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ABSTRACT

This review focuses on the neuroanatomical distribution of vasotocin (the antidiuretic hormone) in
the avian brain. This peptide is synthesized by a well described system of diencephalic
magnocellular neurons, but, in addition, more recent studies demonstrated the presence of
immunoreactive sexually dimorphic parvocellular groups or fibers in diencephalic and
extradiencephalic regions of different species, including the Japanese quail. The main cluster has
been detected in the male in a region considered as the avian homologue of the mammalian nucleus
of the stria terminalis (nST). These cells are not visible in the female and this dimorphism has been
confirmed also by in situ hybridization studies. Moreover, sexually dimorphic vasotocin-positive
fibers are present in regions involved in the control of different aspects of reproduction, i.e. the
nucleus preopticus medialis (copulatory behavior), the lateral septum (secretion of GnRH), and
the nucleus intercollicularis (vocalization control). In the male the vasotocin-immunoreactivity in
these regions is strictly testosterone-dependent: castration, or exposure to a short-day
photoperiod decrease VT-immunoreactivity to female levels. Administration of estradiol-benzoate
to embryos (a treatment that abolishes masculine sexual behavior) results in a dramatic decrease of
the VT-immunoreactivity in all these brain regions of male quail. Behavioral experiments
demonstrate that intracerebroventricular administration of vasotocin strongly inhibits male sexual
behavior. These data suggest that this peptide in birds is not only the antidiuretic hormone, but
also plays a central role in the control of diverse aspects of reproduction.

Key Words: Vasotocin, Japanese quail, Avian Brain, Nucleus of the Stria Terminalis,
Testosterone, Vasopressin, Male Sexual Behavior

Vasotocin (VT) is a non-mammalian neurohypophysial hormone (Acher et al. 1993) belonging
to a large family of structurally and functionally related neuropeptides that includes arginin
vasopressin (VP), oxytocin, mesotocin (MT), isotocin, and hydrins (Acher, 1993). VT and VP
were originally identified as neurohypophysial hormones produced by hypothalamic magnocellular
elements (Leng et al. 1992) and regulating hydromineral balance (Acher and Chauvet, 1995).
Because of the role played by these neuropeptides in osmoregulation, they were called by the
general name of antidiuretic hormone, ADH. However these two nonapeptides are also secreted at
the level of the median eminence and probably by a large amount of nerve terminals within several
brain regions to regulate respectively the adenohypophysis (Makara et al. 1996) and a variety of
brain functions and behaviors (Dantzer and Bluthé, 1993; Insel et al. 1993). In birds, the
physiological functions classically attributed to VT are the regulation of water and electrolytic
balance (see Simon Oppermann et al. 1988; Ramieri and Panzica, 1989 for reviews) and the control
of blood pressure (Szczepanska-Sadowska et al. 1985). Like VP (and oxytocin) in mammals, VT is
also involved in the control of several aspects of avian reproduction such as oviposition by causing
oviduct contractions (Rzasa and Ewy, 1982; Shimada et al. 1986; Koike et al. 1988; Rice et al.
1985), and activating male sexual behavior (Bernroider and Leutgeb, 1994; Goodson et al. 1996;
Kihlström and Danninge, 1972; Leutgeb, 1995), as well as vocalizations (Voorhuis et al. 1991).

Distribution of vasotocin in birds
a) The magnocellular system

The distribution of the magnocellular neurosecretory neurons in the avian hypothalamus had
been at first studied by means of histochemical techniques (Gomori reaction). These investigations
demonstrated a scattered pattern with local cluster-like aggregations of neurosecretory elements,
but considerable species differences were observed in the pattern and cell size of the
neurosecretory nuclei (for a review see: Oksche and Farner, 1974). Later the availability of
antibodies to VT and MT (the analogue of the mammalian oxytocin) and the development of ICC
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techniques allowed to localize both these nonapeptides and/or their respective carrier proteins
(neurophysins) in the hypothalamo-neurohypophysial system of several avian species (for full
review of the less recent literature see: Viglietti-Panzica and Panzica, 1991). In recent years, the
development, the anatomical localization  and the response to osmoregulation challenge of VT-gene
expressing neurons has been studied in the chicken and quail, by means of in situ hybrization (ISH)
techniques. These studies demonstrated an excellent correspondence between the distribution of
the VT-mRNA containing  elements and of the VT immunoreactive (VT-ir) neurons (Milewski et
al. 1989; Mühlbauer et al. 1993; Chaturvedi et al. 1994; Grossmann et al. 1995; Aste et al. 1996a;
Jurkevich et al. 1997). The more precise identification of this system obtained by means of these
new techniques suggested that the distribution of magnocellular neurosecretory elements follows a
similar scheme in the investigated species (including both oscine and non-oscine birds) and that this
distribution can be easily compared to the distribution observed of the hypothalamo-
neurohypophysial system in mammals (Sánchez et al. 1991).

As a rule it is very difficult to match immunocytochemically detectable peptidergic cell groups
and cerebral nuclei defined by classical methods of neuroanatomy such as the Nissl stain. This
explains why different terminologies have been used by different authors to describe the
anatomical distribution of peptidergic systems and this confusion could result in inaccurate
homologies with other vertebrates (for further discussion see: Fasolo et al. 1988; Viglietti-Panzica
and Panzica, 1991; Sánchez et al. 1991; Moore and Lowry, 1997). For this reason, Berk et al.
(1982) suggested a nomenclature for VT cell groups in the pigeon brain based exclusively on the
topographic position of VT-immunoreactive (VT-ir) cell clusters. This nomenclature was
subsequently used for the study of other avian species (Japanese quail, domestic mallard, domestic
fowl) and has been proposed as a general rule for non-oscine birds (Viglietti-Panzica, 1986) (see
Fig.1).

According to these studies three diencephalic regions contain VT-ir cells: the lateral preoptic
area and lateral hypothalamus (L1-L5 groups), the periventricular preoptic area and periventricular
hypothalamus (P1-P3 groups), and the dorsal diencephalon (DD1-DD2 groups). The L1 and L2
clusters are located close to the optic tract, lateral and medial respectively; the former is
intermingled with the lateral forebrain bundle. The L3 group lies dorsal to L2 and medial to L1;
these 3 groups correspond to the mammalian supraoptic nucleus (Sánchez et al. 1991). The
periventricular system extends in ventro-dorsal direction. The P2 and P3 groups roughly
correspond to the mammalian paraventricular nucleus (PVN) pars parvocellularis, whereas the L4
and DD2 group correspond to the magnocellular portion of the PVN (Sánchez et al. 1991). In
general, cells in the periventricular groups have a cell size slightly smaller than in the other groups
(Sánchez et al. 1991). The hypothalamo-neurohypyseal system of oscine birds is organized with a
similar distribution pattern (Goossens et al. 1977; Kiss et al. 1987; Voorhuis and De Kloet, 1992;
Deviche et al. 1996), even if no comparison has been performed yet with the VT-ir cell groups of
these species and those identified in the pigeon.
b) The parvocellular elements and fibers’ distribution

The combination of more sensitive ICC methods with newly developed ISH techniques, as
well as the analysis of the system in various physiological conditions contributed to the discovery
of a broader distribution of VT-ir cell bodies (smaller and less intensely labelled than the so called
magnocellular neurons) and fibers, that are not directly connected to the hypothalamo-
neurohypophysial system. VT-ir neurons were observed around the nucleus rotundus (RT) and in
the region between this nucleus and the lateral geniculate nucleus. Larger elements were also
identified in the lateral reticular formation. A small but distinct cluster was located dorso-laterally
to the RT near the isthmo-optic tract (Panzica et al. 1988; Aste et al. 1996a). A rather large group
of parvocellular VT-ir elements was identified in the avian nucleus of the stria terminalis (nST).
This group was at first identified in oscine birds ( Kiss et al. 1987; Voorhuis et al. 1988; Voorhuis
and De Kloet, 1992; Deviche et al. 1996), and later on also in galliforms (Aste et al. 1995, 1996a,
1996b, 1997a; Jurkevich et al. 1996, 1997).
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Fig. 1. Distribution of VT-ir structures in the limbic, hypothalamic, and rostral mesencephalic regions of the male Japanese quail. The drawings
correspond to six different levels taken from transverse sections through the rostro-caudal extent. The left side of the drawings shows the
disposition of nuclei in Nissl-stained sections. The schematic drawings on the right side show the distribution of VT-ir structures. Black dots
represent immunoreactive cell bodies, and small crosses indicate positive fibers. Letters indicate different VT-ir cell groups: L1-L4, lateral
hypothalamic groups; P1-P3, periventricular groups; DD1-DD2, dorsal diencephalic groups (Viglietti-Panzica, 1986). The density of symbols
indicates the relative differences in the number of cells or fibers not their actual numbers.
Ac , nucleus accumbens; AM , nucleus anterior medialis hypothalami; AVT, area ventralis of Tsai; Ce , cerebellum; CO, optic chiasma; CP,
commissura posterior; DLAl, nucleus dorsolateralis anterior, pars lateralis; DLAm, nucleus dorsolateralis anterior, pars medialis; E, ectostriatum;
EW, nucleus of Edinger and Westphal; FLM, fasciculus longitudinalis medialis; GCt, substantia grisea centralis; Glv, nucleus geniculatus
lateralis, pars ventralis; ICo, nucleus intercollicularis; IF, nucleus infundibularis; IP, nucleus interpeduncularis; LA, nucleus lateralis anterior
thalami; ME, median eminence; nBOR, nucleus of the optic basal root; nCPA, nucleus commissurae pallii; NIII, nervus oculomotorius; nST,
nucleus striae terminalis; OM, nucleus nervi oculomotori; PA, paleostriatum augmentatum; POA, nucleus preopticus anterior; POM, nucleus
preopticus medialis; PVN, nucleus paraventricularis; PVO, paraventricular organ; ROT, nucleus rotundus; SCNl nucleus suprachiasmaticus pars
lateralis (visual suprachiasmatic nucleus); SCNm, nucleus suprachiasmaticus, pars medialis; SL, nucleus septalis lateralis; SM, nucleus septalis
medialis; SN, substantia nigra; TeO, optic tectum; TSM, tractus septum-mesencephalicum; Tn, nucleus teniae; VLT, nucleus ventrolateralis
thalami; VMN , nucleus ventromedialis.
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VT-ir fibers were described in several brain regions in different species. However a complete
description is available only for a few species (e.g. canary: Kiss et al. 1987; zebra finch: Voorhuis,
De Kloet, 1992; Junco hyemalis: Deviche et al. 1996; quail: Viglietti-Panzica et al. 1997). In quail,
VT-ir fiber endings were observed in the telencephalon (lateral septum, nST), in the whole
diencephalon, in the mesencephalon [optic tectum, nucleus intercollicularis (ICo), substantia grisea
centralis, area ventralis of Tsai, and substantia nigra], in the pons (raphe nuclei, locus coeruleus,
and tegmentum), and in the medulla (nucleus of the solitary tract). Isolated VT-ir fibers were
observed in several other regions all over the brain. A similar distribution has been reported in the
canary and in the Junco hyemalis, in addition, in song birds a large supply of VT-ir fibers was
detected around the nucleus robustus archistriatalis (Kiss et al. 1987; Deviche et al. 1996). This
nucleus and the ICo (which is also labelled by VT-ir fibers in both oscines and non-oscine birds)
are both implicated in the control of several aspects of the song.

Sexual dimorphism of vasotocin system

In both oscine (canary) and non-oscine birds (domestic fowl, quail), a limited number of
studies have revealed a robust sexual dimorphism of the VT-ir cell group in the nST. In galliforms,
immunocytochemical studies showed that VT-ir neurons are present in the nST of males only and
cannot be visualized in females (Jurkevich et al. 1997; Aste et al. 1997a). In the canary, this
difference is less extreme and both sexes have VT-ir neurons in the nST but they are present in
larger number in males than in females (Voorhuis et al. 1988, 1990). No sexual dimorphism was by
contrast observed at this level in another oscine species, the zebra finch (Voorhuis and De Kloet,
1992). In galliforms, this sex difference has been also confirmed at the level of VT transcripts by
means of ISH techniques. In the domestic fowl, positive cells were detected in the nST of males
but not females (Jurkevich et al. 1997). In the Japanese quail however, contrary to what had been
observed during the immunocytochemical studies, weakly labelled VT-gene expressing neurons are
also present in the female nST (Aste et al. 1997a). The different sensitivity of the two employed
methods and a different ratio transcription/translation of VT-gene may account for this
discrepancy. In quail, a sexually dimorphic population of scattered VT-ir neurons has also been
observed within the boundaries of the medial preoptic nucleus (POM). These cells are visible
utilizing the ICC technique only in males. They are more numerous in the caudal than in the rostral
region of the nucleus, and apparently they merge with the sexually dimorphic population of the
nST (Aste et al. 1997a). ISH techniques essentially confirmed these observations but similar to
what had been observed in the nST, weakly labelled VT-expressing elements were detected in
female quail POM.

These sexually dimorphic VT-ir elements have similar characteristics in all avian species where
they have been observed so far. They are smaller than the neurons belonging to the hypothalamo-
neurohypophysial system, the extension of their dendritic arborization is less complex (generally
bipolar), and the immunostaining is weaker than observed in the magnocellular population. This
last finding could account for the fact that these smaller VT-ir cells were not observed in some
studies. Their visualization critically dependents on specific aspects of the immunocytochemical
technique (they are not visible in paraffin-embedded material or in too thin sections). It is
important to remember here that a similar population of sexually dimorphic VP-ir neurons can be
clearly evidenced in mammals but only after colchicine injection (Van Leeuwen et al. 1985).

VT-ir fibers also present a sexually dimorphic distribution in the brain of the few species that
have been investigated in detail. In the Japanese quail (Viglietti-Panzica et al. 1992), domestic fowl
(Jurkevich et al. 1997), and canary (Voorhuis et al. 1988), the lateral septum of males contains a
denser VT-ir innervation than the female septum. In other oscine species, such as the zebra finch,
no sexual dimorphism has however been reported (Voorhuis and De Kloet, 1992).
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Fig. 2. Sex differences in the VT-ir cells and fibers in the quail brain
A. Cross sectional cell area of VT-ir magnocellular elements in adult quail of both sexes. Measurements were performed on
Bouin fixed, paraffin embedded material. The values are the mean cell area (µm2) ± standard error of the mean (number of
birds each group = 4). A minimum of 100 cells per bird were measured. A two-way ANOVA was performed with sex and
position as factor. The results indicated a significant effect of position (F=3.943, p=0.038), whereas no effect was detected for
the sex (F=0.866, p=0.3645) or for the interaction of sex and position (F=0.279, p=0.76). Subsequent Fisher PLSD test
confirmed that the cell sizes in the L1-L2 groups are significantly larger than in the other two groups in both sexes (asterisk,
p<0.05).
B. Fractional area (FA) covered by VT-ir structures in the nucleus of the stria terminalis (nST) and in the lateral septum (SL).
FA was measured on SUSA fixed, paraffin embedded material as described in Viglietti Panzica et al. , 1994. In both nST and
SL there is a significant (asterisk, p<0.01) sexual difference of VT-ir strucures that cover a larger area in male than in female
quail. Data from Jurkevitz et al. , 1996.

0

4

8

12

nST SL

L1-L2 P1-P3 L4

0

100

200

MALE
FEMALE

Cell Size of VT-ir magnocellular elements

*
*

Cell Area (µm2)

MALE
FEMALE

*
*

Fractional Area covered by VT-ir structures

FA

A

B



8

We completed more recently a study on the entire brain of the Japanese quail (Viglietti-Panzica et
al. 1997) and observed sex differences in the density of VT-ir fibers (higher density in males than
in females) in the lateral septum, the nST (Fig.2), the POM, the periventricular hypothalamus, the
ICo, and the locus coeruleus. These results demonstrate the existence of a widespread sexual
dimorphism in the VT innervation of the quail brain. This dimorphism is not only restricted to
regions involved in the control of sexual behavior (lateral septum, nST, and POM), but involves
several other regions related to other functions, such as the control of vocalizations (ICo).

In summary, the sex differences evidenced so far in the avian brain involve at least part of the
parvocellular elements (those located in the nST which is the equivalent of the mammalian bed
nucleus of the stria terminalis) and the fibers systems located mainly in the prosencephalon. Until
now, no sexual dimorphism of the hypothalamo-neurohypophysial system has been described. No
evident difference in cell distribution or number has been reported. Lastly, cell size measurements
evidenced significant differences among the groups, but no difference among sexes (Fig. 2).

In contrast to these findings that indicate only limited sex differences in the VT circuits, the
quantification of VT mRNA in homogenates of whole brains in the domestic fowl has revealed that
the concentration of VT transcripts is twice higher in cockerels compared to hens (Barth et al.
1995). Recent data have also confirmed the presence of of a similar sex difference in homogenates
of whole quail brain (Muhlbauer, Aste, Grossmann, Panzica, unpublished). Taking into account
the small number of sexually dimorphic parvocellular VT neurons, these data suggest that the
observed sex differences in brain VT mRNA content can not be exclusively related to the
parvocellular cell groups. It is hence possible that there is a less obvious sex difference in the
number of magnocellular hypothalamic neurons or in their peptide content. Alternatively, it is also
possible that the presence of relatively large differences in VT mRNA concentrations in
conjunction with only limited differences in the protein as indicated by ICC studies is an indication
of sex specific controls in the translation of the VT transcripts or in the turnover rate of VT
mRNA (Jurkevich et al. 1996).

Seasonal and hormone-dependent plasticity of the vasotocin system

Recent investigations on the avian vasotocin system have also been devoted to variations that
could occur as a function of the season or the hormonal status of the bird. It is well known that
many species of birds are highly photodependents (photoperiodic) and that their circulating
testosterone (T) levels fall to very low values when the animals are exposed to short days (during
the fall and the winter in natural environment). In these conditions the amount of VT-ir fibers in
the lateral septum, nST, and POM, as well as the number of cells in the nST, dramatically
decreases both in oscines (canary: Voorhuis et al. 1988; junco: Deviche et al. 1996) and in non-
oscine birds (quail: Viglietti-Panzica et al. 1992; Panzica et al. 1996a).

In male quail changes in VT innervation of these brain regions are apparently controlled by T:
the amount of ir fibers was strongly reduced or completely disappeared in gonadectomized birds,
whereas T-treatment of castrated males restored the innervation to a density that is typically seen
in sexually mature males (Viglietti-Panzica et al. 1992, 1994) (Fig. 3).
The T-dependence of the VT-ir circuitries is also reflected by the drop of the ir fibers in the POM
and septum observed during aging (when circulating T levels spontaneously decrease to very low
values) and by the restoration of VT innervation which was observed in aged male quail treated
with exogenous T (Panzica et al. 1996a). Interestingly, when ovariectomized females are treated
with doses of T that are sufficient to induce a full restoration of the innervation in castrated males
no detectable changes in the septal innervation and in the nST can be detected (Viglietti-Panzica et
al. 1992). The insensitivity of female vasotocinergic circuits to T has been recently confirmed by
an independent experiment. T-treated gonadectomized female quail have very rare or absent VT-ir
fibers also in the POM and the nST (Castagna et al. 1997b).



9

Fig. 3. Effects of testosterone on VT-ir structures in the POM of male quail. Top: control sham-operated male (C); Middle:
castrated male (CX); Bottom: castrated male treated with testosterone (CX+T). Note the almost total loss of immunoreactivity
in CX male quail. On the left low power enlargments (Bar = 100 µm), on the right higher enlargments showing close contacts
between VT-ir fibers and negative cell bodies (Bar = 25 µm).

These data taken together suggest that in quail the sexual dimorphism in the VT innervation does
not depend on a differential activation by T in the two sexes (activational effect) but it originates
during the embryonic period (organizational effect). These sex differences and controls by T are
substantially different from those previously demonstrated in the canary brain (Voorhuis et al.
1988). In this species T-treatment of females enhances the VT immunoreactivity in the lateral
septum to a male-typical level. It therefore appears that in the canary the sex dimorphism
observed in adult birds only reflects an activational role of T.

A clear anatomical specificity was thus observed in the sexually dimorphic features and T
sensitivity of the male quail VT system which was affected at the level of the limbic and preoptic
region, but not at the level of the magnocellular neurons or of the hypothalamo-neurohypophysial
tract which were considered as controls (Viglietti-Panzica et al. 1992, 1994; Panzica et al. 1996a).
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The dimorphism of the quail vasotocinergic elements in the septum and in the nST is in some
sense qualitatively similar to the situation observed in adult rats (De Vries and Al Shamma, 1990).
In this species there is also a sexual dimorphism in the induction by T of the VP innervation of the
septum: a denser innervation is still observed in males than in females after a treatment with
identical doses of T. Moreover like in the rat (De Vries et al. 1985), the VT-ergic system of quail
consists of elements that are sensitive and elements that are not sensitive to steroids.

There is no specific information on the origin of the steroid-sensitive VT-ir fibres in birds.
Tracing studies in ducks (Korf, 1984) and quail (Balthazart et al. 1994, Balthazart and Absil, 1997)
have shown that the periventricular region projects respectively to the septum and to the POM,
but there is no demonstration that the VT-ir cell bodies are implicated in these projections.
Whether the VT-ir and VT mRNA expressing neurons in quail POM and nST (Aste et al. 1997a)
are the origin of the immunoreactive fibers that outline these two nuclei and the lateral septum
remains to be experimentally analyzed. In rat, a sexually dimorphic T-sensitive population of VP-
ir neurons has been evidenced in the bed nucleus of the stria terminalis and in the medial
amygdaloid nucleus (De Vries, 1990). Recent studies testing the effects of various hormonal
manipulations during the rat development demonstrated similar changes in the VP immunostaining
of cells of the bed nucleus of the stria terminalis and the medial amygdaloid nucleus and of fibers in
the lateral septum, suggesting these two nuclei are responsible of the sexually dimorphic VP-ir
projection to the lateral septum (Wang et al. 1993). This conclusion has not been tested
experimentally however.

The results summarized above indicate that the sexually dimorphic innervation of the lateral
septum and POM could be organizational in nature. To test this hypothesis, we injected quail
embryos on day 8 of incubation either with estradiol benzoate (EB) or with the aromatase
inhibitor, R76713, or with the solvent as a control. All subjects (males and females) were
gonadectomized at 4 weeks post-hatching and implanted with Silastic capsules filled with T in
order to place the adult birds in similar endocrine conditions. Major qualitative differences were
still observed in the VT-ir innervation of the POM, lateral septum, and nST in the different
experimental groups (see table 1). In agreement with our previous studies, dense fibers networks
were observed in control males but not females. EB-treated males had completely lost this
immunoreactivity and had lost the capacity to display copulatory behavior as previously shown in
many experimental studies (see for a review Adkins Regan, 1990). Conversely, R76713-treated
females displayed a male-typical VT-ir innervation of these two brain regions and they also
displayed high levels of male-like copulatory behavior, as previously reported (Balthazart et al.
1992b).

No effect of the experimental treatments was detected at the level of the hypothalamo-
hypophyseal tract (Castagna et al. 1997b). These results indicate that the sensitivity to T of the
male VT circuits ending in the POM, lateral septum, and nST is organized during the embryonic
period and becomes sexually differentiated following exposure of the female brain to estrogens.
The sexual dimorphism observed in the adults is hence truly organizational in its origin. Because
this embryonic organization of the innervation of the POM by VT is controlled by mechanisms
that are very similar to the mechanisms that organize the sex difference in male typical copulatory
behavior (Balthazart and Ball, 1995), these results also suggest a very close relationship between
the VT innervation of POM and the control of male sexual behavior.
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MC MR76 MEB FC FR76 FEB

POM ++++ ++++ + + +++ +
NST ++++ ++++ + + +++ +
SL ++++ ++++ + + +++ +
Behavior + + - - + -

Table 1. Semiquantitative analysis of the distribution of VT-ir structures in the medial preoptic nucleus (POM), in the nucleus
of the stria terminalis (nST), and in the lateral septum (SL) of male and female Japanese quail treated in ovo  with estradiol
benzoate (EB) or with the aromatase inhibitor, R76713. The last row indicates the presence or the absence of male copulatory
behavior after each treatment. Details on the experimental procedure are given in the text. MC= male controls, FC= female
controls, MR76= male treated with aromatase inhibitor R76713, FR76= female treated with aromatase inhibitor R76713, MEB=
male treated with EB, FEB= female treated with EB. The number of + in each group is proportional to the area covered by VT-ir
structures, + = very low and ++++ = very high density of positive fibers.

Effects of vasotocin on reproductive behavior in male quail

Taken together, the anatomical data reviewed above were demonstrating a number of
correlations between the brain vasotocinergic innervation and specific aspects of male reproductive
behavior in quail. Specifically, it had been established that VT specifically innervates the sexually
dimorphic medial preoptic nucleus, a structure that plays a key role in the activation of male sexual
behavior (Panzica et al. 1996b), that this innervation is T-sensitive and that is is sexually
dimorphic in the organizational sense (irreversibly differentiated by early estrogen action; Castagna
et al. 1997b). It had also been shown that VT-ir fibers are observed in close contact with
aromatase-ir cells in the preoptic area and hypothalamus which supported the idea that VT could
be implicated in the control of reproduction (aromatase is a limiting step in the activation of
copulatory behavior by T; Balthazart et al. 1997a). VT and its mammalian homologue, VP had
previously been observed to have powerful effects on a variety of behaviors used in a reproductive
context by amphibians, mammals and a few species of birds including the domestic fowl, pigeon,
zebra finch and canary (see Castagna et al. 1997a for the full list of references). However, no data
were available to assess the possible significance of VT for the control of reproductive behavior in
quail.

The possible role of VT on quail behavior was first tested by peripherally injecting castrated
male quail that were chronically treated with exogenous T (subcutaneous Silastic implants) with
various doses of either [Arg8]-vasotocin (VT; Sigma V0130) or the potent V1 receptor antagonist
([Deamino-Pen1, Tyr(Me)2,Arg8]-Vasopressin or dPTyr(Me)AVP; Bachem H-5340) and
measuring the effects of these injections on appetitive sexual behavior measured by a learned social
proximity response (time spent near, and frequency of looks through a window separating two
adjacent cages, one containing the stimulus female and one containing the experimental male; see
Balthazart et al. 1995, 1997b) and on consummatory sexual behavior (mount attempts and cloacal
contact movements) as well as on crowing, a T-dependent vocalization.

VT inhibited in a dose-dependent manner (doses ranging from 2 to 20 µg/bird) both the
appetitive and consummatory aspects of male sexual behavior. All aspects of sexual behavior were
inhibited by the highest dose of VT (20 µg) when tested immediately after the injection but only
measures of appetitive behavior were decreased if the test was delayed by 30 min. Mount
attempts and cloacal contacts were not affected in these conditions (Castagna and Balthazart,
1996). During independent experiments, crowing occurrences were counted by repeated 5 min.-
long observations of the birds in their home cage. The occurrence frequency of crowing was
sharply decreased by the systemic injection of 2 or 10 µg VT per bird and this effect lasted one to
two hours. Injections of the V1 receptor antagonist, dPTyr(Me)AVP (50-100 µg/bird) on the
contrary increased crowing frequency for periods up to 4 hours suggesting that the behavioral
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effects of VT are receptor mediated and relatively specific (See Fig 4, A-B).

Fig. 4. Effects of VT and of a V1 receptor antagonist (VT-a) on the appetitive (Looks) and consummatory (cloacal contact
movements; CCM) aspects of male sexual behavior as well as on crowing in castrated male Japanese quail chronically
treated with testosterone.
A-B  Effects of i.m. injections of VT (10µ g/bird) or of the VT-a (50 µ g/bird on crowing occurrence frequency . Birds were
observed after different intervals between the injection and the observations (5 and 30 min, 1,2,4 and 6 hours; pretest is a
test done as control before the injections).  After the demonstration of a significant overall effect by analyses of variance
(ANOVA), data were analyzed by post-hoc t tests for matched samples to compare control and VT or VT-a-injected birds at
each time point.  *= p<.05; **= p<.01 and ***= p<.001.
C-D  Effects of i.c.v. injections of VT (2-200 ng/bird) on appetitive and consummatory aspects of male sexual behavior . Data
were first analyzed by ANOVA with two repeated variables that demonstrated significant effects of the treatments. At each
dose level, the control and VT data were compared then by post-hoc t-tests and the results of these tests are indicated by
asterisks at the top of the bars. *= p<.05; **= p<.01 and ***= p<.001.
E-F Effects of i.m. injections of vasotocin (VT; 20 µ g/bird), of i.c.v. injections of the VT-a (500 ng/bird), and of the
combined treatment with VT and VT-a on appetitive and consummatory aspects of male sexual behavior. Injections of the
vehicle (Saline [S]) were always made to control for non specific effects of i.m. or i.c.v. injections.  Data were analyzed by one
way ANOVA that demonstrated significant overall effects of the treatments. The 4 treatments were then compared by post-
hoc t-tests and their results are indicated by symbols at the top of the bars.  *=     p    <.05, **=     p    <.01 and ***=     p    <.001 for
comparisons with the control group (S im+S icv );     p    <.01 and =     p    <.001 for comparisons with the VT im+ VT-a icv group.

These data therefore suggested that VT plays an inhibitory role on many aspects of male
sexual behavior in quail. To test the hypothesis that the behavioral effects of VT were centrally
mediated (as suggested by the dense T-sensitive vasotocinergic innervation of the POM, a key
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center in the control of male reproductive behavior; Panzica et al. 1996b) VT was injected in the
third ventricle of castrated male quail that were chronically treated with exogenous T. Increasing
doses of VT in the range 2 to 200 ng per subject inhibited both appetitive and consummatory
components of male sexual behavior in a dose-dependent manner when injected centrally into the
third ventricle. Appetitive behavior was, however, more sensitive to the treatment than
consummatory behavior that was significantly depressed only by the highest dose (See Fig 4, C-
D). At low doses, appetitive aspects of male sexual behavior only were inhibited. The highest VT
dose (200 ng) that produced strong behavioral effects when injected i.c.v. had no effect when
injected systemically (smallest active dose was about 2 µ g) indicating that the minimal effective
dose was 10 to 100 times larger in systemic compared to central injection. This observation
already provided some indication that the behavioral effects of VT were centrally mediated
(Castagna et al. 1996).

This was further confirmed in subsequent experiments in which behavioral effects of a
systemic VT injection could be blocked by a central injection of the V1 receptor antagonist
dPTyr(Me)AVP. This study was carried out with one group of birds that had learned the social
proximity response used to measure appetitive sexual behavior. Before each behavioral test, each
bird received one i.c.v. injection followed 5 min later by one systemic (i.m) injection. The central
injection contained either the VT-antagonist (VT-a) or the saline 9 ‰ solution. The i.m. injection
contained either VT or saline 9 ‰ . Behavioral tests were initiated immediately after the i.m.
injection. The combination of the two central and two peripheral treatments therefore defined four
separate experimental conditions. Quail were injected with 1) saline i.m and saline i.c.v., or 2) VT
i.m and saline i.c.v., or 3) the VT-a i.c.v. and saline i.m., or finally 4) VT i.m and the VT-a i.c.v.
Each subject was tested in these 4 conditions and could therefore be used as his own control.

This experiment first confirmed that a central injection of VT very efficiently blocks both
appetitive and consummatory aspects of male sexual behavior (Fig 4, E-F). In contrast, the VT
antagonist when injected alone enhanced these aspects of the behavior clearly indicating that in
physiological conditions, endogenous VT exerts a tonic inhibition on these behaviors. Finally the
experiment also showed that the central injection of the antagonist was able to inhibit the
behavioral effects of a systemic injection of VT, indicating that systemically injected VT really
exerts its effects at the central level (Castagna et al. 1997a).

Conclusions

According to the literature reviewed above, four main groups of vasopressinergic neurons can
be identified in the mammalian brain, namely the magnocellular and parvocellular neurons located in
the PVN and SON, and the parvocellular elements identified (normally after colchicine injection) in
the SCN, bed nucleus of the stria terminalis, and medial amygdala (De Vries et al. 1994).
Magnocellular neurons of the PVN and SON are at the origin of the thick fibers that project to the
neurohypophysis through the hypothalamo-hypophysial tract. The parvocellular neurons of the
PVN project to the hindbrain and spinal chord probably participating in a pathway that controls
neurovegetative functions. There is no evidence at present that these specific vasopressinergic
projections are controlled by steroids.

The other three VP-ir cell groups could hence be at the origin of the steroid-sensitive
vasopressinergic projections that have been described in mammals (see for a review: De Vries,
1995). However, available data suggest that the VP-ir cells of the SCN do not contain steroid
receptors and do not have a sexually dimorphic distribution. It has therefore been suggested that all
steroid-sensitive vasopressinergic fibers in the mammalian brain originate from the sexually
dimorphic VP-ir cell populations located in the bed nucleus of the stria terminalis and medial
amygdala (De Vries et al. 1992).

In birds, as reviewed in the introduction, ICC techniques revealed a distribution pattern for the
VT-ir cell bodies belonging to the magnocellular system that can easily be superimposed to the
pattern observed in mammals (Sánchez et al. 1991). These neurons also appear to project to the
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neurohypophysis (Mikami et al. 1978). This projection is not modulated by steroids (Viglietti-
Panzica et al. 1994) despite the fact that estrogen and androgen receptors are present in the
paraventricular and supraoptic regions of the quail brain (Watson and Adkins-Regan, 1988;
Balthazart et al. 1989, 1992a; Foidart et al. 1995). No study has, however, analyzed the potential
colocalization of steroid receptors with VT in these areas.

Like in mammals, sexually dimorphic parvocellular VT-ir neurons are present in the avian
brain; they are mainly clustered in a region above and caudal to the anterior commissure (nST,
recently identified as the avian homologue of the mammalian bed nucleus of the stria terminalis,
Aste et al. 1997a), and in the POM. The nST and the POM also contain both estrogen and
androgen receptors (Watson and Adkins-Regan, 1988; Balthazart et al. 1989, 1992a; Foidart et al.
1995) and in analogy to what has been proposed for mammals these neurons could be the origin of
the sexually dimorphic steroid-sensitive VT projections observed in the POM, the nST and the
lateral septum. This is consistent with recent tracing studies that have identified connections
between these areas (Balthazart et al. 1994; Balthazart and Absil, 1997) but specific studies
combining retrograde tracing with ICC for VT should be performed to confirm the anatomical
organization of these projections. No VT-ir or VT mRNA-expressing cells have been identified in
the areas of the quail brain that are believed to be the structures homologous to the mammalian
amygdala (archistriatum and in particular the nucleus taeniae; Aste et al. 1996a). The organization
of the parvocellular vasotocinergic system may therefore be quite different in quail and in rat.

In addition, small to medium VT-ir cells can be observed above the optic chiasma (Panzica,
1985) in a position that could be considered homologous to the mammalian SCN, but this
comparison is difficult to make given the uncertainty about the location of this nucleus in birds in
general (Shimizu et al. 1994; Norgren and Silver, 1990) and in quail in particular. No additional
information is available at present for the other mesencephalic groups of parvocellular
vasotocinergic neurons that have been described in quail both with ISH (Aste et al. 1996a) and ICC
(Viglietti-Panzica et al. 1997) techniques.

The sexually dimorphic parvocellular VT neurons of the limbic/preoptic region are presumably
the origin of the widespread innervation of large brain areas that are namely implicated in the
control of reproductive activities. These projections are steroid-sensitive and sexually
differentiated. Taken together, these anatomical data suggest that VT may play a critical role in the
control of reproductive behavior.

Because data in mammals (Smock et al. 1992; Wang et al. 1994; Ferris et al. 1994, 1996) and
amphibians (Moore et al. 1992, 1994; Boyd, 1997; Moore and Lowry, 1997) indicated that indeed
VP and VT control reproductive behavior in a variety of species, experiments were carried out to
test this idea directly in quail. These studies showed that VT exerts a powerful inhibitory effect on
both appetitive and consummatory components of male sexual behavior as well as on the crowing
vocalization. Additional studies demonstrated that the effect of VT is centrally mediated and can
be dissociated from the general stress reaction induced by systemic injections of the peptide.
Finally studies using a powerful V1 antagonist also showed that endogenous VT is likely to exert
tonic inhibitory effects on these behaviors because blockade of these receptors leads to a
significant stimulation of all these behavioral responses. The behavioral effects of VT injections
mimic brain mechanisms that are part of the normal physiology of the species because the V1
receptor antagonist was able to produce opposite effects. In mammals, the V1 receptor subtype is
broadly distributed in the brain where it is supposed to mediate most if not all behavioral effects of
this neuropeptide. Our results suggest that a similar situation occurs in birds although additional
studies would be required to test the receptor specificity of the behavioral effects that have been
described.

A number of studies on a variety of vertebrate species have previously demonstrated that VP
or VT have a diversity of actions on behaviors ranging from the spawning reflex in some species of
fishes to the mating call of amphibians and the flank marking response in mammals (Moore, 1992;
De Wied et al. 1988). Many of these studies suggest that VT or VP increase the occurrence
frequency of the behaviors but some inhibitory effects have also been demonstrated (e.g. inhibition
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of release call in Rana pipiens, of spontaneous locomotion in Rana catesbiana, of lordosis in female
rat: Diakow, 1978;Södersten et al. 1983; Moore, 1992). Little experimental work has unfortunately
been carried out in birds. One early study showed that the injection of VT to intact sexually
mature pigeons or cocks produces a short term increase in the frequency of copulatory acts
(Kihlström and Danninge, 1972) but more recently, Bernroider and Leutgeb (1994) presented data
in abstract form suggesting that VT decreases motivational aspects of sexual learning in quail. Two
abstracts also recently reported that central VT injections stimulate courtship behavior and
aggression in zebra finches, Taeniopygia guttata (Goodson et al. 1996) or singing in female white-
crowned sparrow, Zonotrichia leucophrys gambelii  (Maney et al. 1997).

Some of these experiments, contrary to the present set of data point to a stimulatory role of
VT on reproductive behavior in birds. It is however difficult to make direct comparisons between
the different studies because they were carried out in different species and in very different
experimental conditions (different seasons, endocrine conditions, etc). One study has for example
suggested that seasonal variations might explain these changes in VT action because injections of a
VT analog activated singing in canaries in the early fall but inhibited this behavior in the winter
(Voorhuis et al. 1991). No general theory can be offered at present to explain why VT stimulates
aspects of reproductive behavior in some species but inhibits the same or similar behaviors in other
species. Additional studies on a variety of animal models will be needed to answer this question.

The identification of inhibitory effects of VT on sexual behavior in male quail was somewhat
unexpected because the anatomical studies that have been reviewed above had demonstrated that
VT-immunoreactive fibers in the POM (Viglietti-Panzica et al. 1994) and septal region/nST
(Viglietti-Panzica et al. 1992; Aste et al. 1997b) increase after treatment of castrates with T which
at the same time activates male sexual behavior (Panzica et al. 1996b; Balthazart et al. 1996). The
most obvious explanation was therefore that the increase in VT production is part of a cascade of
biochemical events triggered by T in the brain that result in the activation of male sexual behavior.
The behavioral studies make this interpretation impossible but alternative explanations can be
offered.

Based on a number of studies carried out mostly in mammals (De Vries, 1995), it is unlikely
that increases in the density of VT-ir fibers after T treatment reflect a blockade of the peptide
release resulting in its accumulation in fibers and terminals (see Castagna et al. 1997a for further
discussions). Alternatively, one could postulate that a single injection of exogenous VT decreases
rather than increases the VT activity in specific brain areas because the injected compound has a
short half-life and is quickly metabolized but at the same time strongly and persistently inhibits
the secretion of the endogenous peptide. This interpretation however does not take into account
the fact that inhibitions of sexual behavior were observed almost immediately after the injection of
VT and disappeared in approximately 30 min. We therefore do not favor this possibility and
suggest that the apparent contradiction between anatomical and behavioral data indicates that the
T-induced increase in VT immunoreactivity should not be considered as one of the central
consequence of the T action that leads to the activation of male sexual behavior but rather reflects
the development of a mechanism that is implicated in the maintenance of behavioral homeostasis.

When the male sexual behavior is activated (high levels of circulating T), a negative control
mechanism may need to be established in order to organize the distribution of behavioral
occurrences on a short-term basis (birds should not be sexually active all the time). This
mechanism is obviously not needed in castrates that are behaviorally inactive. A steroid-sensitive
neuropeptidergic innervation would provide an adequate support for such a control that could be
directly sensitive to environmental stimuli. On a long-term basis, changes in steroid levels would
establish the anatomical substrate of this behavioral control (control of the synthesis of VT and
possibly of the growth of VT-containing fibers) while on short-term basis, environmental and
social stimuli could regulate the release of VT from its terminals and in this way switch off
behavior for limited periods of time. Additional work is obviously required to test this hypothesis,
including the identification of the brain areas (POM, septum, nST,...) where VT exerts its
behavioral effects and the analysis of environmental stimuli that are able potentially to modulate
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VT release at these specific anatomical sites.
In conclusion, the data collected so far indicate that the steroid-sensitive vasotocinergic

innervation of the medial preoptic area and/or of other regions such as the nST in the quail brain
plays a significant role in the modulation of reproductive behavior. Steroids could therefore affect
reproductive behavior both directly, by acting on steroid-sensitive neurons in the preoptic area,
and indirectly, by modulating peptidergic (specifically vasotocinergic) inputs to this area.
Additional work will be needed to evaluate the full significance of the indirect effects mediated by
vasotocinergic inputs.
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