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Organizing Effects of Sex Steroids on Brain Aromatase
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Charlotte A. Cornil’*, Gregory F. Ball? Jacques Balthazart’, Thierry D. Charlier’

1 GIGA Neurosciences, University of Liege, Liege, Belgium, 2 Department of Psychological and Brain Sciences, Johns Hopkins University, Baltimore, Maryland, United States
of America

Abstract

Preoptic/hypothalamic aromatase activity (AA) is sexually differentiated in birds and mammals but the mechanisms
controlling this sex difference remain unclear. We determined here (1) brain sites where AA is sexually differentiated and (2)
whether this sex difference results from organizing effects of estrogens during ontogeny or activating effects of
testosterone in adulthood. In the first experiment we measured AA in brain regions micropunched in adult male and female
Japanese quail utilizing the novel strategy of basing the microdissections on the distribution of aromatase-immunoreactive
cells. The largest sex difference was found in the medial bed nucleus of the stria terminalis (mBST) followed by the medial
preoptic nucleus (POM) and the tuberal hypothalamic region. A second experiment tested the effect of embryonic
treatments known to sex-reverse male copulatory behavior (i.e., estradiol benzoate [EB] or the aromatase inhibitor,
Vorozole) on brain AA in gonadectomized adult males and females chronically treated as adults with testosterone.
Embryonic EB demasculinized male copulatory behavior, while vorozole blocked demasculinization of behavior in females
as previously demonstrated in birds. Interestingly, these treatments did not affect a measure of appetitive sexual behavior.
In parallel, embryonic vorozole increased, while EB decreased AA in pooled POM and mBST, but the same effect was
observed in both sexes. Together, these data indicate that the early action of estrogens demasculinizes AA. However, this
organizational action of estrogens on AA does not explain the behavioral sex difference in copulatory behavior since AA is
similar in testosterone-treated males and females that were or were not exposed to embryonic treatments with estrogens.

Citation: Cornil CA, Ball GF, Balthazart J, Charlier TD (2011) Organizing Effects of Sex Steroids on Brain Aromatase Activity in Quail. PLoS ONE 6(4): €19196.
doi:10.1371/journal.pone.0019196

Editor: Bruce Cushing, University of Akron, United States of America
Received March 10, 2011; Accepted March 22, 2011; Published April 29, 2011

Copyright: © 2011 Cornil et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: Grant from the National Institutes of Health (NIH/NIMH RO1 MH50388) to JB and GFB. CAC is a F.R.S.-FNRS Research Associate. TDC was a F.R.S.-FNRS
Post-doctoral researcher and is a ULg Research Associate. F.R.S.-FNRS is the Belgian National Science Foundation: http://www1 frs-fnrs.be/. The funders had no

* E-mail: Charlotte.Cornil@ulg.ac.be

role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

Introduction

With the recognition that numerous mental disorders are sex-
biased, the study of sex differences in the brain has now emerged
as a field on its own [1]. Because reproduction is under the control
of a high selective pressure, traits associated with reproduction

appear to evolve faster than other features. The study of

mechanisms involved in the differentiation of sexual behaviors
thus constitutes an invaluable tool for understanding of sex
differences in general [2,3].

In many vertebrates, the neural conversion of testosterone into
estradiol by the enzyme aromatase plays a key role in the sexual
differentiation of brain and behavior [4,5,6,7] and in the activation
of masculine sexual behaviors in adulthood [8,9,10]. Thus,
aromatase has emerged as a potential factor contributing to brain
sex differences underlying the activation of male-typical sexual
behavior. It was hypothesized that the sexually differentiated
expression of this behavior (expressed only by males) results from a
differential metabolism of testosterone in specific brain regions.
The comparison of aromatase activity (AA) in microdissected
brain regions of various species of tetrapods revealed that
aromatase is more active in males than in females throughout
the hypothalamus and especially in the preoptic area (POA)
[11,12,13,14]. In both sexes, AA is reduced to basal levels after
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gonadectomy, while chronic treatment with exogenous testoster-
one restores high enzymatic activity [11,12,13,15,16]. Yet,
equating circulating testosterone concentration does not always
eliminate the sex difference in enzymatic activity [11,13,15,17,18].
The relative inability of females to display the male-typical
copulatory sequence even when treated with testosterone might
thus result from their inability to aromatize testosterone as
efficiently as males do. However, other studies, sometimes in the
same species, found that exposing both sexes to similar hormonal
conditions abolished the sex difference in AA thus casting doubt
on the causal link between low AA and absence of male-typical
behavior [14,16,18,19].

Also, it was suggested that perinatal steroid exposure of rat pups
could reverse the sex specific pattern of AA in parallel with the
reversal of sexual behavior phenotype [20]. In one study on quail,
prenatal exposure of male embryos to estrogens decreased adult
preoptic AA while demasculinizing in parallel copulatory behavior
but the same treatment unexpectedly increased AA in females thus
raising questions regarding the physiological interpretation of this
effect [19].

Since these earlier studies, numerous discoveries have funda-
mentally affected our understanding of brain aromatase in quail and
other vertebrates. The development of aromatase specific antibodies
[21,22] and of in siu hybridization procedures [23,24] allowed an
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accurate delineation of the populations of aromatase-containing
cells and revealed that sex differences in AA are not necessarily
correlated with sex differences in the numbers of aromatase-
immunoreactive (ARO-ir) cells or the density of the corresponding
mRNA (e.g., [13,14,15,24,25,26,27]). Brain aromatase was dem-
onstrated to be present and active both in the soma and in
presynaptic boutons [28,29,30,31] raising the possibility that
estrogens may be produced and act differently in different
subcellular compartments. Finally it was discovered that AA can
be modulated by changes in enzyme concentration (control by
steroids of the transcription of the corresponding gene) but also,
more rapidly, by calcium-dependent post-translational changes
(phosphorylations) of pre-existing enzyme molecules [32,33].
Interestingly, these rapid modulations of AA by calcium-dependent
phosphorylations seem to be sexually differentiated [34].

With this new knowledge in mind, we analyzed here in
micropunched nuclei the distribution and control by embryonic
and adult sex steroids of AA in the quail brain based, for the first
time, on the precise anatomical localization of aromatase-
expressing cells. These studies establish the high degree of
anatomical specificity in the control of AA and reveal the complex
causal links between embryonic and adult endocrine environment,
local brain AA and sex differences in appetitive and consumma-
tory sexual behavior.

Methods

Subjects

A total of 80 Japanese quail (Coturnix japonica) served as subjects
(Experiment 1, n = 20; Experiment 2, n = 60). Animals were obtained
from a local breeder at the age of 6 weeks (Experiment 1) or as
fertilized eggs (Experiment 2). Throughout their life at the breeding
colony and in the laboratory, birds were exposed to a photoperiod
simulating long days (16 hours light and 8 hours dark per day) and
had food and water available ad lbitum. All experimental procedures
were approved by the Ethics Committee for the Use of Animals at the
University of Liege (Laboratory authorization number LA1610002;
Ethic protocol numbers 683 and 859).

In vivo treatments

Subjects used in Experiment 1 were sexually mature and
gonadally intact. At the age of 8 weeks, males (n = 10) were given 2
copulatory pretests to insure that they were displaying male sexual
behavior. All females (n = 10) were laying eggs. The day following
the second copulatory test, all subjects were killed by rapid
decapitation. Their brain was immediately frozen on dry ice and
kept at —80°C until further use.

For Experiment 2, fertilized eggs were set in an incubator at
38°C and 50-60% of relative humidity and injected on day 7 of
incubation with either 25 ug of estradiol benzoate (EB, Sigma;
500 pg/ml in sesame oil), or 10 pg of the non-steroidal aromatase
inhibitor, Vorozole (VOR; R83842, generously provided by Dr. R
DeCoster, Janssen Research Foundation, Beerse, Belgium;
200 pg/ml in 20% propylene glycol/saline solution) or their
respective vehicle (number of animals in each group: see figures).
Briefly, injections of sterile solutions were performed with a 25-
gauge needle targeting in the albumen through the shell at the
small end of the egg. The holes were then sealed with melted
paraffin (see [4,35] for detail).

Birds were gonadectomized at 4 weeks post hatch as previously
described [4]. At the age of 8 weeks, males and females were
subcutaneously implanted with a 20 mm-long Silastic'™ capsule
(Degania Silicone Ltd., Israel; 1.57 mm i.d.; 2.41 mm o.d.) filled
with crystalline testosterone (Fluka). They were then transferred to
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individual cages. The androgen-dependent cloacal gland area [36]
of each subject was regularly measured with calipers (greatest
length multiplied by the greatest width in mm?) to monitor the
androgenic stimulation resulting from these testosterone implants.
A month later, all birds were submitted to standardized behavioral
tests to assess their appetitive and consummatory sexual behavior
(1 or 3 tests respectively). Two days after the last test, all birds were
killed by rapid decapitation. Their brain was immediately frozen
on dry ice and kept at —80°C until further use. The autopsy
determined that all birds were completely castrated and still
possessed their testosterone implants.

Behavioral tests

Appetitive sexual behavior was assessed by the measure of the
rhythmic cloacal sphincter movements (RCSM) produced in
response to the visual presentation of a female in an aquarium
divided into two chambers [37,38] (see [39] for detail).

To assess consummatory sexual behavior, the experimental
subject was introduced into a test arena (60x40x50 cm) that
already contained a sexually mature hen. Both birds could then
freely interact for 5 min during which the frequency and latency of
first occurrence of male sexual behaviors were recorded. The
following behavior patterns were systematically noted: neck-grabs
(NG), mount attempts (MA), mounts (M) and cloacal contact
movements (CCM) (see [40,41] for description). As NG and M
frequencies closely parallel those of MA and CCM, only data
relative to MA and CCM will be presented here to avoid
redundancy. The behavior frequencies recorded during the three
tests were summed for statistical analysis. Only behavioral
latencies from the last test were considered.

Brain dissections

Brain nuclei containing dense populations of ARO-ir cells [22]
were dissected by the Palkovits punch technique [42] as previously
adapted for the quail brain [43]. Briefly, the brain was sectioned in
200 um-thick cryostat coronal sections with the plane of section
adjusted to the stereotaxic atlas of the quail brain [44]. Sections
were mounted on frozen microscope slides and individual regions
were then immediately collected by punching them out of the
sections with cannulae made of 21G or 18G stainless steel needles
(o.d. 0.819 and 1.270, respectively; i.d. 0.514 and 0.838 mm,
respectively).

A total of six brain areas (see Fig. 1) were collected: the medial
preoptic nucleus (POM), the medial portion of the bed nucleus of
the stria terminalis (mBST), the nucleus Taeniae of the Amygdala
(TnA), the dorsal edge of the ventromedial nucleus of the
hypothalamus (VMN), the tuberal region (Tuber) and the
periacqueductal gray (PAG; see Table 1 for detail). Punches were
blown out of the needles in a refrigerated 1.5 ml Eppendorf™
tube, immediately frozen on dry ice and kept at —80°C until
further use. Slices were then thaw mounted and stained for Nissl
bodies with Toluidine blue to confirm the location of the
micropunches. This anatomical analysis was performed by the
experimenter who was blind to the sex and experimental group of
samples and used to confirm that samples had been collected at
the appropriate location.

Tissue punches were homogenized in 120 pl of ice-cold TEK
buffer (10 mM Tris-HCI, 1 mM Na-EDTA, 150 mM KCI,
pH 7.2) with a glass pestle fitting Eppendorf™ tubes and stored
at —80°C until assayed.

Aromatase assays
AA was quantified by measuring the tritiated water production
from [l |3-3H] -androstenedione (Perkin-Elmer, Specific activity
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Figure 1. Schematic drawings of coronal sections through the quail brain from anterior to posterior illustrating the areas that were
punched to quantify aromatase activity. The circle diameter reflects the diameter of the micropunch needle (o.d. 0.8 or 1.2 mm) used to collect
the tissue. Abbreviations: mBST, medial portion of the bed nucleus of the stria terminalis; CA, commissura anterior; Cb, cerebellum; CO, optic chiasma;
CP, commissura posterior; DSD, decussatio supraoptica dorsalis; FPL, Fasciculus prosencephalii lateralis (lateral forebrain bundle); Tub, Tuber; PAG,
periacqueductal gray; POM, medial preoptic nucleus; TSM, tractus septopallio-mesencephalicus; VIII, third ventricle; VL, ventriculus lateralis; VMN,
ventromedial nucleus of the hypothalamus; TnA, nucleus taeniae of the amygdala.

doi:10.1371/journal.pone.0019196.g001

23.5 Ci/mmol) as described previously and validated for the quail
brain [45]. Briefly, equal volumes (50 pl) of tissue homogenates,
[1B-*H]-androstenedione (100 nM), ice-cold TEK buffer and
NADPH (4.8 mM) were incubated for 15 min at 37°C. The
reaction was stopped by cooling the samples in an ice bath and
adding 0.4 ml ice-cold 10% trichloroacetic acid containing 2%
activated charcoal. After centrifugation at 1200 g for 15 min
supernatants were applied to a Dowex cation exchange resin AG
50W-X4, 100-200 mesh (Biorad, Richmond, CA). Columns were
then eluted with distilled water. Optiphase “Highsafe” 3 (Perkin
Elmer) was added to the effluent that was then counted for 3 min
on a Wallac Winspectral 1414 Liquid Scintillation Counter.
Male or female preoptic-hypothalamic (HPOA) homogenates
(n = 3) were assayed as triplicates to serve as internal controls (see
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below). In addition, an extra tube was assayed for each HPOA
homogenate in the presence of an excess (40 uM final concentra-
tion) of the potent and specific aromatase inhibitor, Vorozole (see
above). These values were pooled and subtracted as blanks to
determine the final specific activities. Blank values never exceeded
100 dpm while control samples had radioactivities ranging
between 1000 and 4000 dpm. Enzyme activity was expressed in
nmol h™' mg protein™' after correction of the counts for
quenching, recovery, blank values and percentage of trittum in
B-position in the substrate.

All experimental samples were assayed for AA as duplicates
run in several assays for each experiment (4 for Experiment 1; 6
for Experiment 2) with the HPOA homogenates used as internal
standards. Intra-assay coefficients of variation were always
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Table 1. Diameter of stainless steel needles used to collected
tissue and protein content of regions in 200 um frozen brain
sections.

Average
protein
Punch Size® Theoretical protein content
Region (i.d.: um) Section content (ug)® (ug)©
POM 1x838 1-3 16.5 15.9+0.8
mBST 2x514 3 20.7 22.2+1.2
3x838 4
TnA 2x838 1-4 441 45.1%2.0
VMN 1x838 7-12 33.1 32.7%1.1
Tuber 1x838 13-18 33.1 31.9+0.9
PAG 2x514 13-19 29.0 38.7*+15

Consecutive coronal sections (200 um) of frozen quail brain were cut beginning
at the level of the end of the tractus septopallio-mesencephalicus tractus
(section 1) to approximately the level of the third nerve. These sections were
numbered following their order of collection.

All tissues were taken as single midline punches aimed at the collapsed third
ventricle, except for the tissue from the TnA and the PAG that consisted of
individual left and right punches. For mBST, 2 punches collected the left and
right anterior portions (section 3), while 3 punches collected the lateral and
medial parts of the posterior portion (section 4; see fig. 1 for details).

PTheoretical protein contents were estimated as follows. The volume of the
tissue micropunched was obtained by multiplying the square of the radius of
the circle determined by the needle by Pi and by the thickness of the brain
slice (For the 514 um i.d. needle: 3.14 x0.262 x200 = 0.04 pl; for the 838 um i.d.
needle: 3.14x0.42°x200 =0.110 pl). The theoretical fresh weight of the tissue
was calculated assuming that brain tissue has a density close to this of water
(0.100 ul=100 pug). The theoretical protein content was then obtained
assuming a protein content of about 5% (2.1 and 5.5 ug/punch for the 514 and
838 um i.d. needle respectively).

‘These data represent the mean * S.E.M. of micropunches collected in both
experiments across treatment groups (n=75-80).

doi:10.1371/journal.pone.0019196.t001

inferior to 7% and inter-assay coeflicients of variation were
inferior to 5%.

Protein assay

The protein content of each sample was assayed in 10 ul of
homogenate using the commercial Coomassie Plus Protein Assay
reagent (Pierce, Rockford, IL). These individual protein values
were used to normalize the enzymatic activity of the individual
punches. The average protein content per region was almost equal
to and correlated with the theoretical protein content (R =0.93;
see Table 1 for estimation details).

Data analysis

Data of experiment 1 were analyzed by mixed-design two-way
ANOVA with sex as the independent factor and brain regions as
the repeated measure. All data from experiment 2 were analyzed
by 2-way ANOVA with sex and embryonic treatments as
independent factors. When appropriate, individual means were
compared by post-hoc Fisher protected least significant difference
test.

With the exception of a sex difference in favor of females
identified in the VMN in the second experiment, no sex,
treatment or sex by treatment effect was found to affect protein
content in any brain regions studied. In both experiments,
enzymatic activities were analyzed before and after correction
for protein content (see previous section). Both uncorrected and
corrected activities yielded similar statistical results. Because
activities expressed as a function of protein content of the
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sample are corrected for an eventual partial loss of punches
during the microdissection and are thus more appropriate, only
results corresponding to these corrected activities are presented
here.

Results

Experiment 1 - Sex differences in AA in the brain of
gonadally intact subjects

The average AA was numerically higher in males than in
females in most brain regions (Fig. 2). Accordingly, the analysis of
these data revealed a significant effect of both factors and their
interaction was also statistically significant (see Fig. 2 legend for
detail). Post-hoc analyses focusing on sex differences indicated that
AA was significantly higher in males than in females in the mBST
and the tuber (Fig. 2A).

Although they encompass different brain structures as defined
by Nissl staining and hodological analysis, the ARO-ir cells of the
POM and mBST form a continuous cell population. Likewise,
the group of ARO-ir cells located at the dorso-lateral edge of the
VMN and in the tuber are present without discontinuity
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Figure 2. Aromatase activity (mean=SEM) measured in differ-
ent regions of gonadally intact male and female Japanese
quail. A. A mixed-design ANOVA with all regions considered
individually revealed a significant effect of sex (Fq,7=9.284; p=0.007)
and brain region (repeated factor; F5gs=20.640; p<<0.001) as well as an
interaction between these two factors (Fsgs=2.473; p=0.038). B. A
mixed-design ANOVA of results after pooling data for POM and mBST as
well as for VMN and tuber (MBH) revealed significant effects of the sex
(F1,17=9.407; p=0.007) and regions (F3 51 =43.392; p<<0.001) as well as
a significant interaction (F5 51 =4.776; p =0.005). Individual means were
compared by the Fisher Protected Least Significance Difference test.
Comparisons between males and females within a given region are
reported at the top of the columns as follows: (¥) 0.05 <p<0.10;
* p<0.05.

doi:10.1371/journal.pone.0019196.9002
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throughout the mediobasal hypothalamus (MBH) [22]. A second
analysis considering these pooled nuclei as individual entities

Sex Differences in Brain Aromatase Activity

Experiment 2 - Effects of embryonic treatments followed
by chronic testosterone treatment on morphology, male

again identified statistically significant effects of the sex and
region as well as a significant interaction. Post-hoc analyses
demonstrated that these effects originate from a significant male-
biased AA in the pooled tissue from POM+mBST as well as a
nearly significant (p=0.067) male-biased AA in the MBH

sexual behavior and aromatase activity

The cloacal gland area was significantly affected by the sex and
embryonic treatments of the birds but no interaction between the
two factors was found (see details in Fig. 3 legend). Post-hoc

(Fig. 2B). analyses indicated that the treatment effect resulted from a
A Cloacal Gland Area B RCSM
N‘; 350 A O O 140 4

£ 300 4 é‘ 120 1

B 250 - . S 100 ] {

< 200 ] 2 g0

S 150 £ &l

o ]

T 100 | E 40 1

E 50 4 20 4

S 10 6 1 o]

VEH EB VOR VEH EB VOR

(@]
o

Total MA Frequency MA latency on last test

40 350 m A
(o]
T 35 @ 300
& 304 =
§ 3 250 1
o 257 * S 500
T 20 5
g 1 e 150 1
15 1 e
o S
T g # @ 100 1
(a1] # -ﬂE)
5 A @ 501
0 0
VEH EB VOR VEH EB VOR
E Total CCM Frequency F CCM latency on last test
1.8 4 O —~ 350 ’—
> @
< 1671 £ 300
a_ 1.4 4 oy
g 121 E 250
5 104 & 2001
> 08 g 150
TS 06 ®
il £ 100
0.4 - 2
0.2 50 A
0.0 - o4

VEH EB
Egg injection

VEH EB VOR

Egg injection

VOR

Figure 3. Effect of the embryonic treatments with estradiol benzoate (EB) or Vorozole (VOR) on the cloacal gland area and on
different aspects of male sexual behavior of gonadectomized male (black bars) and female (white bars) quail that were treated as
adults with exogenous testosterone. All data are means *= SEM. The number of subjects per group is indicated in bars of panel A. A. The cloacal
gland area was significantly affected by the sex of the birds (F; 54 =26.068; p<<0.001) and their treatments (F, 54 =27.798; p<<0.001) but there was no
interaction between these two factors (F, 54 = 1.836; p=0.169). B. The frequency of female-elicited rhythmic contractions of sphincter muscles (RCSM)
did not differ between sexes (F; 53 =0.208; p=0.650) or treatments (F,s3=0.493; p=0.613) and was not influenced by the interaction of these two
factors (F,53=0.817; p=0.447). C. The total frequency of mount attempts (MA) displayed during the 3 copulatory tests significantly differed between
sexes (Fq54=5.879, p=0.0187) and treatments (F,5,=7.989, p=0.009) and an interaction between the 2 factors was detected (F,s4=6.808,
p =0.002). D. The mount attempt (MA) latency on the last copulatory test was also different between sexes (F; s4=12.104, p=0.001) and treatments
(F2,54=32.564, p<0.001) and a significant interaction was found (F, 54 =8.464, p<<0.001). E. The total frequency of cloacal contact movements (CCM)
displayed during the 3 copulatory tests significantly differed between sexes (F; 54=5.106, p =0.0279) and treatments (F,54=10.975, p<0.001) and an
interaction between the 2 factors was detected (F,54=1.134, p=0.329). F. The cloacal contact movements latency on the last copulatory test was
also different between sexes (F;s4=1.895, p=0.174) and treatments (F,s4=28.497, p<0.001) and a significant interaction was found (F,s4=0.449,
p =0.640). When appropriate, individual means were compared by Fisher Protected Least Significance Difference test. Results are reported at the top
individual bars as follows: * p<<0.05 compared to vehicle injection (VEH) same sex, A p<0.05 compared to Vorozole injection (VOR) same sex, #
p<0.05 compared to males same treatment, and < p<<0.05 compared to other treatment in both sexes (no interaction in this analysis).
doi:10.1371/journal.pone.0019196.9003
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reduced area in birds hatched from EB-injected eggs. The gland
area was also larger in males than in females regardless of the
embryonic treatments.

Sexually mature males (but not females) display rhythmic
cloacal sphincter movements (RCSM) when visually exposed to a
female [37]. As opposed to gonadally intact females, females
chronically treated with testosterone also produce high frequencies
of female-elicited RCSM [46]. In this experiment, all subjects were
treated with exogenous testosterone and displayed high rates of
RCSM  with similar frequencies regardless of their sex or
embryonic treatment (no effect of the two factors and their
interaction, see Iig. 3B).

Male quail readily display copulatory behavior when given the
opportunity, while females never exhibit such behavior even when
treated with exogenous testosterone in adulthood. In birds, sexual
differentiation is driven by the action of ovarian estrogens before
incubation day 12: administration of estrogens demasculinizes
males while blockade of ovarian aromatization blocks the
endogenous demasculinization of females. These effects, however,
are only revealed if subjects are treated with testosterone in
adulthood to activate the behavior [4,6,47]. Accordingly, as
llustrated in Fig. 3C-F, male-typical copulatory behavior
(llustrated here by MA) was regularly observed in control males
but not in control females (2 of these females only displayed 1 or 2
MA that may be interpreted as signs of aggressive behavior). In
contrast, VOR-treated birds of both sexes were equally active (9
out of 10 females displayed copulatory behavior as rapidly and
frequently as intact males) and sexual behavior was essentially
absent in all EB-treated birds (with the exception of one female
that showed one NG and MA).

ANOVAs fully confirmed these effects for the frequency and
latency of all behavior patterns. They identified significant overall
effects of sex (MA frequency: F5,=5.878, p=0.0187; MA
latency: Fy 54, =12.104, p=0.001; CCM frequency: F; 5, =15.105,
p=0.028; CCM latency: F,53=1.984, p=0.165) and of treat-
ment (MA frequency: Fy5,=7.989, p=0.009; MA latency:
Fy54=32.564, p<0.001; CCM frequency: Fy5,=10.975,
p<<0.001; CCM latency: Fy553=28.214, p<0.001). A significant
interaction between these factors was observed for MA but not for
CCM and latency (MA frequency: Fy 54, =6.808, p=0.0023; MA
latency: Fy54=8.464, p<<0.001; CCM Frequency or latency:
p=0.32; see Fig. 3 C-F for the detail of post-hoc tests comparing
all groups to identify the origins of these interactions). Embryonic
treatments followed by testosterone treatment in adulthood thus
produced the predicted phenotypes.

Analysis of AA in the POM and mBST revealed significant
effects of treatment in both nuclei (POM: p<0.01; mBST:
p<<0.002) but no effect of sex (p=0.372) and no interaction
between factors (p=0.164) (see Fig. 4A-B legend for detail of
statistical results). Post-hoc analyses identified, however, a different
pattern of responses in these two nuclei. In the POM (Fig. 4A),
VOR treatment resulted in a higher AA than in control birds and
than in EB-treated birds, while in the mBST EB individuals had
decreased AA by comparison with both VEH and VOR subjects.
(Fig. 4B).

When activities measured in both nuclei were combined, the
treatment effect was maintained (Fy50=7.901, p=0.001) but
there was still no overall effect of sex (Fy 50 =0.475, p = 0.494) and
no interaction between the two factors (Fy50=1.162, p=10.321).
Post-hoc tests of the treatment effect revealed that both the control
(VEH) and the EB groups were significantly different from the
VOR group (Fig. 4G).

In the VMN, AA was numerically lower in females than in
males. This effect was close to significance (I ;53=4.252,
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p=0.044). No treatment effect and no interaction of sex with
treatment was found.

No effect of sex (all p=0.16), treatments (all p=0.18), or
interaction (all p=0.66) was found in the three other brain regions
(TnA, Tuber, PAG) or when considering the VMN and tuber as a
single population (MBH) (see Fig. 4 for details).

Discussion

Although sex differences in the brain have been the focus of
extensive studies for more than 3 decades, the relationship
between sex-related variations in the brain and many behavioral
sex differences still remains unexplained. We utilized our detailed
knowledge about the distribution of ARO-ir cells [21,22] and cells
expressing the aromatase mRNA [23,24] to guide our micropunch
sampling method. Standard histological procedures such as a Nissl
stain are traditionally used to define boundaries of brain nuclei
(e.g., [44,48]). However, decades of chemical neuroanatomical
studies demonstrated that specific neurochemical systems do not
always map precisely onto these cytoarchitectonic boundaries.
This is certainly the case for aromatase [23]. By sampling tissue
based on cell populations that express the enzyme, we avoided
dilution of active enzyme by a variable amount of tissue that could
potentially produce biased results and were thus able to assess
enzymatic activity in a more precise manner than previously.

We first confirmed that, in quail, AA is significantly higher in
several areas of the male brain as compared to female and
determined for the first time the exact localization of these sex
differences. We also demonstrated that embryonic manipulations
of estrogens affect adult brain AA in parallel with copulatory
behavior but do not determine the sex difference in AA that is
essentially the result of activational effects of hormones in
adulthood. These findings have significant implications for the
understanding of behavioral sex differences.

Distribution of aromatase activity in gonadally intact
birds

The present study confirmed and extended the previously
described distribution of AA in the quail brain. AA is very high in
the POM but much lower in the TnA [14,43]. The presence of
aromatase in the mBST was unknown when previous enzymatic
studies [14,43] were performed (no immunohistochemical or i situ
hybridization procedure was available at that time to localize the
enzyme or its messenger) and AA had not been quantified in this
nucleus. Consistent with the fact that ARO-ir cells in POM and
mBST form a compact group without discontinuity, AA in mBST
was found to be as high as in POM.

Enzyme activity was much higher in VMN and Tuber than
anticipated. In previous experiments [14,43], AA in VMN or
Tuber was below 25% of values observed in POM whereas here
this ratio was around 90% in sexually mature gonadally intact
birds (Experiment 1). This discrepancy could be due to the use of a
different assay, associated to a regional difference in estrogen
catabolism. The product formation assay (measure of estradiol
produced) used previously is indeed sensitive to estrogen
metabolism (the product disappears from the reaction tube leading
to an underestimation of AA), whereas the tritiated water assay is
not. However, it is more likely that the discrepancy results from a
difference in the location of micropunches. The population of
aromatase cells in the VMN and tuber does not coincide exactly
with the boundaries of these nuclei as defined by Nissl staining
[22,24] that guided previous assay studies, while we could now
dissect nuclei based on the specific location of ARO-ir cells and of
the corresponding mRNA [21,22,24].
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Figure 4. Effect of embryonic treatments with estradiol benzoate (EB) or Vorozole (VOR) on aromatase activity (AA; mean = SEM) in
the brain of adult gonadectomized male (black bars) and female (white bars) quail that were treated as adults with exogenous
testosterone. Figures in the bars represent the numbers of final data points available for each group. Results for each nucleus were analyzed by a
two-way ANOVA with the sex of the birds (Sex) and their embryonic treatment (TRT) as factors. Interactions (INT) between these factors were also
evaluated. Data are illustrated for A) the medial preoptic nucleus (POM; Sex: F; 54=0.382, p=0.539, TRT: F,5,=5.093, p=0.009, Int: F554=0.355,
p =0.703), B) the medial bed nucleus of the stria terminalis (mBST; Sex: F; 5, =0.810, p=0.372, TRT: F35,=7.192, p=0.002, Int: F55,=1.870, p=0.164),
C) the nucleus taeniae of the amygdala (TnA; Sex: F; 53=1.408, p=0.241, TRT: F,53=0.791, p =0.459, Int: F;53=0.107, p=0.899), D) the ventromedial
nucleus of the hypothalamus (VMN; Sex: F; 53 =4.252, p=0.044, TRT: F553=0.170, p =0.844, Int: F, 53 =0.276, p = 0.760); E) the tuber (Sex: F; 5, =0.230,
p=0.636, TRT: Fy54=1.640, p=0.204, Int: F;54=0.030, p=0.975), F) the periacqueductal gray (PAG; Sex: F;5,=0.039, p=0.844, TRT: F,5,=1.758,
p=0.183, Int: F55,=1.360, p=0.266), G) the POM and mBST together (Sex: F; 5,=0.475, p=0.494, TRT: F,5,=7.901, p=0.001, Int: F;5,=1.162,
p=0.321) and H) the mediobasal hypothalamus (MBH=VMN+Tuber; Sex: F;s3=1.428; p=0.237, TRT: F,53=0.419; p=0.660, Int: F,53=0.271;
p =0.764). Origins of the main effects of TRT in the POM, mBST and POM+mBST were analyzed by post-hoc Fisher Protected Least Significance
Difference tests. Results are reported at the top of the two columns as follows: * p<<0.05 compared to different treatment in both sexes.
doi:10.1371/journal.pone.0019196.9g004
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We also quantified here for the first time AA in the PAG
because previous work identified in this nucleus a dense axonal
projection originating from preoptic ARO-ir cells while very few
immunoreactive perikaya were present at this level [49,50,51].
Although aromatase is present and active in the synaptosomal
fraction of various brain regions [29,31,52], a relatively low
enzymatic activity was detected in this nucleus. Additional studies
are needed to determine whether this low activity results from a
lower concentration of the enzyme in the presynaptic boutons as
compared to perikarya or from a lower activity of the enzyme
present at this level due to post-translational regulation (see also
below).

Sex difference in AA in gonadally intact subjects

The most robust sex differences affecting AA in gonadally intact
birds were found in the mBST and the tuber, while smaller (non
significant) differences were identified in the POM and VMN. The
sex difference observed in whole HPOA blocks during previous
studies [13,14,19,43] thus appears to be mainly explained by the
difference existing in the mBST (included in the dissections) and
tuber, with a lower contribution of the POM and VMN.
Interestingly, all differences identified here are in favor of males.
This is in clear contrast with the recent  situ hybridization data
showing either no sex difference (in the POM and MBH) or a sex
difference favoring females (in the mBST) in the expression of the
aromatase mRINA [24,27]. This discrepancy is most likely
explained by the existence of a differential regulation of mRNA
translation or of enzymatic activity in males and females (see
below).

Although tract-tracing combined with aromatase immunocyto-
chemistry indicated that the projection from the ARO-ir cells to
the PAG is significantly denser in males than in females [51], no
sex difference in AA was detected here in the PAG. This negative
result might be due to a sensitivity issue preventing our assay to
detect a significant difference at a low average enzyme activity.
Alternatively, the enzymatic activity could be differentially
regulated in the perikarya and in presynaptic boutons [30].

Activational and organizational effects of steroids on
morphology and behavior

The second experiment confirmed the previously established
organizational effects of embryonic estrogens on cloacal gland size
and male sexual behavior [4,6,47]. Administration of exogenous
EB to male embryos resulted in males that were, like females,
unable to express male copulatory behavior in response to
testosterone. All birds injected with estrogens in the egg also
developed a smaller cloacal gland in response to testosterone than
control subjects. In contrast, embryonic aromatase inhibition in
females conferred them the ability to exhibit, like males, the male-
typical copulatory sequence when treated in adulthood with
testosterone.

In contrast, these embryonic treatments did not affect one
appetitive component of sexual behavior, the frequency of RCSM.
Adkins-Regan and Leung recently demonstrated that testosterone
treated females respond like males to the visual presentation of
another female by frequent contractions of the sphincter muscles
[46]. These data suggested that the sex difference in RCSM
frequency observed in adult gonadally intact birds (males produce
RCSM, females do not) only results from a differential activation
by testosterone in adulthood and is not affected by organizational
effects of estrogens during embryonic life. This logical deduction,
that had never been tested, is formally demonstrated here.
Increases (treatment with EB) or decreases (treatment with the
aromatase inhibitor vorozole) in estrogens availability that
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completely sex-reversed the copulatory phenotype had no effect
on the frequency of RCSM observed after testosterone treatment
in adult birds of both sexes. This aspect of appetitive sexual
behavior is therefore absent in females only because they do not
have sufficient concentrations of circulating testosterone in their
blood. There is no organization by steroids of this behavior during
ontogeny.

Sexual differentiation of aromatase activity and
copulatory behavior

The present results also indicate that early estrogen action has
long-lasting (organizing?) effects on AA in the POM and mBST.
Embryonic treatment with EB decreased (demasculinized) AA in
the mBST (a decrease was also observed by comparison with
VOR-treated birds in POM), while embryonic aromatase
inhibition increased (hypermasculinized?) AA in the POM. When
total activity in POM+mBST was considered (allowing more direct
comparison with previous studies in which a larger preoptic block
was dissected), the inhibition by estradiol was significant as
compared to control subjects.

The presumably organizing effects of manipulations of estro-
gens’ exposure in the embryo on AA in POM and mBST are
anatomically specific since they are not observed in the
hypothalamus itself (VMN and Tuber) nor in other brain regions
expressing lower levels of AA. They are paralleled by permanent
behavioral effects: a treatment with EB that reduces AA also
permanently blocks male copulatory behavior in males, while a
treatment with VOR which produces females showing male-
typical copulatory behavior in adulthood (VOR blocks their
demasculinization by endogenous estrogens) enhances AA in the
POM. These correlations suggest the existence of a causal
relationship between the developmental effects of estrogens on
AA and on male sexual behavior.

However, this organizational action of estrogens on AA does not
seem sufficient to explain alone the sex difference in AA seen in
gonadally intact birds nor the behavioral sex difference in response
to testosterone (males copulate, females do not). Indeed, AA is
similar in testosterone-treated males and females that were not
exposed to any embryonic treatment but had of course a
differential exposure to endogenous estrogens (high in females,
low in males [53]). Furthermore, testosterone-treated males mount
and copulate in a male-like manner while females do not. It is also
established that females treated in adulthood with high doses of
estradiol (and thus bypassing the potential bottleneck due to a
lower rate of testosterone aromatization) still do not express male-
typical copulatory behavior [54]. Together, these data indicate
that the sex difference in AA observed in gonadally intact adult
quail might potentially contribute to but is not the only cause of
the behavioral sex difference.

Alternative mechanisms have to be invoked to explain this
behavioral sex difference. It is now established that male and
female brains are differently wired [55,56,57]. Additionally, sex
differences have been observed in the regional brain responses to
various social stimuli [58,59]. In quail specifically, the projection
from the POM (a key center in the control of copulation) to the
PAG (a mesencephalic pre-motor center) is significantly denser in
males than in females [51]. These hodological differences might
play a critical role in the control of behavioral sex differences but
the present study clearly demonstrates that brain AA cannot be an
important factor in the control of these differences.

Genomic vs. post-translational controls

The preoptic AA in gonadally intact adult quail is invariably
higher in males than in females (present study; [13,14,15]). In
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contrast, when subjects are gonadectomized and treated with a
same amount of testosterone, this sex difference becomes much
less reliable. It is either still present but with a lower amplitude
[13,15] or it disappears completely (present study; [14,19]). The
same results have been observed in other species [11,16,17,18].

A large part of the sex difference in AA observed in gonadally
intact birds thus results from a differential induction by
testosterone. The residual difference observed in gonadectomized
testosterone-treated birds could then reflect organizational effects
of estrogens identified in the present study. Why these effects
would be apparent in some studies is unclear but might reflect
post-translational controls of enzymatic activity as suggested by the
comparison with densities of aromatase mRNA and numbers of
ARO-ir cells. Indeed, the number of aromatase-positive cells is
significantly larger in parts of the POM of intact male Japanese
quail than in females but gonadectomy and treatment with
testosterone eliminates this sex difference [25,26]. At the mRNA
level, sex differences are even more limited: aromatase mRNA
density is similar in the POM of gonadally intact males and
females [24] as well as in gonadectomized birds exposed to sex
steroids [27]. A reverse sex difference (females>males) was even
detected in the mBST in both endocrine conditions [24,27]. These
discrepancies between sex differences in aromatase mRINA,
aromatase protein (indirectly assessed by the numbers of ARO-ir
cells) and AA suggest that the enzymatic activity can also be
regulated by mechanisms that are not related to changes in gene
transcription and in enzyme concentration.

Recent experiments have demonstrated that brain AA can be
rapidly (within min) regulated [60,61,62,63,64]. In wtro studies
indicate that these fast changes in AA result at least in part from
calcium-dependent phosphorylations themselves depending on the
activity of neurotransmitters such as glutamate [45,65,66]. A rapid
effect of glutamate on estrogen concentration has also been
confirmed in the telencephalon of awake songbirds [63]. Brain AA
1s rapidly and reversibly affected in vivo by a variety of factors such
as the sexual interaction with a conspecific or a mild stress and
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Conclusions

The present study provides for the first time an analysis in both
sexes of the distribution and regulation by steroids of aromatase
activity guided by the anatomical localization of the protein.
Manipulations of embryonic and adult concentrations of sex
steroid hormones revealed a regional specialization of the genomic
mechanisms of regulation of AA. Preoptic AA (POM and mBST)
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estrogens with the activational action of testosterone. Importantly,
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