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ABSTRACT: Reproductive behavior is sexually differ-
entiated in quail: The male-typical copulatory behavior is
never observed in females even after treatment with high
doses of testosterone (T). This sex difference in behavioral
responsiveness to T is organized during the embryonic period
by the exposure of female embryo to estrogens. We showed
recently that the sexually dimorphic medial preoptic nucleus
(POM), a structure that plays a key role in the activation of
male copulatory behavior, is innervated by a dense steroid-
sensitive network of vasotocin-immunoreactive (VT-ir) fibers
in male quail. This innervation is almost completely absent in
the female POM and is not induced by a chronic treatment
with T, suggesting that this neurochemical difference could be
organizational in nature. This idea was tested by injecting
fertilized quail eggs of both sexes on day 9 of incubation with
either estradiol benzoate (EB) (25ug, a treatment that sup-
presses the capacity to show copulatory behavior in adult-
hood) or the aromatase inhibitor R76713 (1Qug, a treatment
that makes adult females behaviorally responsive to T), or
with the solvents as a control (C). At 3 weeks posthatch, all
subjects were gonadectomized and later implanted with Si-
lastic capsules filled with T. Two weeks later, all birds were
perfused and brain sections were processed for VT immuno-

cytochemistry. Despite the similarity of the adult endocrine
conditions of the subjects (all were gonadectomized and
treated with T Silastic implants providing the same plasma
level of steroid to all subjects), major qualitative differences
were observed in the density of VT-ir structures in the POM
of the different groups. Dense immunoreactive structures (fi-
bers and a few cells) were observed in the POM of C males
but not females; EB males had completely lost this immuno-
reactivity (and lost the capacity to display copulatory behav-
ior); and, conversely, R76713 females displayed a male-typical
VT-ir system in the nucleus (and also high levels of copulatory
behavior). Similar changes in immunoreactivity were seen in
the nucleus of the stria terminalis and in the lateral septum
(VT-ir fibers only in this case) but not in the magnocellular
vasotocinergic system. These neurochemical changes closely
parallel the effects of the embryonic treatments on male
copulatory behavior. The vasotocinergic system of the POM
can therefore be considered an accurate marker of the
sexual differentiation of brain circuits mediating this
behavior. © 1998 John Wiley & Sons, Inc. J Neurobiol 37: 684—699, 1998
Keywords:preoptic area; bed nucleus of the stria termi-
nalis; lateral septum, sexual differentiation; copulatory
behavior; Japanese quail

Many vertebrate species are characterized by an ex-

tensive behavioral dimorphism. Some behaviors, of-
ten related to reproduction (mounting and intromis-
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sion, singing, aggression, territory defense, crouching,
and lordosis) are displayed preferentially or exclu-
sively by one sex and rarely or never shown by the
other. It was originally thought that these behavioral
differences simply reflect the endocrine milieu to
which adult subjects are exposed: Androgens would
activate one type of behaviors in males and estrogens/
progestagens would activate another set in females. It
has now become increasingly clear that this simplistic
view is not true in many cases and that the behavioral
sex dimorphism is often based on the presence of a
differential responsiveness of the central nervous sys-
tem to the activating effects of steroid hormones.
The seminal paper of Phoenix et al. (1959) pro-
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vided a conceptual framework with which these be- provided at doses that are by far higher than the active
havioral sex differences can be interpreted. Sex dif- doses in males (Adkins, 1975; Balthazart et al., 1983).
ferences in reproductive behavior often result from There is therefore a qualitative sex difference in cop-
the early, irreversible action of gonadal steroids that ulatory behavior in quail. This behavioral sex dimor-
organize the nervous substrate (organizational effects) phism has been shown to result from the early expo-
that will in adulthood control the behaviors. Steroid sure of females to estrogens. This conclusion is
hormones in adulthood are then often required for the supported by three independent types of evidence: (a)
expression of the behaviors (activational effects) in Injection of estrogens into male eggs completely abol-
one sex, but at this level the sex difference in the ishes the capacity to show copulatory behavior when
nervous substrate will play a critical limiting role adult, even in the presence of exogenous T (Adkins,
(Goy and McEwen, 1980). These notions that were 1979; Schumacher et al., 1989); (b) inhibition of
originally formulated on the basis of experiments estrogen synthesis in female embryos by injection of
investigating lordosis behavior in guinea pigs have an aromatase inhibitor results in adult females that
been found to have a broad range of application even will respond b a T treatment exactly like males (i.e.,
if the clear-cut separation between organizational and they will mount and copulate with other females)
activational effects can sometimes be difficult to as- (Balthazart et al., 1992a); and (c) female embryos
certain (Arnold and Gorski, 1984). Research carried actually have much higher levels of circulating estra-
out on a variety of animal models from different diol-178 than male embryos during one part of the
vertebrate classes has identified behavior patterns thatincubation period (days 9-15) (Schumacher et al.,
are irreversibly differentiated by embryonic and/or 1988). There is also a well-characterized sensitive
neonatal steroids, and consequently can be activatedperiod during which the developing brain of quail
only by androgens or estrogens in one sex only in embryos is highly sensitive to the demasculinizing
adulthood (Goy and McEwen, 1980). effects of estrogens: it ends around day 12 of incuba-
In contrast, the search for the neural characteristics tion and therefore extensively overlaps with the high
that are organized by early steroid action and mediate levels of endogenous estrogens present in females
behavioral sex dimorphism has been relatively frus- (Adkins, 1979; Schumacher et al., 1989).
trating. A number of neuroanatomical, neuroendo-  The neural circuit that controls male copulatory
crine, and neurochemical sex differences have beenbehavior in quail has not been completely identified to
identified over the past 20 years in the vertebrate this date, but it is clearly established that the medial
brain, but either these differences are activational in preoptic nucleus (POM) and the bed nucleus of the
nature (i.e., they disappear when males and femalesstria terminalis (BST) are key elements in this net-
are placed under the same endocrine conditions, sug-work (Panzica et al., 1996b). This conclusion is based
gesting that early steroid action is not involved in their on a variety of experiments involving the stereotaxic
development) or their relationship to the control of implantation of T in these nuclei, their electrolytic
behavior remains unclear (see Panzica et al., 1995;lesion, and the detection of the expression of the
Balthazart et al., 1996a; Kawata et al., 1994, for immediate-early genefs and zenkin subjects ex-
review). The vocal behavior of songbirds appears to pressing copulatory behavior (Balthazart and Surle-
be an exception here in that marked anatomical and mont, 1990; Balthazart et al., 1992b, 1998; Meddle et
neurochemical sex dimorphisms have been identified al., 1997; Ball et al., 1997).
in the brain that are organizational in nature and Both POM and the BST contain a dense vasoto-
appear to play a key role in the control of the sexually cinergic system that has been shown in previous stud-
dimorphic vocal behavior. However, the organiza- ies to be sexually differentiated. Vasotocin-immuno-
tional (endocrine?) mechanisms that control the dif- reactive (VT-ir) fibers are present in much higher
ferentiation of these brain characteristics have eluded density in these nuclei in males than in females (Vigli-
investigators so far in this model (Balthazart and Ball, etti-Panzica et al., 1997; Aste et al., 1998). VT-ir cell
1995; Arnold, 1996, 1997a,b; Schlinger, 1998). bodies have been observed in POM and BST of males
The extreme form of sex difference in the copula- but not in females, and accordingly, a sex difference
tory behavior of the Japanese quail provides an out- in VT expression has been confirmed ioysitu hy-
standing experimental model for the analysis of the bridization of VT mRNA in the BST and POM (Aste
underlying brain mechanisms. The entire copulatory et al., 1998). The VT innervation of the POM also
sequence, including grabbing the female’s neck feath- appears to be steroid sensitive in males: The density
ers, mounting, and cloacal contact movements, is re- of VT-ir fibers in this nucleus decreases in conditions
liably observed in sexually mature males or in cas- where males experience low levels of circulating T
trated males treated with testosterone (T), but T will (castration, photoregression, and old age) and are
not activate these behaviors in females even when restored to levels typical of sexually mature males by
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exogenous treatments with T (Viglietti-Panzica et al., therefore defined six experimental groups: control males and
1994; Panzica et al., 1996a). females, males and females injected with EB, and males and

There are therefore many experimental situations females injected with R76713. Injections were administered
in which the VT structures of POM and/or BST vary with a 25-gauge needle inserted appro_ximately 5 mm into the
with the expression of male copulatory behavior, 2Pumen of the egg (small end, opposite to the air chamber).
which suggests the existence of causal links between Before each injection, needles were sterilized in a flame and

h id d the behavi hi ion is furth needle holes in the shells were sealed with melted paraffin.
the peptide and the behavior. This notion is further Solutions were always sterilized prior to injection by heating

reinforced by a set of recent experiments demonstrat- them in hoiling water (EB) or passing them through a Qu45-
ing that the peripheral or intracerebroventricular in- fiter (R76713).
jection of VT or of a specific V1-receptor antagonist After hatching on day 17 of incubation, chicks were
markedly affects the appetitive and consummatory raised in heterosexual groups until the beginning of the
aspects of male sexual behavior in castrated T-treatedexperiment at 7 weeks of age. Throughout their life in the
male quail (Castagna et al., 1998). laboratory, birds were kept under long days (16:8 h light/
The sex difference in VT structures of POM and dark cycle; lights on at 0600 h) under controlled tempera-

BST may be responsible for the sex difference in ture (38—40°C for the IlrstZWeeks of life, 2_8—_30°C for the
copulatory behavior. Indirect evidence suggests that "eXt 2 Weeks, and-22°C for the rest of their life). Water
the VT system of these brain areas is indeed sexually and food were availablad libitum

. ; . o . All subjects were gonadectomized at 3 weeks of age
dlfferen_tlated in the orge_mlzatlonal sense. The dlmor- under total anesthesia (Hypnodil™; Janssen Pharmaceutica,
phism is also present in the lateral septum and is gejgium; 15 mg/kg). Both testes were removed through a
present even after treatment of ovariectomized fe- ynjlateral incision on the left side. Only the left ovary of
males with T (Viglietti-Panzica et al., 1992). The females was taken away. The right one is not developed and
effect of T treatment on the VT innervation of the does not regenerate even after removal of the left gonad
POM or BST has not been studied in females, how- (Gibson et al., 1975). At the age of 7 weeks, birds were
ever. The present study was therefore carried out isolated in individual cages and implanted with two 20-mm-
to investigate two related questions—namely, (a) !0ng Silastic capsules filled with crystalline testosterone
whether the VT structures of POM and BST in adult [Fluka Chemika-Biochemika, Buchs, Switzerland; Dow
female quail can be enhanced by adult treatment with °ing Silastic Tubing 602-265; 1.57 mm inner diameter
T, and (b) if this is not the case, whether the embry- (i.d.), 2.41 mm outer diameter (0.d.); Dow Corning, Mid-

ic h h di h | diff . .7 land, MI]. Implants were always cleaned and preincubated
onic hormones that mediate the sexual differentiation for at least 12 h in a 0.9% saline solution at 41°C to initiate

of male copulatory behavior also organize the sex sieroid diffusion through the tube wall. This endocrine
difference in VT structures of POM and/or BST. treatment has been shown previously to establish in both

males and females similar circulating levels of plasma tes-
tosterone that are in the physiological range for sexually

MATERIALS AND METHODS mature males (Balthazart et al., 1983, 1986; Schumacher
and Balthazart, 1986).
Subjects and Endocrine Treatments Birds were sacrificed at the completion of the behavioral

tests, 2—-3 weeks after the beginning of T treatment. At that
This experiment was carried out on male and female Japanesetime, completeness of castration and presence of the T
quail (Coturnix japonicd that were hatched in the laboratory  implants were checked.
from eggs that had been bought from a local breeder in Bel-
gium (Dujardin Farms, Liernu). Eggs were set in the incubator
(38°C and 50—-60% relative humidity) and turned twice every
day throughout the incubation period. On day 9 of incubation Behavioral Tests
(day 0 being the day when eggs were set in the incubator), eggs
were injected with either 2pg estradiol benzoate (EB) (Sig- The male-typical sexual behavior of all subjects was re-
ma, St. Louis, MO) dissolved in 56L sesame oil or 1Qug of corded during three 5-min-long presentations to an adult
the aromatase inhibitor R76713 (6-[(4-chlorophenyl)(1H- sexually mature female that took place 10-14 days after the
1,2,4-triazol-1-yl)methyl]-1-methyl-1H-benzotriazole; Janssen beginning of the T treatment. Birds were tested in an arena
Pharmaceutica, Beerse, Belgium) or racemic vorozole™ (50 X 60 cm) following a standard procedure that has been
(Wouters 1989; De Coster, 1990) dissolved at a dose of 500 previously described (Schumacher and Balthazart, 1984).
pg/mL in saline (0.9%) containing 20% polyethyleneglycol Briefly, the stimulus female was introduced in the arena
(PEG400; UCB7908, Leuven, Belgium). Control birds were containing the experimental subject for 5 min and the fre-
always injected with the corresponding volumes of solvent (oil quencies and latencies for the following behavior patterns
or PEG/saline). Because no effect of these two solvents on were recorded: strut, neck grab, mount attempt (MA,;
sexual behavior could be detected, these two groups of control counted only when a bird which is showing a neck grab,
subjects were pooled in all subsequent analyses. The combi-raises one leg, and puts it over the back of the test female),
nation of the sex and embryonic treatments of the subjects mount (M), and cloacal contact movements (CCM) (see



Adkins and Adler, 1972; Hutchison, 1978, for a detailed
description).

Morphology

Birds were weighed to the nearest gram on several occa-
sions: at 3 weeks of age before gonadectomy, just before the
start of T treatment (7 weeks old), and before sacrifice.

Their cloacal gland, an androgen-dependent (Sachs, 1967),

sexually differentiated (Adkins and Adler, 1972; Adkins,
1975; Balthazart et al., 1983) structure, was also measured
with a caliper (greatest lengtlk greatest width= cloacal
gland area) just before placing the T implants and at sacri-
fice.

Vasotocin Immunocytochemistry

During the week following the end of the behavior tests
(birds were then 9—-10 weeks old), all subjects were injected
with 100 pL of heparin solution (20 mg/mL, i.e£3300
IU/mL; Sigma) and deeply anesthetized with Hypnodil™
(Janssen Pharmaceutica) (50 mg/kg body weight). They
were perfused through the heart with saline solution (9 g/L;
0.15M) until the return blood was clear, and then with 400
mL of Somogyi fixative (4% paraformaldehyde, 0.2% glu-
taraldehyde, and 15% of a saturated solution of picric acid
in 0.1 M phosphate buffer, pH 7.35). Brains were dissected
out of the skull, postfixed fol h in the same fixative
without glutaraldehyde, rinsed in ONI phosphate buffer,
and placed overnight in a 20% sucrose solution in 1d.1
phosphate buffer. The next day, they were frozen on pow-
dered dry ice and stored in a freezer-af5°C. The com-
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Dr. D. G.Gray, Max Planck Institute, Bad Nauheim, Ger-
many) (diluted 1:2000 in PBST). The specificity of this
anti-VT antibody was tested and described elsewhere (Gray
and Simon, 1983; Viglietti-Panzica et al., 1994). On the
next day, sections were incubated bh atroom temper-
ature in goat anti-rabbit secondary antibody diluted 1:400 in
PBST and 2.5 h at room temperature in a peroxidase—
antiperoxidase complex diluted 1:400 in PBST (both were
kindly provided by Dr. F. Vandesande, University of Leu-
ven, Belgium). The peroxidase activity was finally revealed
with 3,3-diaminobenzidine tetrahydrochloride (DAB) as
chromogen (4 mg/10 mL). Sections were rinsed several
times in PBST between each step. Sections were then
mounted on microscope slides and coverslipped with a
gelatin-based mounting medium. Brains were always
stained in groups of six (one from each experiment group)
so that between-assays variance could not be at the origin of
systematic group differences.

Quantitative Analysis of Vasotocinergic
Structures

In each subject, the density of VT-ir structures was quanti-
fied by computerized image analysis in three distinct brain
areas: the POM, the BST, and the lateral septum (SL). The
density of VT-ir structures was analyzed on a PowerPC
7100 Macintosh equipped with a digitizing board (Pixel
Buffer; Perceptics, Knoxville, TN) connected to a Leitz
Othorlux | microscope through a CCD videocamera
(C4200; Hamamatsu lItaly, Milano, Italy). The software
used was NIH Image, version 1.55 VDM (a public domain

pleteness of castration/ovariectomy and the presence of theprogram written by Wayne Rasband, NIH, Bethesda, Mary-

Silastic implants were checked at that time.
Selected brainsn(= 5 in each group) were used for

land, and modified by Perceptics).
The POM was studied at four successive levels in the

immunocytochemical studies based on the behavior dis- rostro-caudal axis that were standardized in different indi-
played by the subjects so that only subjects that are fully viduals based on the first section that contained the anterior
representative of their endocrine conditions were included. commissure (section labeled “CA”). The other sections
Brains were cut in the coronal plane with a cryostat at 30 were located 90, 180, and 270n, respectively, rostral to
um thickness and every third section (one section every 90 this section (sections “CA-1,” “CA-2,” and “CA-3,” respec-
wm) was stained for vasotocin by immunocytochemistry. tively). For each level, two images were aligned and digi-
Alternate sections were stained by immunocytochemistry tized with a X6.3 objective: one from the VT-immuno-
for aromatase; results of quantitative analyses of these sec-stained section and one from the adjacent aromatase-immu-
tions have been reported elsewhere (Balthazart et al., nostained section. The extension of the POM for each
1996a). These sections were also used in the present studyconsidered section was calculated by manually tracing an
to precisely identify the areas where quantitative data on area of interest following its boundary detected on the
vasotocin innervation were recorded—namely, the POM ARO-stained section; the software automatically measured
and the BST. the number of pixels within this area. This area of interest
Vasotocin was visualized on free-floating sections by a was superimposed on the VT-immunostained sections, and
classical peroxidase—antiperoxidase immunocytochemical positive structures (cells and fibers) in the area of interest

technique as previously described (Balthazart et al., 1997).
Briefly, sections were collected in 0.04 phosphate buffer
saline at pH 7.2 [phosphate-buffered saline (PBS)], rinsed
three times in PBS for 5 min, and incubated successively for
20 min at room temperature in PBS containing 0.35%5
(inhibition of endogenous peroxidase), for 30 min at room
temperature in PBS containing 0.1% Triton X-100 (PBST)
and 5% normal goat serum, and overnight at 4°C in the
primary polyclonal vasotocin antibody (kindly provided by

were separated from the background by an interactive
method of thresholding using high and low thresholding

levels. All objects falling within the designated threshold

range were automatically counted. Structure density was
expressed as a ratio of the number of pixels within the
threshold range versus the total number of pixels in the area
of interest. This ratio was considered to be the fractional
area covered by immunoreactive structures. For each ani-
mal, we considered in the statistical analyses the fractional
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area values of each single level, as well as the average of aromatase inhibitor exhibited male-typical copulatory
fractional area values recorded for the four POM levels.  pehavior that was indistinguishable from the behavior
The VT-ir system (fibers and a few cells) of the BSTwas ghown by untreated sexually mature males (18 of 21

anflly_zed at a single 'E"e' tlr:nmttedlattely posterior tohthe performed at least one full copulatory sequence in-
anterior commissure, where the SIucture assumes a charac,,,4ing CCM). R76 injections had no apparent effect
teristic V shape centered on the third ventricle. The area of

interest was determined by the same method as describedon .the behavior of males (26 .Of 29 Showed CCM
for the POM using adjacent sections stained for ARO. during at Ieast_ one_ tes?)- The _d|fferen§:es in the per-
The SL was analyzed at a standardized caudal level, Centage of active birds in the six experimental groups
posterior to the pallial commissure, where a high density of Were therefore highly significantyf = 82.91; p
VT-ir fibers is reliably observed. This is the location where << .0001).
the highest density of VT-ir fibers was detected in a previ- To optimize the probability of detecting brain—
ous study (Aste et al., 1997). The area containing VT-ir behavior correlates of the embryonic treatments, five
fibers in the septum cannot be defined based on an indepen-subjects that fully conformed to the expected pattern
dent markers as done for POM and BST. We therefore of hehavior were selected in each group for histolog-
r_neasu_red the fr_actlonal area c0\_/ered by |mmunoreact|ve ical analyses. A summary of the behavioral and mor-
fibers in the entire septum including the medial part. The phological data collected on these subjects is shown in
fractional area values were then calculated as for the POM Figure 1(B-D).

and the BST. Analvsis of the cl | aland d h
All structures were localized and named according to the nalysis of the cloacal gland areas measured at the

stereotaxic atlases of the chick (Kuenzel and VanTien- €nd of the experiment in the six subgroups of five
hoven, 1982; Kuenzel and Masson, 1988; Breazile and Subjects by two-way ANOVA with the two sexes as

Kuenzel, 1993) and quail (Baylet al., 1974) brains with ~ one factor and the three treatments as the other con-
modifications according to Panzica and collaborators (1991) firmed the presence of overall sex differencEg¢l]
for the POM and Aste and collaborators (1998) for the BST. 24) = 17.110;p = .0004] and of significant treatment
effects F(2, 24) = 10.576;p = .0005]. There was,
however, no interaction between these two factors
[F(2, 24) = 0.116; p = .8910]. Fisher PLSD tests
Morphological data, behavioral frequencies, and fractional indicated that the cloacal gland area of females was
areas covered by VT-immunoreactive fibers were analyzed smaller than in males in control birds and in birds
by one- or two-way analyses of variance (ANOVA) fol-  treated with EB in egg, and that EB decreased the
lowed, when appropriate, by the Fisher protected least sig- gland size in both males and females [Fig. 1(B)].
nificant difference (PLSD) test to compare individual The same model of analysis also indicated that the
means. Percentages of birds showing a given behavior werey, 4, \yeight measured at the end of the experiment
analyzed by nonparametric statistics (chi-square and Fish- . . . .
er's exact probability test). Effects were considered signif- was larger in females than in malég{, 24)__ 4.552;
icant atp = .05. Probabilities reported are two-tailed. p = .0433] and affected by the embryonic treatments

[F(12, 24) = 3.458;p = .0479], but there was no

interaction between these two variables(d, 24

= 1.592;p = .2243]. Two of the post hoc Fisher
RESULTS PLSD tests only indicated significant differences be-
tween groups: they concerned the comparison of
males treated with EB with control males and females
A total of 115 subjects were submitted to the tests treated with EB [males EB: 21} 6 g (mean* stan-
assessing the sexual differentiation of male copulatory dard error [S.E.]); other groups had mean weight
behavior. In general, the sexual behavior of these ranging between 238 and 262 with an S.E. between 6
experimental subjects confirmed the results of previ- and 20 g].
ous studies by our as well as other laboratories (e.g., The total frequencies of MA and CCM observed in
Adkins, 1979; Adkins-Regan, 1983; Schumacher et the six subgroups of five subjects during the three
al., 1989; Aste et al., 1991; Balthazart et al., 1992a). behavioral tests are shown in Figure 1(C,D). These
Most control males were sexually active (21 of 24 behavioral frequencies were significantly affected by
showed CCM at least once) [Fig. 1(A)], while control the sex of the birds [MA:F(1, 24) = 18.597;p
females did not show this behavior (0 of 11). All = .0002; CCM:F(1, 24)= 12.896;p = .0015] and by
subjects that had been treated with estrogens in thethe experimental treatments [MA&(2, 24) = 38.369;
egg (10 males and 20 females) were sexually inactive p < .0001; CCM:F(2, 24) = 23.062;p < .0001], but
(CCM not observed) despite the fact that they were there was also a very significant interaction between
exposed in adulthood to behaviorally effective doses these two factors [MAF(2, 24)= 10.403;p = .0006;
of T. Finally, most females treated in egg with the CCM: F(2, 24) = 7.888;p = .0023]. Fisher PLSD

Data Analysis

Morphology and Behavior
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Figure 1 Effects of embryonic treatments with estradiol benzoate (EB) 85on day 9 of
incubation) or with the aromatase inhibitor R76713 (R76, racemic vorozole™gl6n day 9 of
incubation) on the male typical copulatory behavior and cloacal gland area of male and female
Japanese quail. In adulthood, all subjects were gonadectomized and treated with a same amount of
exogenous testosterone. One group of control subjects treated only with solvents during embryonic
life is available for both sexes. (A) Percentage of birds in the six experimental groups who showed
cloacal contact movements at least once during the three 5-min behavior tests performed in
adulthood. The number of subjects that were tested in each group is indicated at the bottom of the
corresponding bar. (B) Mean cloacal gland area in the five subjects of each experimental group that
were selected for immunocytochemical analyses. (C,D) Mean frequency of mounts attempts (C) and
of cloacal contact movements (D) observed during the sum of three 5-min behavior tests in the five
subjects of each experimental group that were selected for immunocytochemical analyses. Data
were compared by chi-square tests (A) or two-way ANOVA (B-D), followed when appropriate by
Fisher’s exact probability tests (A) or Fisher's PLSD tests (B—D), whose results are indicated above
corresponding bars as indicated in the insept€* .05 compared to control birds of the same sex;

A p < .05 compared to males submitted to the same treatment).

tests identified the origins of these overall effects: EB Vasotocin Innervation

injections had markedly depressed sexual behavior in

males, while R76 injections strongly increased the In control males, VT-ir fibers were found to be dis-
behavior in females [see Fig. 1(C,D) for details of the tributed in the same brain areas as previously de-
post hoc comparisons of groupsx22). In summary, scribed (Viglietti-Panzica et al., 1992, 1994; Aste et
these embryonic treatments with estrogens or with an al., 1998; Panzica et al., 1997). In particular, a high
aromatase inhibitor had fully sex-reversed the behav- amount of positive fibers were located in brain nuclei
ioral phenotype of the males and females, respec-that were shown previously to receive a sexually
tively. dimorphic innervation such as the POM, BST, and
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Figure 2 Effects of embryonic treatments with estradiol benzoate (EB) or an aromatase inhibitor
(R76) on the vasotocin-immunoreactive structures of the medial preoptic nucleus (POM). Sections
obtained at similar rostro-caudal levels in the nucleus are shown for control males and females (C),
males and females injectén ovowith R76713 (R76), and males and females injeétedvo with

EB (B). The third ventricle is on the left side in each panel. Magnification=bd00 pwm.

SL. A few immunoreactive cells could also be de- repeated factor. This analysis indicated the presence
tected in the POM and BST. The present study fo- of very significant differences between groupgd,
cused exclusively on these brain areas. The injection 18) = 715.381;p = .0001] and an effect of the
of EB into the embryos markedly decreased the den- position in the nucleus(3, 54)= 3.636;p = .0184]
sity of the immunoreactive structures in all areas but no interaction between groups and positiB(ilp,
considered, and conversely, the injection of R76 into 54 = 1.193; p = .33052. The four values of the
female embryos led to the appearance of significant fractional area observed in each subject were there-
numbers of positive structures in areas that were de- fore averaged and then analyzed by two-way ANOVA
void of them in control females (Figs. 2—4). with the sex (two levels) and treatments (three levels)
These qualitative observations were confirmed by of the birds as two independent factors. This revealed
the quantitative analyses. The fractional area coveredthe existence of significant differences related to the
by VT-ir structures measured in the POM at four sex of the subjectsH(1, 23) = 20.874;p < .0001],
successive rostro-caudal levels were first analyzed by their treatment (2, 23) = 22.988;p < .0001], and
a two-way ANOVA with the six experimental groups the interaction between the two factor(2, 23)
as one independent factor and the four levels as a= 10.126;p = .0207) (Fig. 5, top). The area covered
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Figure 3 Effects of embryonic treatments with estradiol benzoate (EB) or an aromatase inhibitor
(R76713) on the vasotocin-immunoreactive structures of the bed nucleus of the stria terminalis
(BST). Sections obtained at similar rostro-caudal levels in the nucleus are shown for control males
and females (C), males and females injedtea@vo with R76713 (R76), and males and females
injectedin ovowith EB. The third ventricle is on the left side in each panel. Magnification=b&00

m.

by VT-ir structures in the POM was different in sex- or treatment-related differences in these nuclei
control males and females despite the fact that all (Fig. 6 shows this absence of change in the supraoptic
birds were treated in adulthood with testosterone, and region). Therefore, no detailed quantitative analysis
it was decreased by the EB treatment in males (Fish- was carried out on these cell groups.
er's PLSD testsp < .05). In both sexes, the fractional
area values were also significantly larger in birds
treated with R76 in egg than in birds treated with EB. DISCUSSION
These fractional area values in R76-treated females
were also significantly much higher than in control The present experiment confirmed that the presence or
females, as can be easily observed in Figure 2. absence of embryonic estrogens is a necessary and
Nearly identical effects were observed on the sufficient endocrine stimulus to fully sex-reverse cop-
VT-ir structures of the BST that were affected by the ulatory behavior (and to a large extent cloacal gland
sex [F(1, 22)= 27.700;p < .0001] and treatment of  growth) in Japanese quail (see Balthazart et al.,
the subjectsH(2, 22 = 52.579;p < .0001] as wellas  1996a, for a previous description and discussion of
by the interaction between the two factofZ, 22 these effects). It also showed that the sex difference in
= 15.030;p < .0001]. The post hoc Fisher's PLSD vasotocin innervation of the POM/BST/SL (lighter in
tests identified the same differences between pairs of females than in males) does not only result from a
groups (Fig. 5, middle). Identical overall effects were lack of activation by T in females, suggesting that the
also seen in the septum [sex effdetl, 23) = 34.464; difference is organizational in nature. This conclusion
p < .0001; treatment effect=(2, 23) = 61.261;p was then confirmed by demonstrating that male em-
< .0001; interactionF(2, 23) = 15.242;p < .0001], bryos treated with EB on day 9 of incubation have a
but in this case, a significant difference was also female phenotype as far as the VT immunoreactivity
present in the percentage of area covered by VT-ir in these nuclei is concerned, while treatment of fe-
fibers in males and females that had been treated inmale embryos with the aromatase inhibitor R76713
egg with R76 (Fig 5, bottom). produces adult subjects that have a vasotocinergic
In agreement with our previous work focusing on innervation very similar to that seen in males.
sex differences, qualitative observation of the magno-  The effects of steroids on the VT-ir structures
cellular VT-ir cell bodies in the supraoptic and in the appear to be anatomically specific in that no major
paraventricular nuclei did not suggest the presence of qualitative changes were observed here between the
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Figure 4 Effects of embryonic treatments with estradiol benzoate (EB) or an aromatase inhibitor
(R76713) on the vasotocinergic innervation of the lateral septum. Sections obtained at similar
rostro-caudal levels in the nucleus are shown for control males and females (C), males and females
injectedin ovowith R76713 (R76), and males and females injeétedvo with EB. The asterisk
indicates the lateral ventricle in each panel. Magnification=bak00 pum.

six experimental groups in the immunostaining of the birds of both sexes are placed in the same endocrine
VT-ir neurons in the supraoptic and paraventricular condition (i.e., treated with a same dose of T) (Vigli-
nuclei. This further extends previous findings of our etti-Panzica et al., 1992). We now demonstrate that
laboratory showing that the changes in VT-ir struc- this conclusion can be extended to the POM and BST,
tures associated with sex or endocrine differences and therefore, that presumably the sex difference af-
concern mostly the brain areas innervated by thin fecting all these VT-ir structures is organizational in
fibers that are presumably not originating in the mag- nature. The corresponding neural network should
nocellular systems (Viglietti-Panzica et al., 1994; therefore be substantially different in males and in
Panzica et al., 1997). females, and it could be speculated that these sex
Previous experiments had shown that the POM and differences come about through the effects of embry-
BST of quail contain a sexually differentiated VT-ir onic hormones. Because VT-ir structures have been
system, but the endocrine control of this sex differ- found to be anatomically associated to the areas that
ence had not been investigated (Viglietti-Panzica et control copulatory behavior, and because behavioral
al., 1994). It was known that in another brain area, the experiments have shown that VT actually participates
lateral septum, the sex difference is still present if to the control of male copulatory behavior, it was
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the preoptic aromatase in male quail is also affected

) POM B cC by steroid treatments. The enzyme activity, number,
010 4 £ R706 and size of aromatase-immunoreactive cells and
0.08 4 EB amount of aromata;e mRNA in the ROM are de-

- creased after castration and restored to intact levels by
0.06

treatment with exogenous T (Schumacher and Baltha-
zart, 1986; Foidart et al., 1994; Aste et al., 1994,

1998; Balthazart et al., 1996b; Harada et al., 1992).
The preoptic aromatase also appears to be sexually

0.04 1

0.02 4

0 . differentiated (Schumacher and Balthazart, 1986), but
| BST the ontogeny of this sex difference is not clearly
0.10 linked to embryonic effects of estrogens as demon-
0.08 strated here for VT. In particular, we failed to identify

clear-cut effects of embryonic treatments with EB or

R76713 on the number of aromatase-immunoreactive
cells visualized in the adjacent sections collected in
this study and that were used to locate the cytoarchi-
tectonic boundaries of the POM and BST (Balthazart
et al., 1996a). Therefore, to date, the VT-ir system of
the POM/BST/SL represents the neurochemical sys-
tem of the quail brain that is the most sensitive to

early effects of estrogens. It is also the only neuro-
chemical system that is affected by steroids both
during ontogeny and in adulthood in parallel with the

behavioral phenotype.

A similar interaction between early and adult hor-
mones was identified in the control of the vasopressin
(VP) system in rats (de Vries and Al-Shamma, 1990;
de Vries et al., 1992, 1994a,b). There are, however,
major differences in the anatomical organization of
the VT/VP systems and differences in the endocrine
Figure 5 Effects of embryonic treatments with estradiol control of sexual differentiation between rodents and
benzoate (EB) (23.g on day 9 of incubation) or with the galliforms. Most studies on rats have focused on the
aromatase inhibitor R76713 (R76, racemic vorozole™: 10 innervation of the lateral septum by VP and on the
ng on day 9 of incubation) on the fractional area of the population of vasopressin-immunoreactive (VP-ir)
medial preoptic nucleus (POM), bed nucleus of the stria neurons in the BST and medial amygdala. These
terminalis (BST), and lateral septum (SL) covered by vaso- \/pP-jr structures are in general more developed in
tocin-immunoreactive structure_s. Data were compared by males than in females, and treatment of adult females
two-way ANOVA followed by Fisher's PLSD tests whose ity exogenous T usually fails to suppress these sex
_result§ are indicated above correspondlng_ bars as |nd|cateddifferences (some increase in VP-ir innervation of the
in the insert (p < .05 compared to control birds of the same . . .
sex:Ap < .05 compared to males submitted to the same septum is observed in T-treated female_s, but it never
treatment). reaches a male-typical level) _(de Vries and Al-

Shamma, 1990). These sex differences have been

shown to result, at least in part, from the early post-
decided to test whether the specific treatments that natal organizational effects of T in males (Wang et al.,
differentiate this behavior (presence or absence of 1993). Castration of male newborns before day 7

0.06

(Mean + SE)

0.04 1

0.02

Fractional Area Covered by VT-ir fibers

Males Females
* =P<0.05 vs Control same sex
A =P<0.05 vs Male same treatment

estrogens before day 12 of egg incubation) also dif-
ferentiate the VT-ir systems; a fully positive answer
was obtained to this question.

The phenotype of the VT-ir system in the adult
quail brain therefore results from the interaction of

significantly decreases the number of VP-ir neurons in
the BST and medial amygdala and depresses the VP-ir
innervation of the septum, even if these males are
treated with exogenous T in adulthood. Conversely,
the treatment with T of neonatal females (7 days

embryonic estrogens that impose a female-typical in- postpartum) increases the density of VP-ir fibers in
nervation with adult androgens that activate the sys- the septum, but this treatment fails to increase the
tem provided the embryo has not been exposed to number of immunoreactive neurons in the BST and
high levels of estrogens. We showed previously that medial amygdala, presumably because the treatment
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Figure 6 Effects of embryonic treatments with estradiol benzoate (EB) or an aromatase inhibitor
(R76713) on the magnocellular vasotocinergic system in the surpraoptic region. Sections obtained
at similar rostro-caudal levels in the area are shown for control males and females (C), males and
females injectedn ovo with R76713 (R76), and males and females injedtedvo with EB. No
obvious difference in the density of immunoreactive cells or fibers can be detected. Magnification
bar = 200 um.

was applied too late when the differentiation of the the lateral septum is thus thought to derive from the
neuronal cells is well under way. BST and medial amygdala cell groups (de Vries et al.,
Therefore, the endocrine signal that differentiates 1985), and these cell populations are more numerous
reproductive behavior also differentiates, in parallel, in males thanin females (de Vries et al., 1994a, 1995).
parts of the VT/VP-ir systems in both quail and rats. In contrast, we have shown in quail that the POM is
There are, however, substantial species differences incharacterized by a sexually dimorphic VT-ir innerva-
the anatomical organization of these structures that tion, but its origin is still impossible to specify. In
could have important consequences for the control of quail, no VT-ir neurons and no neurons expressing the
behavior. In rats, the VP-ir innervation of the medial VT mRNA have been detected in the archistriatum
preoptic area has not yet been shown to be sexuallyand, in particular, in the nucleus taeniae that are
differentiated, and it is supposed to originate exclu- thought to be the homolog structures to the mamma-
sively in the suprachiasmatic nucleus with no contri- lian amygdala (Zeier and Karten, 1971; Thompson et
bution of the BST and medial amygdala (de Vries et al., 1998). It can therefore be hypothesized that the
al., 1985). The highly dimorphic VP-ir innervation of innervation by VT of the sexually dimorphic POM
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originates in the BST where a large population of centrally mediated and can be dissociated from the
VT-ir and VT gene-expressing cells is located (Aste et general stress reaction induced by systemic injections
al., 1998). This notion is supported by the presence of of the peptide. Finally, it was shown that blockade of
sparse connections between these nuclei (Balthazart ethe V1 receptors by a powerful V1 antagonist leads to
al., 1994, Balthazart and Absil, 1997), but the formal a significant stimulation of all these behavioral re-
proof of this anatomical connection should be ob- sponses, indicating that endogenous VT is likely to
tained by retrograde tracing combined with VT immu- exert tonic inhibitory effects on these behaviors (Cas-
nocytochemistry. Alternatively, recent studies using op- tagna et al., 1998).
timized immunocytochemical conditions revealed the It is obviously difficult to make direct comparisons
presence of a sparse population of small VT-ir neurons between these different studies because they were
within the caudal part of the POM (Aste et al., 1998). carried out in different species under very different
Therefore, these neurons could also participate in the experimental conditions (different seasons, endocrine
VT-ir innervation of the nucleus. conditions, etc.), they concerned different aspects of
In both quail and in a number of mammalian reproductive behavior that are not necessarily homol-
species, the anatomical localization of VT/VP-ir sys- ogous, and the anatomical organization of the VT/VP
tems and their modulation by steroids both in adult- system appears to be species specific to some extent.
hood and during development therefore suggest that The identification of inhibitory effects of VT on sex-
this peptide may be intimately related to the control of ual behavior in male quail was, however, somewhat
various aspects of reproductive behavior and to its unexpected because previous anatomical studies and
sexual dimorphism. A number of studies on a variety the experiment described here invariably demonstrate
of vertebrate species have indeed demonstrated thathat VT-immunoreactive fibers in the POM, BST, and
VP or VT has a diversity of actions on behaviors SL are denser in physiological conditions where male
ranging from the spawning reflex in some species of copulatory behavior is expressed (males versus fe-
fishes to the mating call of amphibians and the flank- males, T-treated males versus castrates, females in-
marking response in mammals (de Wied et al., 1988; jected with R76713 in the egg versus control female)
Moore, 1992). Many of these studies suggest that VT (Viglietti-Panzica et al., 1992, 1994; Panzica et al.,
or VP increases the occurrence frequency of the be- 1996a; Aste et al., 1997). Based on these anatomical/
haviors, but some inhibitory effects have also been physiological data and on previous literature on the
demonstrated (e.g., inhibition of lordosis in female effects of VT/VP on behavior in other species, we
rat, of the release call iRana pipiensof spontaneous  therefore hypothesized that the increase in VT pro-
locomotion in Rana catesbiangStdersten et al.,  duction is part of a cascade of biochemical events

1983; Diakow, 1978; see Moore, 1992, for review).
However, to our knowledge, no study has identified
specific effects of VP in mammals on the expression
of male copulatory behavior.

Unfortunately, little experimental work has been
carried out in birds. One early study showed that the
injection of VT in intact sexually mature pigeons or

triggered by T in the brain that results in the activation

of male sexual behavior. The behavioral studies in
quail apparently make this interpretation impossible.
It is unlikely that increases in the density of VT-ir

fibers after T treatment (or in males compared to
females or in females treated with R76713 compared
to controls) reflects a blockade of the peptide release

cocks produces a short-term increase in the frequencyresulting in its accumulation in fibers and terminals,

of copulatory acts (Kihlstnm and Danninge, 1972);
more recently, it was shown that VT injections stim-
ulate singing in female white-crowned sparrows,
Zonotrichia leucophrys gambel(iManey et al., 1997).
Other studies in a variety of songbird species have,

because in mammals and in a limited set of studies
available in quail and chicken, it has been shown that
the changes in VT/VP immunoreactivity are paral-
leled by changes in the concentration of the VT/VP
mMRNA (G. C. Panzica, M. Pessati, J. Balthazart, and

however, shown that the injection of exogenous VT R. Grossmann, unpublished results), suggesting alter-
can either decrease or increase song production, butations of the synthesis rate (see Castagna et al., 1998,
that the direction of the observed effect may depend for further discussions).

on the species considered or the season when subjects We therefore suggest that the apparent contradic-
are studied (Goodson et al.,, 1996; Goodson, 1998; tion between anatomical and behavioral data indicates
Voorhuis et al., 1991). One detailed set of studies that the increase in VT immunoreactivity should not
recently came to the conclusion that in male quail, VT be considered one of the central consequences of the
exerts a powerful inhibitory effect on both appetitive T action that leads to the activation of male sexual
and consummatory components of male sexual behav-behavior, but rather the development of a mechanism
ior as well as on the crowing vocalization. These that is implicated in the maintenance of behavioral
studies also demonstrated that the effect of VT is homeostasis. When the male sexual behavior is acti-



696 Panzica et al.

vated (e.g., by high levels of circulating T and by the These data therefore add to the multidimensional ar-

embryonic treatment with R76713 of females), a neg- ray of correlations that link VT/VP to the control of

ative control mechanism may need to be established reproductive behavior. However, at present it is im-

to organize the distribution of behavioral occurrences possible to ascertain the specific role played by the

on a short-term basis. This mechanism is obviously peptide in the control of the behavioral sex dimor-

not needed in castrates or females that are behavior-phism.

ally inactive. A steroid-sensitive peptidergic innerva-
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brain areas (POM, BST, septum, etc.) where VT ex- REFERENCES

erts its behavioral effects and their specific nature.

Alternatively, one should also leave open the pos- Apkins, E. K. (1975). Hormonal basis of sexual differenti-
sibility that the changes in VT innervation described  ation in the Japanese quaill. Comp. Physiol. Psychol.
here are not the cause but rather the consequence of 89.61-71.
the differences in behavior that were induced by the Abkins, E. K. (1979). Effect of embryonic treatment with
embryonic manipulations. Because behavior tests estrf’:\diol_or testosterone on sexual differentiation of the
were, by necessity, carried out before birds were duail brain.Neuroendocrinolog9.178-185.
killed and processed through the immunocytochemi- Abkins, E. K., and ALer, N. T. (1972). Hormonal control

. . . . of behavior in the Japanese quail. Comp. Physiol.
cal studies, one could in theory imagine that the fact Psychol 81:27—36.

of performing copulatory behavior enhances VT im- Abkins-RecaNn, E. (1983). Sex steroids and the differentia-

munostaining. The higher density of innervation seen  {jon and activation of avian reproductive behaviour. In
in Control maleS and in birdS Of bOth sexes treated Hormones and Behaviour in H|gher VertebratdsBal-
with R76713 would then simply be a consequence of  thazart and R. Gilles, Eds. Springer-Verlag, Berlin, pp.
the behavior (e.g., behavior increases synthesis or 219-228.
depletes the neurotransmitters stores and causes activérnoLp, A. P. (1996). Genetically triggered sexual differ-
resynthesis). However, the perfusion of birds was entiation of brain and behavioHorm. Behav.30:495—
performed 4—6 days after the end of the behavior 505 _ _
tests, which makes this idea relatively unlikely. This ARNOLD, A. P. (1997a). Experimental analysis of sexual
scenario would require fairly long-lasting neurochem- jfgg%n_tgg'?on of the zebra finch braiirain Res. Bull
ical effects of _the b(_ehaworal perfqrmance that may ARrNoLD, A. P. (1997b). Sexual differentiation of the zebra
not be compatlble with the dynamic nature OT apos-  finch song system: positive evidence, negative evidence,
tulated environmental control of neurochemistry. It | hypotheses, and a paradigm shift.Neurobiol.33:
must be reminded, however, that after castration of g572_534.
rats, VP immunoreactivity disappears only gradually ArnoLp, A. P., and Grski, R. A. (1984). Gonadal steroid
over a period of 2—3 months in the projections of the  induction of structural sex differences in the central ner-
BST and medial amygdala (De Vries et al., 1984).  vous systemAnnu. Rev. Neurosci:413-442.
Therefore, the possibility of relatively slow changes ASTE N., BALTHAZART, J., AsiL, P., GRossMANN R., MULH-
that would be driven by behavior should not be dis- ~ BAUER, E., VieLETTI-Panzica, C., and Rnzica, G. C.
missed in the absence of additional data. (1998). Anatomical and neurochemical definition of the

In conclusion, the data collected in the present Nucleus of the stria terminalis in Japanese qu@dtemix

. . japonicg. J. Comp. Neurol396.141-157.

study demonstrate that embryonic treatment with es-

ith inhibi ind full AsTE, N., Panzica, G. C., AMAR, P., VicLIETTI-PANzICA, C.,
trogens or with an aromatase nhibitor induces a fu Harapa, N., FODART, A., and BALTHAZART, J. (1994).

sex reversal of the behavioral phenotype in male and  \orphometric studies demonstrate that aromatase-immu-
female quail, respectively, that is closely paralleled by noreactive cells are the main target of androgens and
a complete sex reversal of the distribution of vasoto-  estrogens in the quail medial preoptic nucletsn Brain
cinergic structures of the POM, BST, and septum. Res 101241-252.



Organizational Sex Differences in Vasotocin 697

AsTE, N., Panzica, G. C., MGLIETTI-Panzica, C., and BL- hormonal induction of reproductive behavior? What 25
THAZART, J. (1991). Effects of in ovo estradiol benzoate years of research on the Japanese quail telldHaosm.
treatments on sexual behavior and size of neurons in the Behav.30:627—-661.
sexually dimorphic medial preoptic nucleus of Japanese BaLTHAzART, J., TLEmcANI, O., and HRrapa, N. (1996b).
quail. Brain Res. Bull.27:713-720. Localization of testosterone-sensitive and sexually di-

AsTE, N., Panzica, G. C., McLIETTI-Panzica, C., HarRADA, morphic aromatase-immunoreactive cells in the quail pre-
N., and B\LTHAZART, J. (1998). Distribution and effects of optic areaJ. Chem. Neuroanatl1:147-171.
testosterone on aromatase mRNA in the quail forebrain: a BavLg, J. D., RmapEe, F., and Qiver, J. (1974). Stereotaxic

non-radioactive in situ hybridization study.Chem. Neu- topography of the brain of the quail. Physiol. Paris
roanat. 14:103-115. 68:219-241.
AsTE, N., VIGLIETTI-PaNzica, C., BaLTHAZART, J., and BN- BreaziLE, J. E., and Kenzer, W. J. (1993). Systema ner-

zicA, G. C. (1997). Testosterone modulation of peptider- ~ vosum centrale. InHandbook of Avian Anatomy: No-
gic pathways in the septo-preoptic region of male Japa- mina Anatomicum Aviund. J. Baumel, A. S. King, J. E.

nese quailPoultry Avian Biol. Rev8:77-93. Breazile, H. E. Evans, and J. C. Vanden berge, Eds.
BaLL, G. F., TLemcani, O., and BLTHAZART, J. (1997). Nuttall Ornithological Club, Cambridge, MA, pp. 493—

Induction of the Zenk protein after sexual interactions in 554.

male Japanese qualleuroreport8:2965-2970. CASTAGNA, C., ABsiL, P., FoiparT, A., and BiLTHAZART, J.
BALTHAZART, J., and AsiL, P. (1997). Identification of cat- (1998). Systemic and intracerebroventricular injections

echolaminergic inputs to and outputs from aromatase- of vasotocin inhibit appetitive and consummatory com-
containing brain areas of the Japanese quail by tract ponents of male sexual behavior in Japanese qBai.

tracing combined with tyrosine hydroxylase immunocy- hav. Neuroscil112233-250.
tochemistry.J. Comp. Neurol382401—-428. De CosTterR R., Wouters W., Bowpen, C. R., VANDEN
BALTHAZART, J., ABSIL, P., GERARD, M., APPELTANTS D., and BosscHE H., BrRuynseeLs J., Tuman, R. W., VAN

BaLL, G. F. (1998). Appetitive and consummatory male GINCKEL, R., Svoeck, E., VaN Peer, A., and JNSSEN
sexual behavior in Japanese quail are differentially reg-  P. A. J. (1990). New non-steroidal aromatase inhibitors:
ulated by sub-regions of the preoptic medial nucleus. focus on R76713J. Steroid Biochem37:335-341.

J. Neurosci18.:6512—-6527. DEe VRIEs, G. J. (1995). Studying neurotransmitter systems
BALTHAZART, J., and BLL, G. F. (1995). Sexual differenti- to understand the development and function of sex dif-

ation of brain and behavior in bird3rends Endocrinol. ferences in the brain: the case of vasopressinNkeuro-

Metab.6:21-29. biological Effects of Sex Steroid HormoneB. E.
BALTHAZART, J., ABSIL, P., VicLIETTI-PAaNzICA, C., and RN- Micevych and R. P. Hammer, Jr., Eds. Cambridge Uni-

zica, G. C. (1997). Vasotocinergic innervation of areas versity Press, Cambridge, pp. 254-278.

containing aromatase-immunoreactive cells in the quail De VRiEs, G. J., and A-SHamma, H. A. (1990). Sex differ-

forebrain.J. Neurobiol.33:45—-60. ences in hormonal responses of vasopressin pathways in
BALTHAZART, J., DE CLERCK, A., and FoIDART, A. (1992a). the rat brain.J. Neurobiol.21:686 —-693.

Behavioral demasculinization of female quail is induced De VRIES, G. J., A-SHammA, H. A, and Ziou, L. (1994a).

by estrogens: studies with the new aromatase inhibitor, ~The sexually dimorphic vasopressin innervation of the

R76713.Horm. Behav26:179-203. brain as a model for steroid modulation of neuropeptide
BALTHAZART, J., DeELviLLE, Y., SuLoNn, J., and HNDRICK, transmissionAnn. NY Acad. Scir4395-120.

J. C. (1986). Plasma levels of luteinizing hormone and of De VRies, G. J., Bius, R. M., and SuITer, A. A. (1984).

five steroids in photostimulated, castrated and testoster- Gonadal hormone actions on the morphology of the va-

one-treated male and female Japanese q@okurnix sopressinergic innervation of the adult rat braimain
japonicg. Gen. Endocrinol. Life Sci. Ad%:31-36. Res.298141-145.

BALTHAZART, J., DuPiEREUX, V., ASTE N., VIGLIETTI-PAN- DE VREES, G. J., Biss, R. M., VAN LEUWEEN, F. W., CaFFE,
zicA, C., BARRESE M., and Rnzica, G. C. (1994). Affer- A. R., and Svaas, D. F. (1985). The vasopressinergic

ent and efferent connections of the sexually dimorphic  innervation of the brain in normal and castrated rats.

medial preoptic nucleus of the male quail revealed by in ~ J. Comp. Neurol233236—-254.

vitro transport of Dil.Cell Tissue Re276455—-475. DEe VRIES, G. J., RensHAW, B. J., and Al AL-SHAMMA, H.
BALTHAZART, J., SHUMACHER, M., and OTINGER, M. A. (1992). Gonadal steroid modulation of vasopressin path-

(1983). Sexual differences in the Japanese quail: behav- ways.Ann. NY Acad. Scb652387—-396.

ior, morphology and intracellular metabolism of testos- Dt VRIEs, G. J., WANG, Z., BuLLock, N. A., and Numan, S.

terone.Gen. Comp. Endocrinob1:191-207. (1994b). Sex differences in the effects of testosterone and
BALTHAZART, J., and 8rLemonT, C. (1990). Copulatory its metabolites on vasopressin messenger RNA levels in

behavior is controlled by the sexually dimorphic nucleus the bed nucleus of the stria terminalis of ratsNeurosci.

of the quail POABrain Res. Bull.25:7-14. 14:1789-1794.

BALTHAZART, J., SIRLEMONT, C., and HRrApA, N. (1992b). De Wiep, D., beLs, M., BursacH, J. P. H., I Jong, W., DE
Aromatase as a cellular marker of testosterone action in  KLoeT, E. R., Gsrrori, H. D., Urean, . J. A., VAN REE,
the preoptic areaPhysiol. Behav51:395-4009. J. M., VaN VIMERSMA GREIDANUS, T. J. B., \ELDHUIS,
BALTHAZART, J., TLEMGANI, O., and BwL, G. F. (1996a). Do H. D., VErsTEEG D. H. G., and W\EGganT, V. M. (1988).
sex differences in the brain explain sex differences inthe  Vasopressin effects on the central nervous system. In:



698 Panzica et al.

Peptide Hormones: Effects and Mechanisms of Ac#on.
Negro-Vilar and P. M. Conn, Eds. CRC Press, Boca
Raton, FL, pp. 97-140.

Diakow, C. (1978). Hormonal basis of breeding behavior in
female frogs: vasotocin inhibits the release calRaha
pipiens Sciencel991456-1457.

FoipART, A., DE CLERCK, A., HARADA, N., and B\LTHAZART,

J. (1994). Aromatase-immunoreactive cells in the quail
brain: effects of testosterone and sex dimorphism.
Physiol. Behav55:453—464.

Gieson, W. R., FoLLeTT, B. K., and GEpHiLL, B. (1975).
Plasma levels of luteinizing hormone in gonadectomized
Japanese quail exposed to short or to long daylengths.
Endocrinol.64:87-101.

Goobson J. L. (1998). Avian social organization and the
behavioral functions of the septum and septal neuropep-
tides. Doctoral dissertation, Cornell University, Ithaca,
NY.

GoobsoN J. L., &Reenwoon V. R., and AkiNs-RecaN, E.
(1996). The central control of courtship and aggression in
male zebra finchesT@eniopygia guttaty effect of vaso-
tocin infusions.Soc. Neurosci. Abst22:2068.

Goy, R. W., and MEweN, B. S. (1980).Sexual Differenti-
ation of the Brain MIT Press, Cambridge, MA.

Gray, D. G., and 8/on, E. (1983). Mammalian and avian

antidiuretic hormone: studies related to possible species

variation in osmoregulatory systends.Comp. Physiol. A
151:241-246.

HaraDA, N., YAMADA, K., FOIDART, A., and BALTHAZART, J.
(1992). Regulation of aromatase cytochrome P-450 (es-
trogen synthetase) transcripts in the quail brain by testos-
terone.Mol. Brain Res.15:19-26.

HutcHison, R. E. (1978). Hormonal differentiation of sex-
ual behavior in Japanese quaiorm. Behav.11:363—
387.

KawaTa, M., Yurl, K., and MorivoTo, M. (1994). Steroid

hormone effects on gene expression, neuronal structure,

and differentiationHorm. Behav28:477—-482.

KiHLsTROM, J. E., and BNNINGE, |. (1972). Neurohypoph-
ysial hormones and sexual behavior in males of the
domestic fowl (allus domesticud..) and the pigeon
(Columbia liviaGmel).Gen. Comp. Endocrinoll8:115—
120.

Kuenzer, W. J., and Msson M. (1988). A Stereotaxic
Atlas of the Brain of the ChickJallus domesticysJohns
Hopkins University Press, Baltimore.

Kuenzet, W. J., and MANTIENHOVEN, A. (1982). Nomencla-
ture and location of avian hypothalamic nuclei and asso-
ciated circumventricular organd. Comp. Neurol206
293-313.

MaNEY, D. L., Goopg, C. T., and WNGFIELD, J. C. (1997).
Intraventricular infusion of arginine vasotocin induces
singing in a female songbird. Neuroendocrinol9:487—
491.

MepbpLE, S. L., KinG, V. M., FoLLeTT, B. K., WINGFIELD,

J. C., RMENOFsKY, M., FOIDART, A., and BALTHAZART, J.
(1997). Copulation activates Fos-like immunoreactivity
in the male quail forebrainBehav. Brain Res85:143—
159.

Moorg, F. L. (1992). Evolutionary precedents for behav-

ioral actions of oxytocin and vasopresshnn. NY Acad.
Sci.652156-165.

Panzica, G. C., Astg, N., CasTAGNA, C., BALTHAZART, J.,
and McLEETTI-PANnzICA, C. (1997). Sexual dimorphism,
steroid-induced plasticity and behavioral significance of
the vasotocinergic innervation of the avian brain. In:
Neuroendocrinology: Retrospect and Prospedt. W.
Korf and K. H. Usadel, Eds. Springer, Heidelberg, pp.
127-150.

Panzica, G. C., Astg, N., VicLIETTI-Panzica, C., and Q-
TINGER, M. A. (1995). Structural sex differences in the
brain: Influence of gonadal steroids and behavioral cor-
relates.J. Endocrinol. Invest18:232—-252.

Panzica, G. C., Grcia-OJepa, E., VIGLIETTI-Panzica, C.,
THompsoN N. E., and QTINGER, M. A. (1996a). Testos-
terone effects on vasotocinergic innervation of sexually
dimorphic medial preoptic nucleus and lateral septum
during aging in male quaiBrain Res.712190-198.

Panzica, G. C., MceLETTI-Panzica, C., and BLTHAZART, J.
(1996b). The sexually dimorphic medial preoptic nucleus of
quail: a key brain area mediating steroid action on male
sexual behavior=ront. Neuroendocrinol17:51-125.

Panzica, G. C., MGLIETTI-PANzICA, C., SANCHEZ, F., SANTE,

P., and BLTHAZART, J. (1991). Effects of testosterone on
a selected neuronal population within the preoptic sexu-
ally dimorphic nucleus of the Japanese quailComp.
Neurol. 303443-456.

Proenix, C. H., Goy, R. W., GerALL, A. A., and YOung,

W. C. (1959). Organizational action of prenatally admin-
istered testosterone propionate on the tissues mediating
behavior in the female guinea pigndocrinology65:
369-382.

SacHs, B. D. (1967). Photoperiodic control of the cloacal
gland of the Japanese quaficiencel57:201-203.

SCHLINGER, B. A. (1998). Sexual differentiation of avian
brain and behavior: current views on gonadal hormone-
dependent and independent mechanisiBnu. Rev.
Physiol.60:407—429.

SCHUMACHER, M., and BALTHAZART, J. (1984). The postnatal
demasculinization of sexual behavior in the Japanese
quail. Horm. Behav18:298-312.

SCHUMACHER, M., and BALTHAZART, J. (1986). Testosterone-
induced brain aromatase is sexually dimorpHirain
Res.370285-293.

SCHUMACHER, M., HEeNnbrick, J. C., and BLTHAZART, J.
(1989). Sexual differentiation in quail: critical period and
hormonal specificityHorm. Behav23:130-149.

SCHUMACHER, M., SuLoNn, J., and BLTHAZART, J. (1988).
Changes in serum concentrations of steroids during em-
bryonic and post-hatching development of male and fe-
male Japanese qual§turnix coturnix japonica J. En-
docrinol. 118127-134.

SODERSTEN P., HEnNING, M., MELN, P., and loiN, S.
(1983). Vasopressin alters female sexual behaviour by
acting on the brain independently of alterations in blood
pressureNature 301:608—-610.

THompsoN R. R., Goobson J. L., Ruscio, M. G., and
AbkiNs-ReGaN, E. (1998). Role of the archistriatal nu-
cleus taeniae in the sexual behavior of male Japanese
quail (Coturnix japonicd: a comparison of function with



Organizational Sex Differences in Vasotocin 699

the medial nucleus of the amygdala in mamma&lsin VoorHuis, T. A. M., De KroeT, E. R., and B Wiep, D.
Behav. Evol51:215-229. (1991). Effect of a vasotocin analog on singing behavior
VIGLIETTI-PaNzica, C., ANSELMETTI, G. C., BALTHAZART, J., in the canaryHorm. Behav25:549-559.
AsTg, N., and Rnzica, G. C. (1992). Vasotocinergic WanNG, Z., BuLtock, N. A., and ¥ VRrEs, G. J. (1993).
innervation of the septal region in the Japanese quail:  Sexual differentiation of vasopressin projections of the
sexual differences and the influence of testosterGed. bed nucleus of the stria terminals and medial amygdaloid
Tissue Res267.261-265. nucleus in ratsEndocrinology1322299-2306.
VIGLIETTI-PANZICA, C., AsTE, N., BALTHAZART, J., and BnzicA, Wouters W., De CosTeR R., KrekeLs, M., Van Dun, J.,
G. C. (1994). Vasotocinergic innervation of sexually dimor- Beerens D., HaeLTERMAN, C., RaEYMAEKERS, A.,
phic medial preoptic nucleus of the male Japanese quail: FrRevng, E., VaN GELDER, J., VENET, M., and ANSSEN
influence of testosteronBrain Res657:171-184. P. A. J. (1989). R 76713, a new specific non-steroidal
ViGLIETTI-PANzICA, C., GARcIA-OJEDA, E., AsTE, N., Cas- aromatase inhibitord. Steroid Biocheni32:781-788.
TAGNA, C., and Rnzica, G. C. (1997). Sexual dimor- ZEIER, H., and KarTeN, H. J. (1971). The archistriatum of
phism of vasotocin system in the Japanese qu&ok. the pigeon: organization of afferent and efferent connec-

Neurosci. Abstr23:799. tions. Brain Res.31:313-326.



