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Abstract
Estradiol facilitates the expression of male sexual behavior in Japanese quail within a few minutes.
These rapid behavioral effects of estradiol could result from rapid changes in its local production in
the preoptic area by aromatase, the enzyme converting testosterone into estradiol. Alternatively,
aromatase activity may remain constant but fluctuations of local estradiol production could arise
from rapid changes in the concentration of the enzymatic substrate, namely testosterone. Rapid
increases of circulating testosterone levels have been observed in males of various species following
social encounters. Surprisingly, in quail, the interaction with a female seems to result in a decrease
in circulating testosterone levels. However, in that study conducted in quail, the samples were
collected at intervals longer than the recently observed rapid effects of estradiol on sexual behavior.
In the present study we investigated whether plasma testosterone concentrations fluctuate on a shorter
time-frame. Eleven male were tested 5 min before and 5, 15 or 30 min after being allowed to have
visual access to a female or to copulate with a female for 5 min. Both types of interactions resulted
in a significant decline in circulating testosterone levels at latencies as short as 5 min. These data
demonstrate that the decrease in testosterone levels is initiated shortly after sexual encounters.
Because visual interactions with a female did not result in a rapid increase in testosterone
concentrations, these findings rule out the possibility that a rapid rise in circulating testosterone levels
participates in the rapid increase in brain estrogen synthesis and its facilitatory effects on copulatory
behavior.
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Introduction
Estrogens influence numerous physiological processes through two different, but
complementary, modes of actions. The classical (genomic) mechanism involves the binding
of the hormone to specific nuclear receptors (estrogen receptor α and β) that act as transcription
factors and initiate the transcription of target genes. These genomic effects are relatively slow
and develop with latencies ranging from 1 hour to several days. Estrogens also exerts non-
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genomic effects consisting of rapid and transient effects that are 1) initiated at the cell
membrane or in the cytoplasm, 2) do not require protein synthesis and 3) have been implicated
in the modulation of neural excitability, neuroprotection and neuronal plasticity (For review,
Vasudevan and Pfaff, 2007). It is also the case that cellular events activated by estrogens via
non-transcriptional membrane or cytoplasmic effects can result in the induction of genomic
effects in some cases through, for example, phosphorylations of nuclear receptors, co-
activators or transcription factors. For this reason, these genomic effects are designated indirect
genomic effects (McEwen and Alves, 1999). Over the past decade, rapid effects of estrogens
on behavior presumably involving non-genomic actions have been documented across a
number of different taxa such as fish, birds and rodents (Becker, 1990; Cross and Roselli,
1999; Hayden-Hixson and Ferris, 1991; Kow and Pfaff, 2004; Remage-Healey and Bass,
2004). In Japanese quail, estradiol facilitates the expression of male-typical copulatory
behavior within 15 minutes in castrated males chronically treated with a sub-optimal dose of
testosterone that is unable to elicit by itself sexual activity in most subjects (Cornil et al.,
2006b). Such a latency of action is considerably shorter than the several days commonly
required for the activation of behavioral responses by steroid hormones via genomic
mechanisms thus indicating that non-genomic processes are probably involved.

One question arising from these findings is that of the source of the estrogens for these relatively
rapid effects (Cornil et al., 2006a). Estrogen effects initiated at the membrane appear to require
estradiol concentrations higher than those circulating in the blood (Cornil et al., 2006a; Prange-
Kiel and Rune, 2006; Woolley, 2007). Also, in order to benefit from the temporal resolution
provided by the fast membrane response, it is assumed that the endogenous ligand’s availability
must also change quickly to activate rapid actions of estrogens. Hence, it is important to
investigate whether there exist mechanisms able to modulate rapidly the local concentration
of estrogens and the subsequent rapid actions of estrogens. One mechanism that can rapidly
regulate brain estrogen synthesis involves rapid changes in local estrogen production by the
enzyme aromatase. This enzyme catalyzes the conversion of testosterone into estradiol
(Simpson et al., 1994). One of the richest populations of aromatase-containing neurons is found
in the preoptic area where these neurons play a critical role in the control of male sexual
behavior (Balthazart et al., 1990; Balthazart and Surlemont, 1990; Foidart et al., 1995).
Although it has long been assumed that the pivotal role of aromatase relied essentially on the
transcriptional control of its concentration by testosterone, a process requiring hours to days
to appear, recent data unravelled a new mode of control of estrogen synthesis that is expressed
on a much shorter timescale (Balthazart et al., 2004). Indeed, in vitro experiments demonstrated
that preoptic/hypothalamic aromatase activity is reversibly inhibited within 5 minutes by
calcium dependent phosphorylations (Balthazart et al., 2001; Balthazart et al., 2005; 2006;
Balthazart et al., 2003). Rapid changes in enzymatic activity are also observed following a
sexual interaction of 1 or 5 min or the exposure to an acute stress thus indicating that similar
processes take place in vivo (Cornil et al., 2005). The involvement of local estrogen production
by aromatase in the initiation of male sexual behavior is supported by the demonstration that
the injection of aromatase inhibitors rapidly inhibits the expression of appetitive and
consummatory aspects of male sexual behavior in birds and rodents (Cornil et al., 2006c).
Rapid modulations of estrogen synthesis by aromatase activity thus constitute one possible
mechanism to rapidly change local estrogen concentration and acutely control male sexual
behavior.

It is also possible that the rapid changes in local estrogen concentrations are driven by
fluctuations in the concentration of the enzymatic substrate of aromatase, namely testosterone.
Such a mechanism could facilitate rapid changes in estrogen synthesis regardless of the
dynamics of aromatase activity. Rapid increases (in the range of minutes) of circulating
hormone levels triggered by environmental/social stimuli have been reported. In particular, a
rapid rise of plasma testosterone levels has been observed in males of various vertebrate species
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following the presentation of a female and/or after copulation with her (Batty, 1978; Cerda-
Molina et al., 2006; Kamel et al., 1975; Kamel et al., 1977; Macrides et al., 1975; Wingfield,
1985). The fastest effects reported occurred within 5–15 min (Batty, 1978; Purvis and Haynes,
1974; Saginor and Horton, 1968). The bolus of testosterone secreted by the testes following a
sexual encounter could rapidly be aromatized in the brain and the estrogen produced could
then contribute to the modulation of behavior. Such a mechanism would provide anatomical
specificity to the behavioral response since only aromatase-containing regions would react
even though the entire body (and brain) would be exposed to increased testosterone
concentrations. This mechanism could function in parallel to the rapid modulations of estrogen
synthesis by changes of aromatase activity.

A previous study investigated the endocrine response of males to visual presentation of a female
Japanese quail and found that such interactions result in a decrease in the concentration of
plasma testosterone (Delville et al., 1984). However, the samples were collected at intervals
of 1 hour, 4 hours to several days that are longer than the recently observed rapid effects of
estradiol. The present study was designed to determine whether circulating testosterone
concentration varies on a time scale compatible with the documented rapid effects of estrogens
on male sexual behavior. For this purpose, sexually experienced males were allowed to see a
female through a plexiglass barrier for 5 min (Experiment 1) or to copulate with a female for
5 min (Experiment 2). Appetitive and consummatory aspects of male sexual behavior were
recorded and blood samples were taken before, immediately after, and 15 or 30 minutes after
this interaction. In order to avoid the problem of repeated handling and bleeding of the same
birds within the sampling period (a procedure that could result in elevated concentrations of
corticosterone), blood samples were collected from the same birds once a week at the 4 different
time points.

Methods
Experimental animals

Eleven sexually mature and experienced male Japanese quail (Coturnix japonica) were used
as subjects. Eighteen sexually mature and experienced females served as stimuli. All birds were
purchased from a local breeder (CBT Farms, Chestertown, MD). Males were housed
individually, while females were housed in common brooder cages. All animals were housed
under a 14L:10D photoperiod regimen and were provided with food and water ad libitum. Birds
were also periodically weighed to the nearest gram and the size of their cloacal gland was
measured with calipers (greatest width × greatest length in mm2 = cloacal gland area). The size
of the cloacal gland in male quail is positively correlated in a close manner with circulating
testosterone concentrations (Sachs, 1967). All procedures were approved by the Johns Hopkins
Animal Care and Use Committee.

Behavioral tests
Rhythmic cloacal sphincter movements (RCSM) are produced in response to the visual
presentation of a female. These sphincter muscle movements are used by reproductively active
males just before copulation to produce a stiff meringue-like foam that is transferred into the
female’s cloaca during copulation and that is thought to enhance the male fertilization success
(Seiwert and Adkins-Regan, 1998). This foam is produced by the cloacal gland, a large sexually
dimorphic, androgen-sensitive, external protuberance of the caudal lip of the cloaca (Sachs,
1967). It has been shown previously that gonadally intact, sexually active males rapidly
increase the rate of these movements when they are provided with visual access to a female
(Seiwert and Adkins-Regan, 1998; Thompson et al., 1998). Interestingly, the RCSM rate is
higher when a sexually mature male is presented with visual access to a female as compared
to a male suggesting that these cloacal contractions are not simply triggered by visual cues of
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a general sort but are preferentially induced by visual access to a sexual partner (Seiwert and
Adkins-Regan, 1998). Their expression depends on the endocrine status of the birds: the RCSM
frequency decreases after castration but increases following a systemic treatment with
exogenous testosterone (Balthazart et al., 1998). These movements are also inhibited by lesions
of the preoptic area, a brain region that is known to control appetitive as well as consummatory
aspects of sexual behavior (Balthazart and Ball, 1998). These movements thus provide an
excellent measure of appetitive sexual behavior in quail. We argue that measurement of the
RCSM response rate in the presence of a female is a good measure of the male’s propensity to
engage in copulation per se (i.e. a measure of his underlying sexual motivation) (Seiwert and
Adkins-Regan, 1998).

RCSM were quantified in an aquarium (40 cm long × 20 cm wide × 25 cm high) located on a
raised platform. A mirror was placed under the aquarium at a 45° angle and provided the
observer with an unobstructed view of the male’s cloacal area. At the beginning of each
behavioral test, the aquarium was divided into two chambers by an opaque sliding panel and
glass partition. One experimental male was placed in one of the chambers and a stimulus egg-
laying female was placed in the other chamber. RCSMs occurring spontaneously or following
defecation were directly counted for 5 min during which the male could not see the female
(Basal RCSMs). The sliding panel was then removed so that the male and female were only
separated by a glass partition. The male had visual access to the female although he could not
physically interact with her. The RCSM were quantified by direct observation for an additional
5 min under these conditions (female elicited RCSMs).

Consummatory sexual behavior—Copulatory behavior was quantified in a wooden arena
separate from the aquarium used to quantify RCSMs (60 × 40 × 50 cm). The experimental
male was introduced into the empty arena and left undisturbed for 5 min for a period of
habituation after which he was provided with a sexually mature female with which the male
could freely interact during a 5 min period. During that time, the frequency and latency of the
first occurrence of male sexual behaviors were directly recorded. The following behavior
patterns were systematically noted: strut, neck-grab (NG), mount attempt (MA), mount (M)
and cloacal contact movements (CCM) (For a detailed description, see (Adkins and Adler,
1972; Hutchison, 1978). These data provided a measure of the consummatory behavior of the
birds.

Experimental procedure
Before the beginning of the study, all subjects received three pre-test copulatory trials. Birds
were then ranked according to the CCM frequency they displayed on the last pre-test trial.
Based on this ranking, they were assigned to four different groups to make sure that subjects
showing high and low sexual activity were evenly distributed among the four groups. This was
verified by one-way ANOVAs for CCM frequencies and latencies (CCM frequency: F3,8 =
0.129, p = 0.9399; CCM latency: F3,8 = 0.571, p = 0.6498). A one-way ANOVA (F3,8 = 0.912,
p = 0.4771) was also performed to ensure that the cloacal gland area, which positively correlates
with circulating testosterone concentrations (Sachs, 1967), did not differ between groups and
would then not bias the statistical results of the order of testing since each group was tested for
each condition in a different order. Body weight was also found not to differ between groups
(F3,8 = 0.648, p = 0.6057). During the pre-test week, birds also received three habituation trials
to the aquarium where they will receive visual access to the female.

Experiment 1 assessed the effect of visual access to a female on plasma testosterone
concentrations, while Experiment 2 tested the effect of copulating with a female on plasma
testosterone concentrations. Both experiments were conducted following the same
experimental procedure (Fig. 1). Blood samples were taken from each animal once a week at
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one of the following time points in the experimental procedures each week based on each group
the animals belonged to: immediately after the habituation period (−5 min) or 0, 15 or 30 min
after the completion of the sexual interaction. Four birds were taken out of their home cage at
a time and transported to the testing room in a bird carrier (widowhood box designed for pigeons
with 6 compartments) to which they were already habituated. While the other subjects waited
in the carrier, the first subject was tested for the condition “30min”. It was then returned to the
bird carrier and left undisturbed until its blood was collected. In the meantime, the second
subject was placed in the empty test arena for 5 min after which its blood was immediately
collected (condition “−5min”). The third subject was then placed in the empty arena. After 5
min of habituation, it was allowed to (visually or physically) interact for 5 min with a female.
Its blood was collected immediately after the end of the behavioral test (condition “0min”).
After the blood of the first subject had been collected, the last subject was tested for the
condition “15min”. It was then returned to the bird carrier and left undisturbed until its blood
was collected. Subjects were then all returned to their respective home cages. The handling
time was recorded throughout the experiments, and was defined as the interval from the
moment the subjects were taken out of the home cage until the blood sample was collected.

In experiment 1, the animals were tested once a week between 2pm and 6pm. Experiment 1
was completed within 4 weeks after which subjects were left undisturbed for 1 month. One
week prior to the start of experiment 2, blood was collected from each bird to get a baseline
value of plasma testosterone concentration in birds who had not encountered a social
interaction. For this purpose, the subjects were taken (6 at a time) in the transportation box and
transported to the room where blood collection took place. One week later, birds were tested
once a week between 3:30 pm and 7:30pm for 4 weeks to complete experiment 2. Two weeks
after the completion of experiment 2, blood was collected immediately after each bird had been
taken out of its home cage. These measurements were used as control values for potential
anticipation of coming social interactions potentially signaled by transportation, time spent
waiting in the carrier or the placement in the empty test arena.

Testosterone assay
Samples were taken by puncturing the alar (wing) vein with 25-gauge needle and 500 to 1000
μl of blood was collected into heparinized tubes. The blood samples were transferred into
microfuge tubes and centrifuged at 9000 g for 9 min. The plasma was removed and stored in
1.5ml Eppendorf® vials at −20°C until assayed for testosterone. The plasma was analyzed in
duplicate (50μl) using a commercially available 125I Coat-A-Count kit for total testosterone
(Siemens Medical Solutions Diagnostics, Los Angeles, CA). In order to increase the sensitivity
of the assay we extended the lower limit of the standard curve by diluting the lowest standard
control to yield concentrations of 25, 50 and 100 pg/ml. As illustrated in figure 2, this extension
does not affect the linearity of the curve up to 100pg/ml. The comparison of the raw data with
the standard curve indicates that 98.4% of the samples (123 out of 125) were on its linear
portion. The 2 samples found to be out the linear portion of the standard curve belong to the
“carrier baseline” measurements. This assay was highly sensitive (i.e. 100 pg/ml) and is highly
specific for testosterone and shows negligible cross reactivity with other steroids including
dihydrotestosterone (<3.5%); 17β-estradiol (< 0.01%); corticosterone (< 0.01%) and this kit
has been used in previous avian studies (Stevenson et al., 2008). All samples were run in a
single assay and the intra-assay coefficient of variation averaged 12%.

Data analysis
Unless stated otherwise, plasma testosterone concentrations were compared by mixed design
ANOVAs with the latency from sexual interaction to bleeding as a repeated factor and groups
as the independent factor. Pearson correlation analysis was used to determine the extent to
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which plasma concentrations of testosterone correlated with RCSM, MA and CCM frequencies
as well as handling time.

Results
Experiment 1: Effects of visual exposure to a female

The analysis of the measures of the androgen-dependent cloacal gland revealed no effect of
the repeated sexual interaction (F3,21 = 1.301, p = 0.3002) as well as no difference among
groups and no interaction between the two factors (F3,7 = 0.637, p = 0.6147; F9,21 = 1.354, p
= 0.2695). The body weight of the four groups of birds was similar at the start of the experiment
(see methods) and it was not affected by repeated visual presentation of a female and did not
change during the course of the experiment (no significant effect of main factors and no
interaction in the ANOVA; Repetition, F3,21 = 2.330, p = 0.1036; F3,7 = 0.333, p = 0.8025;
F9,21 = 1.070, p = 0.4231).

A mixed-design ANOVA with the latency to blood draw as the repeated factor and the
experimental groups as the independent factor revealed a significant effect of latency from
visual interaction with a female on circulating concentration of testosterone (F3,21 = 4.487, p
= 0.0139) but no effect of test order (groups) and interaction between the two factors (F3,7 =
0.285, p = 0.8347; F9,21 = 0.922, p = 0.5262). Given that no group effect was identified and in
order to determine the origin of the latency difference, a one-way ANOVA with the latency as
the repeated measure followed by a Tukey post-hoc analysis was then run. As illustrated in
figure 3, this analysis revealed that the significant effect of treatment (F3,30 = 4.930, p = 0.0067)
results from a significant reduction of circulating testosterone levels measured 30 min after
visual interaction as compared to the levels measured in the absence of female (−5 min) or
immediately after her presentation (0 min) as indicated by the Tukey post-hoc analysis.

The correlation analysis found no significant relationship between RCSM frequency and
plasma testosterone levels at the 3 latencies following the female presentation (0 min: R =
0.483, F1,10 = 2.732, p = 0.1328; 15 min: R = 0.532, F1,10 = 3.454, p = 0.0924; 30 min: R =
0.202, F1,10 = 0.382, p = 0.5520).

The handling time varied by ± 15 min for each time point. Linear regression of plasma
testosterone concentration (T) as a function of handling time (HT) revealed no significant
correlation between the two variables at the various time points (−5 min: T = − 0.013 HT +
5.009, p = 0.8036; 0 min, T = − 0.011 HT + 3.289, p = 0.7793; 15 min, T = 0.052 HT + 0.838,
p = 0.3375; 30 min, T = − 0.006 HT + 2.007, p = 0.9137) suggesting that there is no effect of
handling on testosterone concentration within a period of 50 minutes.

Experiment 2: Effects of copulation
The analysis of the measures of the androgen-dependent cloacal gland revealed a significant
effect of repeated copulations (F3,21 = 3.387, p = 0.0372) but no difference among groups and
no interaction between the two factors (F3,7 = 1.212, p = 0.3738; F9,21 = 1.333, p = 0.2790;
data not shown). A significant main effect of repetition was also found for the body weight
(F3,21 = 25.670, p < 0.0001) as well as an interaction of the repetition (F9,21 = 4.058, p = 0.0039)
and the group but no group difference was identified (F3,7 = 0.524, p = 0.6794; data not shown).

A mixed-design ANOVA with the latency to draw blood as the repeated factor and the
experimental groups as the independent factor revealed a significant effect of latency from
visual interaction with a female on the circulating concentration of testosterone (F3,21 = 9.610,
p = 0.0003) but no effect of test order (groups) and the interaction between the two factors
(F3,7 = 2.155, p = 0.1815; F9,21 = 1.038, p = 0.4440). Given that no group effect was identified,
the data of the 4 groups were pooled to determine the origin of the latency difference. A one-
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way ANOVA with the latency as the repeated measure followed by a Tukey post-hoc analysis
indicated a significant effect of treatment (F3,30 = 9.858, p = 0.0001) resulting from a significant
reduction of circulating testosterone levels measured 15 and 30 min after copulation as
compared to the levels measured immediately after (0 min) or before copulation (−5 min; Fig.
4).

The correlation analysis revealed no significant relationship between MA and CCM frequency
and plasma testosterone levels at the 3 latencies following the female presentation (MA: 0min,
R = 0.463, F1,10 = 2.452, p = 0.1518; 15 min, R = 0.497, F1,9 = 2.954, p = 0.1198; 30 min, R
= 0.163, F1,9 = 0.247, p = 0.6313; CCM: R = 0.436, F1,10 = 2.110, p = 0.1803; 15 min, R =
0.211, F1,10 = 0.421, p = 0.5327; 30 min, R = 0.170, F1,10 = 0.327, p = 0. 5814).

As in experiment 1, no correlation was found between handling time and testosterone levels
(p > 0.1505). In average, handling time lasted 15, 30, 45 and 40 minutes for the 4 time points
studied (−5, 0, 15 and 30 min, respectively).

Comparison of control conditions and baseline measurements
The analysis of testosterone levels obtained from birds taken out of the home cage and
transported in the test room for the blood collection (“carrier control”) and from birds taken
out of their home cage and immediately bled in the animal room (“home cage control”) as
compared to the control condition (−5 min) of experiments 1 and 2 revealed no difference
between these measures (F3,30 = 2.057, p = 0.1269; Figure 5).

Discussion
It is well known that intersexual behavioral interactions can result in dramatic changes in male
reproductive physiology (For review, see (Ball and Balthazart, 2002; Crews and Silver,
1985; Wingfield, 2006). For example, in one of the first studies of this sort Burger demonstrated
that the presence of a female starling (Sturnus vulgaris) significantly enhances seasonal
recrudescence in testicular volume (Burger, 1953). A series of detailed experimental studies
in ring doves (Streptopelia risoria) (Lehrman, 1965) and canaries (Serinus canaria) (Hinde,
1965) provided strong support for the importance of behavioral synchronizing cues in
coordinating the timing of key reproductive events between sexes. However, the vast majority
of research on synchronizing cues have primarily investigated such effects over prolonged time
periods (i.e., over intervals of at least four hours to one day; Feder et al., 1977; Gwinner et al.,
1988; Moore, 1983; O’Connell et al., 1981a; O’Connell et al., 1981b; Pinxten et al., 2003;
Rundfedlt and Wingfield, 1985). As detailed in the introduction, social encounters have been
found to result in rapid increases of circulating hormone levels in males of various species.
The present experiment provides evidence demonstrating that behavioral interactions between
conspecifics can also result in a rapid decrease in hormone concentrations. These data indicate
that visual interactions as well as copulation with a female result in a significant decline in
circulating testosterone concentration after latencies as short as 20 minutes after the beginning
of the sexual interaction. This confirms the observations made at longer latencies and
demonstrates that the decline in plasma testosterone levels observed previously (Delville et al.,
1984) is probably initiated shortly after sexual encounters.

Mechanism of the rapid decline of plasma testosterone
Previous data collected in quail also failed to establish that the presence of a hen can enhance
testicular secretion in the male (Delville et al., 1984; Meddle et al., 1997). The depressed
testosterone concentrations reported in some of these experiments were generally associated
with elevated concentrations of corticosterone suggesting that the stress of manipulation is a
possible cause of the plasma testosterone decline. In quail as in other species, exposure to a
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stressor results in a rapid increase in plasma corticosterone concentrations persisting as long
as the stressor is present. Corticosterone drops within 15 to 30 min after stress cessation (Hazard
et al., 2008; Hull et al., 2007). Evidence collected in mammals suggest that such a rise in
corticosterone is responsible for stress-induced plasma testosterone fall through an acute action
of corticosterone on testis physiology associated with the short half-life of testosterone in
circulation (Dong et al., 2004). In the present experiments, handling time included several types
of manipulation such as the transfer from the home cage to the carrier, the transportation, etc.
Therefore it could be argued that stress encompassed the entire handling period. However,
since most of the handling time was relatively similar for all collection times, it is assumed
that subjects were submitted to a comparable level of stress in the various conditions tested.
In support of this, correlation analyses failed to establish a relationship between time of
handling and testosterone concentration. Also, although the animals submitted to the −5 or 0
min condition had already been manipulated for more than 10–15 min (latency at which stress
effects are detected on T levels) by the time they reached blood collection, their testosterone
titer did not differ from control levels of testosterone taken from the subjects taken out of the
home cage and transported in the carrier but which were neither placed in the test arena nor
allowed to experience a social interaction. Finally, if all these manipulations cause such a high
degree of stress that it results in a decline in circulating testosterone, why is it that such a decline
was not observed in other species? In ring doves, a slight testosterone rise is observed 4 hours
after pairing with a courting female and testosterone peaks after one day of pairing (Feder et
al., 1977). Previous data on quail indicate that the decline in circulating testosterone
concentrations observed here only a few minutes after an interaction with a female lasts for at
least a day and has disappeared after 3 days (Delville et al., 1984). This seems too long for a
response to an acute stress. If anything, such response resembles this of male ring doves paired
with females but with an opposite direction. Together, these data tend to eliminate the stress
of manipulation as the primary source of the rapid decline in testosterone levels observed here
and suggest that this decline is specifically associated to the interval of time separating blood
collection from the sexual interaction. The underlying mechanism of such rapid decline is
unknown at present. In ring doves, the secretion of testosterone is facilitated by auditory and
visual cues from the courting female, similarly it is possible that female cues depress circulating
testosterone in quail (O’Connell et al., 1981a). Further experiments should be carried out to
confirm this hypothesis.

Contribution to the rapid changes in E2 concentrations and rapid effects of E2 on behavior?
The working hypothesis tested in this study was that, based on previous studies conducted in
a variety of vertebrate species, it was possible that female cues induce a rapid elevation in
plasma testosterone levels in males that could contribute to the rapid increase of local estrogen
formation thought to play a role in the initiation of male sexual behavior. Indeed, peripheral
injections of high doses of 17β-estradiol rapidly stimulate the expression of copulatory
behavior, a significant behavioral stimulation is observed after only 5 minutes and reach a
maximum after 15 minutes, while the acute blockade of estrogen synthesis by aromatase results
in a rapid inhibition of both appetitive and consummatory aspects of male sexual behavior in
quail as well as in mice. Such a rapidity of action is quite striking given that these effects were
observed following systemic injections so that the hormone had first to reach the target tissue
and accumulate above a certain threshold before it could activate a cellular response and in
turn trigger the neuronal circuits involved in the behavioral activation. It is thus very likely
that the effects would be even faster if the injections could have been delivered immediately
to its targets in effective concentrations or if the modulation of the concentration of substrate
for aromatization was provided endogenously. These pharmacological data thus suggest that
a rise of estrogen synthesis is involved in the initiation of male sexual behavior. There is
evidence that aromatase activity can rapidly change (within 5 minutes) in vitro and rapid
changes of estrogen production have also been reported in vivo following male sexual behavior.
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The present study tested the possibility that rapid changes in circulating levels of testosterone
could also contribute to the rapid rise of estrogen synthesis assumed to play a critical role in
the activation of male sexual behavior. The results show that plasma testosterone
concentrations of samples collected immediately after 5 minutes of visual access to a female
or copulation with her were unchanged as compared to the samples collected right before the
sexual interaction. The absence of a rise of testosterone in the plasma of birds displaying
appetitive or consummatory sexual behavior indicates that, in quail at least, it is unlikely that
rapid changes of estrogen production in the preoptic area are driven by a rapid increase of
circulating testosterone concentration converted into estrogens through a steady-state
aromatase activity. This observation appears to rule out the possibility that the initiation of
sexual behavior relies on a rapid rise of circulating testosterone.

Alternatively one could argue that the testosterone levels measured during the habituation
period (5 min condition) are in fact elevated as compared to the home cage situation as a result
of the anticipation of the social interaction to come. There is indeed evidence in rodents that
the presentation of a neutral stimulus previously paired with copulation with a female can result
in a rapid increase in the concentration of circulating testosterone (Graham and Desjardins,
1980). It is thus possible that the transportation, the time spent in the carrier and the habituation
to the empty test arena might serve as conditioned stimuli predicting the social encounter and
thus result in a modulation of testosterone release. In contrast, since they were also regularly
taken out their home cage to be weighted or to measure their cloacal gland, it is unlikely that
taking the animals out of their home cage could serve as a signal of a future social encounter.
The comparison of the control levels of both experiments with the baseline levels obtained
from birds taken out of their home cage (“home cage baseline” in fig. 5) indicates that these
levels are not significantly different. This is especially true when compared with the levels of
experiment 2 that have been obtained in a comparable interval of time. It thus seems unlikely
that the anticipation of the social encounter resulted in an elevated testosterone titer in the
control condition as compared to the blood collected from resting animals taken from their
home cage.

Testosterone is not the only substrate of aromatase. Other androgens, such as androstenedione
and dehydroepiandrosterone (DHEA), are also present in the plasma (Balthazart et al., 1986;
Hutchison et al., 1984; Soma et al., 2008). DHEA is not directly aromatizable, it first needs to
be converted into androstenedione by the 3β-hydroxysteroid dehydrogenase/isomerase (3β-
HSD). Androstenedione can then be aromatized into estrone, which is reversibly transformed
into estradiol by the enzyme 17β-hydroxysteroid dehydrogenase (17β-HSD), an enzyme also
responsible for the reversible conversion of androstenedione into testosterone. 3β-HSD and
17β-HSD are both present in the avian brain and highly expressed in the preoptic area, in
particular (London et al., 2003; London et al., 2006). These other androgens found in the
circulation could thus also serve as substrates for estrogen synthesis, but whether their blood
concentration fluctuates during or following sexual encounters is not known. Future studies
should assess this possibility.

Altogether, the present results thus suggest that the rapid modulations of estrogen production
by changes of aromatase kinetics within a few minutes identified in vitro (Balthazart et al.,
2001; Balthazart et al., 2005; 2006; Balthazart et al., 2003; Remage-Healey et al., 2008)
currently appear as the only mechanism able to rapidly change local estrogen concentration.

Functional significance of such reduced circulating testosterone levels following social
interactions

In most mammalian and avian species studied to date, the presence of a female tends to result
in an increase in testosterone release (Ball and Balthazart, 2002; Wingfield, 1994; 2006). It is
therefore somewhat surprising that, in quail, sexual interaction with a female results in a
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reduction of circulating androgen levels. Obviously such a drop of testosterone is not necessary
for copulation since it occurs after copulation is complete. But it is possible that it has something
to do with testicular function. In ring doves, it was proposed that the testosterone rise induced
by the female might influence sperm maturation such that the spermatogenic activity of males
would be enhanced during courtship, which last for several days in this species, thus increasing
their chance to fertilize eggs (O’Connell et al., 1981b). However, as opposed to doves, courtship
behavior in quail is quite brief. Under lab conditions, experienced males achieve cloacal contact
and sperm transfer within a few seconds. This might explain why there is no rise in testosterone
but it does not explain why it drops. It could be argued that this decline reflects the termination
of the behavioral sequence. Yet, testosterone also drops after the male has only been visually
exposed to the female so that seems to be an unlikely explanation. Given the findings of our
study and the previous study by Delville et al (1984) it does seem to be the case that the presence
of a female can lead to a decrease in testosterone concentrations in some species. The reasons
for such a pattern have not been systematically investigated.

In conclusion, although the origin and the function of the fall of circulating testosterone
concentrations identified 15 and 30 minutes after sexual interaction remains to be elucidated,
the present data indicate the rapid changes in blood concentrations of testosterone described
here are probably not involved in rapid fluctuations of estrogen concentrations in the preoptic
area and in the subsequent promoting effects of locally produced estrogens on male sexual
behavior. Indeed, circulating concentrations of testosterone do not appear to fluctuate within
a time scale compatible with the rapid behavioral effects of estrogens which have been shown
to stimulate behavior within 5 minutes (Cornil et al., 2006b). Moreover, pharmacological
manipulations suggest that the initiation of male sexual behavior by estrogens should be
preceded by a rapid increase in local estrogen concentration (Cornil et al., 2006b; Cornil et al.,
2006c). The decline of peripheral levels of testosterone shown in this study makes it even less
likely to result in such an increased estrogen synthesis. Key questions remain to be resolved
in order to understand definitively the relationships between circulating testosterone and
changes in brain concentrations of estrogens. For example, how efficiently can peripheral
steroids reach particular brain sites? Are steroids produced locally in brain sites such as the
preoptic area in addition to steroids locally metabolized based on substrates produced in the
periphery? A new generation of studies precisely measuring steroid concentrations in particular
brain areas is emerging (Meffre et al., 2007; Remage-Healey et al., 2008) and will be important
in resolving these issues.
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Figure 1.
Time-line (minutes) illustrating the sampling schedule used for both experiments. Blood
samples (B) were drawn at 4 time points indicated by the arrows point up. Birds were used as
their own control so that their blood was collected once a week at a different time point. The
collection was made in a different order for the 4 different groups in order to control for the
order of testing. H: Habituation in the testing arena (5 min), T: test (5 min) consisting in visual
presentation of a female (Experiment 1) or in copulating with a female (Experiment 2). After
the sexual interaction, the birds tested for latencies of 15 or 30 min were returned to the carrier
(as represented by the dashed line) and left undisturbed until their blood was collected.
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Figure 2.
Standard curve employed in our assay system (125I Coat-A-Count kit for total testosterone
[Siemens Medical Solutions Diagnostics, Los Angeles, CA]) to convert bound fraction to
known testosterone concentrations. To increase the sensitivity of the assay, the lower limit of
the standard curve was extended to concentrations of 25, 50 and 100 pg/ml. This extension did
not affect the linearity of the curve up to 100pg/ml. Only 2 samples out of 125 were found to
be beyond this linear portion. For more detail, see methods.
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Figure 3.
Effect of the exposure to a female on circulating testosterone concentration collected at
different time points before (−5min) or after (0, 15 and 30 min) the sexual interaction. * p <
0.05 as compared to 30 min
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Figure 4.
Effect of copulation on circulating testosterone concentration collected at different time points
before (−5min) or after (0, 15 and 30 min) the sexual interaction. * p < 0.05 as compared to
30 min, Δp < 0.05 as compared to 15 min.
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Figure 5.
Comparison of the control conditions of experiments 1 and 2 with the two baseline measures
of circulating levels of testosterone. See text for more details.
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