroid-sensitive areas). With the
discovery of rapid changes in estrogen production in the brain and of rapid effects of
estrogens on reproductive behaviors, this notion may have to be reconsidered and it appears
likely that estrogens actually play a substantial role in the control of both the long-term and
short-term variations in sexual behavior. We have actually argued that in the short-term
context, estradiol might display most if not all functional characteristics of a
neurotransmitter or at least a neuromodulator [82]. The functional significance and the
mechanisms underlying such effects represent an emerging field of investigations that is
likely to substantially affect our current understanding of steroid action in the brain.
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Figure 1.
Testosterone aromatization plays a key, limiting role in the activation by testosterone (T) of
consummatory (A) and appetitive (B–C) aspects of male sexual behavior as well as on
learned aspects of this behavior (D). A–B. Castrated male quail were treated with T and
submitted to 8 pretests during with they could acquire the learned social proximity response
(B) and express copulatory behavior (A). During the second part of the experiment (Tests 1–
10, right of the dotted line), half of the subjects were injected twice daily with the aromatase
inhibitor, Vorozole™ (CX+T+Vor) while other birds were injected with the vehicle (CX
+T). Treatment with Vorozole™ markedly decreased the expression of copulatory behavior
(A) and of the learned social proximity response (B). C. Effect of the treatment of castrated
male quail with testosterone (CX+T) associated or not with the aromatase inhibitor
Vorozole™ (CX+T+VOR) on the appetitive male sexual behavior measured by the
frequency of rhythmic contractions of the cloacal sphincter muscles (RCSM). A progressive
decline in RCSM frequency is observed during the 6 tests (T1–T6) performed during the 25
days when birds were exposed to the aromatase inhibitor. D. Effect of aromatase inhibition
on the frequency of conditioned RCSM expressed in response to the visual presentation of a
conditioned stimulus (see text for additional information). Adapted from data in [33, 44, 47].
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Figure 2.
Schematic representation of the genomic (left part of the figure) and non-genomic (right part
of the figure) mechanisms controlling the activity of aromatase in the quail preoptic area.
Genomic. Testosterone (T) and its aromatized metabolite, estradiol (E2) bind to their
cognate nuclear receptors (the androgen and estrogen receptors, AR and ER respectively).
When activated, these receptors interact with their specific responsive elements (androgen
and estrogen responsive elements, ARE and ERE shown here but other possibilities also
exist) and regulate the transcription of specific steroid-sensitive genes. Transcription of the
gene Cyp19 encoding aromatase in increased in the presence of T or E2 and the resulting
increase in the amount of enzymatic protein ultimately results in increased enzymatic
activity. Non-genomic. The aromatase protein can be phosphorylated, namely under the
influence of changes in intracellular calcium concentrations. The phosphorylated aromatase
is less active than its non-phosphorylated form. These changes result within minutes in very
large variations in aromatase activity that are not associated with changes in enzyme
concentration. See text for additional explanation.
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Figure 3.
A single injection of the aromatase inhibitor Vorozole™ or of estradiol (E2) respectively
inhibits or stimulates within a few minutes the expression of both the consummatory and the
appetitive components of male sexual behavior in quail. A) Effects of a single injection of
Vorozole™ (30 mg/kg) on the frequency of cloacal contact movements (CCM) in sexually
mature, gonadally intact male. Data are expressed as percentage of control levels to allow
direct comparison. B) Effects of a single injection of Vorozole™ (30 mg/kg) on the
frequency of rhythmic contraction of the cloacal sphincter muscles (RCSM) in sexually
mature, gonadally intact male. Data are expressed as percentage of control levels. C) Effect
of an acute injection of 500 μg E2/kg on the frequency of cloacal contact movements (CCM)
expressed during tests performed 5, 15 or 30 min later. A transient stimulation of behavior
was observed at 15 min post-injection. D) Reversibility of the inhibitory effects of
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Vorozole™ on the expression of rhythmic contraction of the cloacal sphincter muscles
(RCSM). Gonadally intact males were injected 30 min before testing with either 30 mg/kg
Vorozole™ alone or the same amount or aromatase inhibitor in association with 500 μg/kg
E2. The Vorozole™-induced inhibition was largely reversed by the concurrent treatment
with E2. Redrawn from data in [84, 85].
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Figure 4.
Appetitive sexual behavior in male quail consists of a number of behaviors used to locate
and then approach a female. These behaviors include a vocalization (crowing), a pre- (but
also often post-) copulatory display (strutting), the rhythmic contractions of the cloacal
sphincter muscles (RCSM) and an approach behavior observed in specific laboratory
conditions called, learned social proximity response. This behavioral sequence eventually
leads to the copulatory sequence sensu stricto, including mounts and cloacal contacts, also
called consummatory sexual behavior. Aspects of the appetitive sexual behavior such as
RCSM can be conditioned and are, after training, expressed following presentation of an
arbitrary conditioned stimulus. These three aspects of sexual behavior (appetitive,
consummatory and learned) are all activated by testosterone and the androgen must be
aromatized into an estrogen such as estradiol to produce these behavioral effects. Aromatase
thus plays a critical role in all steps of the reproductive behavior that lead to a successful
reproduction. See also text for additional comments.
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