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Abstract

Several studies have suggested dissociations between neural circuits underlying the expression of
appetitive (i.e. sexual motivation) and consummatory components (i.e., copulatory behavior) of
vertebrate male sexual behavior. The medial preoptic area (mPOA) clearly controls the expression
of male copulation but, according to a number of experiments, is not necessarily implicated in the
expression of appetitive sexual behavior. In rats for example, lesions to the mPOA eliminate male-
typical copulatory behavior but have more subtle or no obvious effects on measures of sexual
motivation. Rats with such lesions still pursue and attempt to mount females. They also acquire and
perform learned instrumental responses to gain access to females. However, recent lesions studies
and measures of the expression of the immediate early gene c-fos demonstrate that, in quail, sub-
regions of the mPOA, in particular of its sexually dimorphic component the medial preoptic nucleus,
can be specifically linked with either the expression of appetitive or consummatory sexual behavior.
In particular more rostral regions can be linked to appetitive components while more caudal regions
are involved in consummatory behavior. This functional sub-region variation is associated with
neurochemical and hodological specializations (i.e. differences in chemical phenotype of the cells
or in their connectivity), especially those related to the actions of androgens in relation to the
activation of male sexual behavior, that are also present in rodents and other species. It could thus
reflect general principles about POA organization and function in the vertebrate brain.
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1. Introduction

The analysis the neural bases of behavior represents one of the most daunting tasks for
neuroscientists. This endeavor can be approached in a reductionist manner by studying a
relatively simple behavioral response (e.g. the gill withdrawal reflex in Aplysia; [83]) or a
simple organisms such as the nematode worm Ceanorhabditis elegans that has only 302 neurons
whose pattern of connectivity has been thoroughly mapped out [71,151]. These reductionist
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approaches have been very useful to the field of behavioral neuroscience but the ultimate goal
of the behavioral neuroscience research program is to understand highly structured behaviors
that are produced by complex organisms including humans. Therefore it is important that
experimental analyses also be performed on a variety of behaviors exhibiting a range of
complexity in vertebrates. The study of the neural mechanisms of sexual behavior is a
particularly appealing topic in this regard. In non-human animals, it is a stereotyped, species-
typical behavior that clearly has inherited components but also learned components. One
important feature of this behavioral system is that it involves social interactions between
partners so that gametes may be successfully transferred and ultimately the result of these
interactions determines the reproductive success of a given individual. Furthermore, this
behavior is finely controlled by the action of sex steroid hormones in the brain and therefore
the identification of the brain sites of steroid action provides a valuable first step toward
identifying the neural architecture of the vertebrate brain that controls this behavior.

The brain sites that are the target of sex steroids were first recognized by in vivo
autoradiographic studies in the seventies [85,107,108,132] and at approximately the same time,
studies based on the stereotaxic implantation of steroids directly into the brain clearly identified
the medial preoptic area as a key site for the action of testosterone on the activation of male
sexual behavior [34,89]. These studies along with previous lesion studies that demonstrated
that damage to the preoptic area (POA) greatly attenuated male sexual behavior [87] provided
converging evidence for the central role played by the POA in the neural circuit controlling
male sexual behavior and for its role as a key site of hormone action in the activation of this
behavior.

Descriptions of male sexual behavior in non-human animals have distinguished between two
different phases, a highly variable sequence of behaviors that involves attracting and courting
a female followed by the highly stereotyped copulatory sequence [38]. This initial variable
phase is often referred to as the appetitive phase while the highly stereotyped copulatory phase
is often referred to as the consummatory phase [31,67,141]. Studies of the (neuro)endocrine
controls of male sexual behavior have for understandable reasons focused to a large extent on
the consummatory aspects of the behavior and it is only more recently that due consideration
has been given to the analysis of the appetitive phases of this behavioral sequence.
Investigations in rats by Barrry Everitt and his colleagues suggesting a double dissociation
between brain regions controlling appetitive and consummatory sexual behavior in rats [67,
68] were especially important in stimulating recent work on circuit specializations related to
the control of male sexual behavior. Sophisticated behavioral tests have now been designed to
analyze in a reasonably independent manner these two aspects of sexual behavior [29,62,67,
110,140]. Studies on appetitive male sexual behavior in a diverse set of species are particularly
important from a clinical perspective. Patterns of male sexual performance are often stereotypic
and can be species-specific in nature. Generalizations from non-human animals is sometimes
difficult [112]. In the case of humans, significant advances have been made by urologists
concerning the peripheral mechanisms that control penile erections and an entire class of new
compounds are available (i.e., the phosphodiesterase type 5 [PDE5] inhibitors such as
Sildenafil citrate, Tadalafil and Vardenafil) that act peripherally and have greatly improved
sexual performance problems resulting from erectile dysfunction [14]. In contrast to our
knowledge about the peripheral mechanisms regulating sexual performance, we know
relatively little about the central or peripheral control of male sexual motivation. Anomalies
related to male sexual motivation underlies several serious social pathologies so attention to
this problem is of potential great clinical significance.

We present here a selective review of the literature concerning the identification of preoptic
sub-regions implicated in the activation of appetitive and consummatory components of male
sexual behavior by testosterone. Our focus is largely on work in Japanese quail that has
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exploited the advantages exhibited by this species for the investigation of testosterone action
in relation to the activation of male sexual behavior [17,31]. We think that our conclusions are
of general significance so corresponding data in other vertebrates when available are also
summarized.

2. The preoptic area as an integration center for the control of motivated

behaviors

The medial preoptic area (mPOA), a brain region at the junction of the telencephalon and
diencephalon but clearly associated with the anterior hypothalamus based on functional
considerations, is bi-directionally connected to a large number of brain regions [129]. In
particular, the mPOA receives, directly or indirectly, inputs from most if not all sensory
modalities and is therefore ideally organized to integrate information from the environment
and adjust responses made by the organism to environmental inputs [43,44,80,94,100,123,
126,130,135]. The mPOA, in general, is a key center controlling many autonomic functions
(e.g. thermoregulation, thirst or hunger) as well as male sexual and maternal behavior (see
[117,129] for a list of references). The role of the mPOA in the control of male copulatory
behavior in particular has been the subject of intense investigation. Many of these behaviors
and physiological activities linked to mPOA function can be placed under the umbrella of the
term “motivated” behaviors and thus the preoptic area is often identified as a particularly
important brain area for the control of motivation. Motivation in the sense we use it in this
review refers to a marked behavioral change in response to a constant stimulus. This definition
or variations of it have long been popular with behavioral neuroscientist [109,152]. We do not
think it useful to consider the preoptic area as a center for a particular motivational state but
rather that it is an important part of several neural pathways that regulate behaviors that are
considered to be motivated behaviors based on variation in their response properties to a
constant stimulus.

Lesions of the mPOA impair copulation in male rats and in a large number of other mammalian
species as well as in all species of birds, reptiles, amphibians and fishes that have been
investigated (see [36,80,81] for review). Conversely, a large number of studies in a variety of
species indicate that stereotaxic implants of testosterone in the mPOA activate most if not all
aspects of male copulatory behavior [32,80]. The implication of the mPOA in the control of
male sexual behavior is also attested by experiments demonstrating that performance of this
behavior increases neuronal activity in this brain region as assessed by an increase in 2-
deoxyglucose incorporation [60], cytochrome oxidase activity [122] or increased transcription
of immediate early genes such as c-fos or egr-1 (also know as Zenk in the avian literature)
[49,56,76,93,118,134,153].

3. The preoptic neuronal circuit controlling male sexual behavior in
vertebrates

Although many lines of evidence implicate the preoptic area in the control of male-typical
copulatory behavior, the relative importance of specific cell groups within this region for
behavioral control is still not well understood [80,81]. In rats, the medial preoptic nucleus
(MPN) is the most clearly defined cell group in the mPOA based on cytoarchitectural criteria
[129]. It is obviously essential for male copulatory behavior based on lesion and testosterone
implant studies [36,80,81]. The expression of the immediate early gene c-fos in this nucleus
following performance of the behavior [80] also supports this view. However, these studies
did not determine whether neurons in the preoptic region involved in copulatory behavior are
limited to the MPN. Neurochemical studies and analysis of connectivity have revealed clearly
defined sub-regions within this nucleus (medial, central and lateral parts; e.g., [41,128,129])
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but the specific implication of these sub-regions in the control of different aspects of male
sexual behavior is still not well understood. A central subdivision of the MPN in rats that is
larger in volume in males than in females was shown to be sexually differentiated by the action
of steroids during embryonic life (the sexually dimorphic nucleus of the mPOA or SDN-POA;
[41,72]). Several experiments were therefore designed to investigate whether this cell group
plays a role in the control of copulatory behavior but, despite the fact that large mMPOA/MPN
lesions severely disrupt copulatory behavior (as reviewed previously), more discrete lesions
specifically destroying the SDN-POA do not seem to affect copulatory behavioral expression
in the male [9] (see [143] for review). Transient behavioral deficits were however observed
following lesions of the SDN-POA in sexually inexperienced rats [58] and similar lesions also
disrupted the expression of male-typical behavior in females [144]. Taken together, available
data suggest that relatively large lesions of the mPOA (involving at least parts of the MPN)
are required to eliminate copulatory behavior in male rats but no critical sub-group of neurons
has been identified as being particularly more important than any other subgroup.

Studies in other species have revealed discrete neuronal groups in the POA that can be linked
to the control of male sexual behavior. In gerbils (Meriones unguiculatus) for example, two
distinct neuronal aggregates in the mPOA are apparent in Nissl-stained sections, one in the
medial and one in the lateral POA, are significantly larger in males than in females [52]. These
sexually dimorphic areas (SDA), which can also be identified by the presence of sex steroid
receptors [55] and by a denser acetylcholinesterase immunoreactivity [53] seem to be
specifically implicated in the control of male sexual behavior in that lesions of both the medial
and the lateral SDA produce severe disruptions of male copulatory behavior as compared to
lesions in other parts of the mPOA [54]. The lateral and medial SDA are thus part of a neural
circuit that is critical for the control of male sexual behavior.

The medial SDA in gerbils has long been considered to be homologous to the medial part of
the rat MPN, consistent with the fact that cell-body lesions of the rat MPN eliminate mounting
behavior [66,74,90]. The SDA pars compacta, a sexually differentiated smaller group of cells
located within the medial SDA that is organized by sex steroids during ontogeny, would then
be equivalent to the rat SDN-POA [69,156]. In contrast, the rat equivalent of the gerbil lateral
SDA had not been identified. As illustrated in figure 1, a recent study based on the analysis of
connectivity and of behavioral effects of discrete cell-body lesions indicates that the gerbil
lateral SDA should be considered as homologous to the ventral bed nucleus of the stria
terminalis [69].

Studies utilizing an avian species, the Japanese quail (Coturnix japonica) have similarly led to
the identification of a preoptic group of neurons involved in the activation by testosterone of
male copulatory behavior (see [17,31,103] for review). Quail display several features that
facilitate the identification of the neural circuitry controlling copulation. The volume of the
medial preoptic nucleus (POM,; illustrated in Fig.1 and 2A) in this species is larger in males
than in females [146] and interestingly co-varies with circulating levels of testosterone: it is
reduced by castration or exposure to short daylengths (simulating winter conditions of low
testosterone concentrations) and increases following treatment with exogenous testosterone or
exposure to long days which increase testicular activity [101,139].

The size of neurons in the lateral part of the POM is similarly controlled by plasma testosterone
concentrations [102] being larger in the presence than in the absence of testosterone. Theses
lateral cells therefore tend to be larger in males than in females [102] since males on average
have higher circulating concentrations of testosterone in the blood [18]. The volume of the
entire POM and the size of neurons in the lateral part of this nucleus thus provide a clear
morphological signature of testosterone action in the brain contrary to what is observed for
sexually dimorphic brain areas in the preoptic region in other species such as the SDN-POA
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of rats [11,73,143] but similar to observations reported concerning the gerbil SDA [52,53,55]
or the rat MPN [41,42]. Interestingly, the effects of testosterone on the neuronal size are more
pronounced in the lateral part of the POM than in the medial part of the nucleus adjacent to the
third ventricle [102]. This anatomical specificity of testosterone effects correlates with
functional properties of these sub-regions of the POM (see below).

There are reasons to support the hypothesis that the quail POM may be homologous to the rat
MPN or gerbil medial SDA. For example, the physiological regulation of the morphology of
these structures and aspects of their neurochemical signature are quite similar. The sex
differences in the volume of these structures that have been observed in these species are
influenced by the endocrine state of the subjects in adulthood and do not simply reflect
organizational effects of steroids as is the case for volumetric sex differences in the more
restricted parts of these nuclei identified as the SDN-POA in rat of the SDA pars compacta in
gerbils (see above). The fact that the rat MPN and the quail POM are specifically labeled by a
dense expression of aromatase (identified by in situ hybridization in rat and by in situ
hybridization and immunocytochemistry in quail) further support this hypothesized homology
[13,70,119,147]. Based on this criterion, the sheep sexually dimorphic nucleus of the mPOA
would also be homologous [127].

As discussed below, heterogeneity has also been described within the quail POM with the
lateral portion of the nucleus displaying specialized neurochemical features and differential
responses to testosterone as compared to the medial part of the nucleus. At present, however,
there is no information supporting the idea that the medial and lateral parts of the POM
correspond to the medial and lateral SDN in rats. Similarly no specialized subregion of the
POM has to this date been identified that might correspond to the rat SDN or to the gerbil SDA
pars compacta.

In quail like in many other birds and mammals [32,80], the activation by testosterone of male
copulatory behavior first requires the aromatization of the androgen into an estrogen such as
17p-estradiol (E») within the preoptic area [4,19,21,32,149,150]. The enzyme P4504om OF
aromatase which catalyzes this transformation can, for reasons that are still partly unexplained,
be easily identified by immunocytochemistry in the quail brain [20,70] while this is still very
difficult if not impossible in the mPOA of mammalian species including rodents. Because
aromatase isa limiting step in the activation of sexual behavior by testosterone [32] and because
aromatase expression is itself regulated by testosterone [30], immunocytochemical
visualization of this enzyme provides a cellular marker of testosterone action in the brain in
relation to the expression of copulatory behavior (Fig. 2B-D). As will be discussed extensively
in subsequent sections of this review, aromatase-immunoreactive (ARO-ir) neurons
specifically label the quail POM and thus provide an unambiguous neurochemical marker for
this cellular population thus facilitating its experimental analysis. Studies of the
neuroendocrine control of quail male sexual behavior that have exploited this feature of its
neuroendocrine system are summarized in the next sections of this review and compared with
similar data in mammals (when available) to generalize the conclusions drawn from the quail
studies.

4. The quail POM as a model system illustrating the effects of testosterone
action on male copulatory behavior

A suite of studies utilizing converging approaches clearly demonstrate that the sexually
dimorphic POM, identified as a dense neuronal aggregate in Nissl stained brain tissue or as a
dense group of ARO-ir cells, is a necessary and sufficient site of testosterone action related to
the activation of male copulatory behavior when subjects are exposed to appropriate sexual
stimuli (e.g. a sexually receptive female)[22]. These data, however, do not exclude the
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possibility that steroid hormones do act in other brain sites to promote behavior expression
under physiological conditions [17].

Electrolytic lesions aimed at the mPOA inhibit copulatory behavior activated in castrated males
by treatment with exogenous testosterone only if they overlap with a substantial portion of the
POM. Lesions located elsewhere in the POA do not affect the behavior [22]. Conversely,
stereotaxic implants filled with testosterone activate all aspects of copulatory behavior in
castrated male quail if their tip is located within the boundaries of the POM but not if it is
located in the adjacent POA [22,23] Implants that are only a few hundred microns lateral to
POM have no behavioral effects indicating the rather precise neuroanatomical specificity of
testosterone action in relation to the activation of male copulatory behavior (See Fig 3A).

The dependence of male copulatory behavior on testosterone aromatization within the POM
[19,21,150] combined with the control of aromatase expression by testosterone in this same
brain structure could then be used to define more precisely the anatomical sites of steroid action
on copulatory behavior. In quail, aromatase-immunoreactive (ARO-ir) neurons are a specific
marker of the nuclear boundaries of the POM [20,27] and the number of these ARO-ir cells is
strongly (4-5 fold) increased by testosterone [24] (Fig 2 C-D). This induction of ARO-ir cells
was thus used to map precisely the areas that are stimulated by the stereotaxic implantation of
testosterone in the POA and these data were correlated with the behavior of individual subjects
in order to identify the parts of the POA where testosterone action is critical for the activation
of copulatory behavior [23]. This analysis indicated that the intensity of the behavior activated
by testosterone implants correlates best with the induction of ARO-ir cells in the caudal part
of the POM (just rostral to the anterior commissure; See Fig 3B-D). This caudal part of the
POM is also the region of the dimorphic nucleus where electrolytic lesions and destruction of
ARO-ir cells induce the most marked behavioral deficits (see [23] for detail of these analyses).
This same caudal part of the POM is also the region of the nucleus where the largest number
of c-fos-immunoreactive cells is observed in birds that were allowed to express copulatory
behavior before brain collection [93]. Lesion studies, testosterone implant experiments and
investigations of c-fos expression thus all converge to indicate that the caudal part of the POM,
just rostral to the anterior commissure, is critically implicated in the activation of male
copulatory behavior.

5. Neurochemical and hodological heterogeneity of the medial preoptic

nucleus

Interestingly, the caudal POM displays several neurochemical and hodological (i.e., based on
connectivity) specializations that are likely to be related functionally to its prominent role in
the control of male-typical copulatory behavior. The caudal POM is not only the part of the
nucleus that contains the largest number of ARO-ir cells but it is also the region where
testosterone has the most dramatic effect on these cells. Detailed analysis of the induction by
testosterone of ARO-ir cells revealed that if two weeks of treatment with testosterone increases
the number ARO-ir cells throughout the rostro-caudal extent of the POM, the magnitude of
the effects is 3-5 times larger in the caudal as compared to the rostral POM [27]. This induction
of ARO-ir cell numbers is more prominent in the lateral as compared to the medial part of the
caudal POM (Fig. 2D; [12,27]). Furthermore the size of the ARO-ir neurons is increased by
testosterone more in the caudo-lateral as compared to the caudo-medial POM, suggesting that
testosterone is acting in a more prominent manner particularly in this subregion of the nucleus
POM [12]. Finally, as already mentioned, immunocytochemical studies indicate that the
induction of the FOS protein following expression of male copulatory behavior is more
pronounced in the caudal than in the rostral part of the POM [93].
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Tract-tracting combined with aromatase immunocytochemistry also revealed that ARO-ir cells
in the POM, and in particular its lateral portion, project densely to the periaqueductal central
gray (PAG; often labeled in avian brain atlases as the substantia grisea centralis or GCt; see
[37,84,86,131]). These projections originate predominantly from the lateral part of the POM
as demonstrated by the fact that retrograde tracing identifies a larger number of ARO-ir cells
containing tracer injected in the PAG in the lateral than in the medial POM (Fig 4A-B) [1].

Female quail never exhibit male-typical copulatory behavior even after a treatment with
testosterone at doses that are behaviorally effective in males [3,18]. The mechanisms
underlying this behavioral insensitivity of females to the action of testosterone have not been
identified to this date [26]. We recently studied whether a male-biased projection of ARO-ir
cells in the POM to the PAG could be responsible for the differential behavioral effects of
testosterone in the two sexes. Inrodents, it is indeed well established that the PAG is a premotor
nucleus and that the projection from the mPOA to the PAG plays an important role in the
control of reproductive behavior [80,96,97]. We showed in quail by retrograde tracing
combined with aromatase immuncytochemistry that males have more aromatase-
immunoreactive neurons projecting to the PAG than females and this difference was most
prominent in the caudo-lateral part of the nucleus (Fig. 4C) [48]. These data therefore support
the notion that sex differences in POM-PAG connectivity are causally linked to the sex
difference in the behavioral response to testosterone and, in connection with the purpose of the
present review, that the caudo-lateral part of the POM is preferentially implicated in the control
of this behavior.

6. The medial preoptic area is also implicated in the control of appetitive
aspects of male sexual behavior

As mentioned previously, most research investigating the neuroendocrine controls of male
sexual behavior has focused on the copulatory sequence sensu stricto. This is understandable
in that this sequence can usually be readily elicited in captive conditions and is easily
quantifiable. However, there is much more to male sexual behavior than just copulation itself.
Courtship and related preparatory behaviors that put males in a position to copulate are
important as well. Several different schemes have been proposed to describe these differences
[36,98,112]. We find the ethological perspective on these distinctions to be especially useful
for considering the organization of male sexual behavior in non-human animals. Early in the
history of the field, ethologists proposed a distinction between appetitive and consummatory
aspects of rewarding behaviors such as sexual interactions [57,78,92]. According to the
ethological scheme, appetitive aspects of a behavioral sequence represent variable behavioral
responses made by an animal when searching and trying to interact with the appropriate stimuli
that would lead to the expression of the more stereotyped so-called consummatory response
[15,92,142]. The consummatory response is generally one that results in a functional outcome
such as when copulatory behavior results in the formation of a zygote or drinking results in the
cessation of thirst [78]. A general claim is that engaging in consummatory behavior reduces a
motivation state [78,141]. This distinction between appetitive and consummatory behaviors is
related to other behavioral classification schemes such as the distinction between motivation
and performance that is often employed when discussing male sexual behavior in non-human
animals as well as in humans (See [67,80,112] for a detailed discussion). The importance of
making this distinction for research programs focused on the neuroendocrine bases of sexual
behavior was first articulated by F.A. Beach based on his studies of rodent sexual behavior
[38].

The use of such a dichotomy is potentially problematic for the analysis of complex sequences

of behavior because one stage of the sequence can often be considered as consummatory in
relation to preceding events but be appetitive in relation to events that will follow. For example,

Front Neuroendocrinol. Author manuscript; available in PMC 2008 October 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Balthazart and Ball

Page 8

mounts and intromission could be viewed as consummatory acts following anogenital
investigations and pursuit of the female but could as well be the appetitive aspects of the
ejaculatory response (see [80,141] for a more detailed discussion). These concepts should thus
be used cautiously but the distinction between appetitive sexual behavior (ASB) and
consummatory sexual behavior (CSB) continues to be useful to both ethologists and behavioral
neuroendocrinologists in the elucidation of neural / neuroendocrine mechanisms mediating a
range of behaviors, including sexual behavior. Certain behaviors such as courtship displays
are clearly necessary for and distinct from copulation itself and though both are under the
control of testosterone and its metabolites, the neural circuits that implement these different
aspects of the behavior will by necessity be distinct to some degree [67].

In both rats and quail, the two species in which most research on this topic has been carried
out, the expression of ASB is markedly inhibited if not completely suppressed by castration
and recovery is observed following treatment with exogenous testosterone (e.g. [25,29,67]).
In both species, the action of testosterone on ASB also seems to be mediated by its
aromatization into an estrogen. For example, Roselli and collaborators [120] demonstrated that
treatment of rats with the aromatase inhibitor Fadrozole™ markedly decreases a widely
accepted measure of ASB, the number of level changes in a bi-level apparatus in which a male
can freely pursue a female [110]. Aromatase-knock out mice also show major deficits in
measures of partner preference and sexual motivation [16]. Similarly in quail, measures of
ASB (see below) appear to be testosterone-dependent and the action of testosterone seems to
be mediated by its aromatization into an estrogen [25,28]. Available evidence thus supports
the notion that both ASB and CSB depend for their activation on similar if not identical
endocrine stimuli. This can easily be understood from an ultimate causation point of view:
natural selection would favor the control by similar hormones of behaviors that must by nature
be expressed in sequence to ensure successful reproduction [5].

Interestingly, however, several studies have suggested dissociations between neural circuits
underlying the expression of appetitive (i.e. motivational) and consummatory components (i.e.,
copulatory behavior) of male sexual behavior. In rats for example, lesions to the mPOA
eliminate male-typical copulatory behavior [77,80] but have more discrete or no effects on
some measures of sexual motivation. Rats with such lesions still pursue and attempt to mount
females [35]; they also perform learned instrumental responses to gain access to females [67,
68]. Furthermore, these lesions do not inhibit measures of sexual arousal such as penile
erections in response to remote cues from estrous females [90]. In contrast, it was found that
lesions to the basolateral amygdala inhibit noncontact erections and the ability of males to
acquire learned responses that are rewarded with access to females [67,68,90]. These
observations lead to the idea of a double dissociation between brain areas mediating copulatory
behavior on the one hand (the mPOA) and appetitive sexual behavior / sexual arousal / sexual
motivation on another hand (amygdala, bed nucleus striae terminalis; see [66-68]). This notion
was also supported by a number of pharmacological studies that revealed selective effects on
consummatory sexual behavior of manipulations of the preoptic opioid system but left
relatively intact measures of appetitive sexual behavior (see [68] for a review).

However, there is also clear evidence that the mPOA plays some role in the control of these
other appetitive aspects of sexual behavior. Lesions of the mPOA diminish preference for a
female partner in rats and ferrets [7,65,105,106], decrease pursuit of the female by male rats
[104], and decrease anticipatory erections and anogenital investigations in marmosets [91].
Furthermore, in vivo dialysis experiments have revealed that sexual interactions progressively
increase the level of extracellular dopamine in the mPOA of male rats and this increase begins
as soon as the male is introduced to the female and initiates pursuits and anogenital
investigations, i.e., several minutes before the beginning of copulatory interactions
(consummatory responses) sensu stricto [79]. Pharmacological manipulations of the
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dopaminergic system in the mPOA similarly confirm its involvement in the control of
appetitive sexual response [111]. It has, for example, been shown that microinjections of a
dopaminergic antagonist within the POA decrease measures of sexual motivation such as the
preference of a male for the female arm in a maze [95,148]. In summary, it appears that mPOA
lesions diminish but do not eliminate sexual motivation suggesting that the mPOA plays a role
in the control of this aspect of sexual behavior but this role is less apparent than is the case for
copulatory behavior.

7. Sub-regions of the medial preoptic nucleus are differentially implicated in
the control of appetitive and consummatory sexual behavior in quail

The quail has also been used in several experiments to investigate the brain areas involved in
the control of ASB and CSB. In addition to the advantages discussed above that are related to
the anatomically discrete signature of testosterone action in the mPOA, behavioral studies have
identified in quail two easily measurable responses that provide sensitive indexes of ASB while
being relatively independent of the copulatory sequence itself.

It was first discovered by Domjan and colleagues [61,62] (see [64] for a review) that when a
male copulates with a female for a single time in an arena there is a marked change in his
behavior. After copulating with a female, the male will stand in front of a window that provides
him with visual access to the female for most of the day while he was ignoring this window
before copulation [61,62]. This robust response, called learned social proximity response, is
reliably produced in the laboratory, easily quantifiable and provides a useful way to investigate
the neuroendocrine mechanisms regulating male appetitive sexual behavior [31]. This response
is however learned only if the male birds perform copulatory behavior in the testing chamber
and, as a consequence, cannot be studied completely independently of the occurrence of CSB.

A second procedure to assess ASB has been more recently developed based on studies
conducted in the laboratory of Elizabeth Adkins-Regan at Cornell University [140]. Male quail
produce a meringue-like foam that is transferred to females during copulation and enhances
the probability that sperm will fertilize the eggs [50,51]. This foam is produced by rhythmic
movements of a sexually dimorphic striated cloacal sphincter muscle that is interdigitated with
the proctodeal gland [125]. These movements are greatly facilitated in males, including
sexually naive males, by the simple view of a female [125,140]. These rhythmic cloacal
sphincter movements are facilitated nearly 20-fold in castrated males treated with testosterone
and provided with visual access to a female as compared to castrated males receiving no
testosterone [29]. These cloacal sphincter muscle movements are reminiscent of non-contact
erections described in mammalian species [121] in that they involve muscle movements that
control effector organs associated with consummatory aspects of male sexual behavior in
response to sensory cues emitted by a female.

Expression of both the learned social proximity response and rhythmic cloacal sphincter
movements are testosterone-dependent. These responses are not expressed in castrated males
and are restored to rates observed in intact sexually mature males by treatments with exogenous
testosterone [6,25,29,63]. As mentioned above, effects of testosterone on these two measures
of ASB require aromatization of the androgen [28,136]. The localization of brain aromatase
can thus provide insight into areas that may be part of the neural circuit regulating these
behaviors. Since the POM contains the largest number of ARO-ir cells, experiments were
performed to test the possible implication of this brain area in the control of ASB.
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7.1. Effects of stereotaxic implants of testosterone in POM

In a series of studies, ASB and CSB were measured in castrated male quail that had received
testosterone-implants directed at the POM [114]. Behavioral tests assessing the acquisition of
the learned social proximity response were performed and immediately followed by a 5 min
period during which the males had free access to the females and could express CSB. Only a
few birds displayed the full copulatory sequence ending in cloacal contact movements, but
these were all males who had testosterone implants directly located in the POM or just outside
of POM (less than 200-300 um). Additionally, males bearing testosterone implants in POM
displayed a higher rate of mount attempts and cloacal contact movements as compared to birds
with empty implants when observed in a small test arena.

Overall, these males treated with testosterone in the POM also displayed a higher percentage
of time exhibiting the social proximity response than birds in the other groups (control empty
implant or testosterone implant outside POM) although this difference was not statistically
significant. As already mentioned above, the learned social proximity response does not
develop in birds that fail or are not allowed to copulate with the female [25] and this functional
link therefore prevented a thorough assessment of the effect of testosterone implants in the
POM on this response because only a fraction of the testosterone implanted birds achieved
copulation. However a separate analysis of the behavior of the birds that copulated revealed
that these same birds also displayed a significant elevation in time spent in front of and looking
through the window, while testosterone-treated birds that failed to copulate showed very low
levels of these response, similar to birds with empty implants. Testosterone implants in the
POM also increased the average number of rhythmic cloacal sphincter movements produced
by the males in response to the visual presentation of a female although this effect was only
observed in a small number of subjects and associated with a large between subject variability;
it was thus not statistically significant [114].

7.2. Effects of POM lesions

Another series of studies analyzed the effects of discrete electrolytic lesions aimed at POM on
the expression of both CSB and ASB. In parallel to their well-documented effects on CSB that
were reproduced in this experiment, these lesions of the POM decreased the expression of the
learned social proximity response although the effect had, as an average, a lower amplitude
than the inhibition of CSB even if the inhibition was statistically significant [29]. As an average,
the time spent watching the female in front the window in the two chamber apparatus decreased
by about 30-40% in birds bearing POM lesions [29]. Closer inspection of the data revealed,
however, that this modest decrease of the proximity response was associated with a high degree
of individual variability. While expression of CSB was almost completely suppressed in all
birds bearing a POM lesion, the decrease in learned social proximity response ranged in
individual birds from no change to a nearly complete suppression. This allowed for the
definition of three statistically different groups of subjects: birds displaying a weak
consummatory sexual behavior and an apparently normal appetitive sexual behavior (ASB+/
CSB+; n=5), birds with a complete suppression of CSB but with an apparently normal
appetitive sexual behavior (ASB+/CSB—; n=7) and birds with a complete suppression of both
components of sexual behavior (ASB—/CSB—; n=4).

POM lesions were then re-constructed based both on Nissl-stained sections and on the pattern
of immunoreactive aromatase remaining after the lesion and the specific location of the
individual lesions was correlated with the magnitude of the deficit affecting expression of the
learned social proximity response. These analyses revealed that lesions at the level of or just
rostral (200 um) to the anterior commissure were associated with decreased expression of CSB,
while slightly more rostral lesions were specifically associated with inhibition of the measures
of ASB [29].
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Birds in the ASB+/CSB+ group possessed a lesion destroying primarily the rostral part of the
POM (600-400 pum rostral to anterior commissure). In contrast, birds in which CSB had been
completely suppressed (ASB+/CSB— and ASB—/CSB-) had an extensive lesion of the more
caudal POM. These last two groups were however clearly separable: the inhibition of ASB
(group ASB—/CSB-) was specifically associated with a large lesion in the anterior POM, 400
um rostral to the anterior commissure that was not observed in the other group (compare lesion
scores for level 400 um in the ASB+/CSB— and the ASB—/CSB— groups; see Fig. 5C) (see
[29] for detail). In addition, these POM lesions almost completely abolished the expression of
rhythmic cloacal sphincter movements induced in castrate males treated with exogenous
testosterone by the view of a female [29].

Taken together, available evidence based on electrolytic lesions or stereotaxic implantation of
testosterone in the brain therefore supports the notion that in quail like in rats, the mPOA (in
quail, the POM specifically) is implicated to some degree in the control of both consummatory
and appetitive sexual behavior. A finer analysis additionally revealed that there are
specialization in the sub-regions of the POM that participate to the activation of these two
components. This conclusion was confirmed by a completely independent experimental
approach.

8. Studies of the immediate early gene c-fos

A study recently investigated via the detection of immediate early gene expression the neural
sitesthat are activated by the expression of appetitive and consummatory aspects of male sexual
behavior in Japanese quail [137]. Castrated males treated with testosterone were allowed to
interact freely with a female and express the full sequence of copulatory sexual behavior (CSB
group), or to express rhythmic cloacal sphincter movements in response to the visual
presentation of a female (ASB group) or were simply handled and immediately returned to
their home cage as a control manipulation. Behavioral tests lasted 5 min after which the birds
were returned to their home cage. Ninety min later, brains were collected and stained by
immunocytochemistry for the FOS protein, the produced of the immediate early gene c-fos.
An increase in FOS expression was observed throughout the rostro-caudal extent of the medial
preoptic nucleus (POM) in males of the CSB group, whereas the view of a female and
expression of rhythmic cloacal sphincter movements (ASB group) induced an increased FOS
expression in the rostral POM only (See Fig. 6). These data thus provide additional support to
the idea that the POM is implicated in the expression of both ASB and CSB but that there is a
partial anatomical dissociation within this nucleus between sub-regions involved in the control
of each aspect of male sexual behavior. They also provide independent support to the notion
that the rostral and caudal POM differentially control the expression of ASB and CSB in quail.

9. Is this specialization of the medial preoptic area a general phenomenon
among vertebrate species?

9.1. Functional studies

Detailed information on the potential separation between parts of the mPOA specifically
involved in the control of ASB and CSB is not available for other vertebrate species, including
rodents, but scattered evidence suggests that a similar sort of specialization within the mPOA
might exist in a variety of species. For example, it has been shown that in rats, like in quail,
that lesions of the caudal POA and anterior hypothalamus block the expression of copulatory
behavior but more rostral lesions in the POA had little or no effect [145]. Detailed statistical
analysis of these data also indicated that at the individual level, the deficits in male copulatory
behavior correlate significantly with the extent of the lesion in the caudal POA but not with
the lesion in the rostral POA. In hamsters (Mesocricetus auratus), studies of FOS expression
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in the brain indicated that pheromones alone are able to activate neurons in the mPOA in the
absence of copulatory interaction with females suggesting that stimuli encountered in the
appetitive phase of male sexual behavior are processed, at least in part, in the mPOA [134].
This anatomical separation is also consistent with findings in a songbird, the house sparrow
(Passer domesticus) demonstrating that female-directed song, an appetitive behavior that
precedes copulation, relates positively to the induction of the immediate early genes c-fos and
zenk in the rostral POM but not the caudal part of this nucleus [115].

Studies in rats have also shown that contextual cues that have been associated with the female
elicit c-fos expression in several brain regions including the ventral and dorsal striatum and the
basolateral amygdala but not in the mPOA [68]. This is reminiscent of recent studies in quail
demonstrating a lack of c-fos activation in the POM after presentation of an arbitrary stimulus
that had been repeatedly paired to female presentation despite the fact that this conditioned
stimulus was able to elicit the expression of a form of appetitive sexual behavior (rhythmic
cloacal sphincter movements) and induced changes (a decrease in this case) in c-fos expression
in two other brain regions, the nucleus taeniae of the amygdala and hippocampus (see [138]
for additional discussion). It will therefore be important to test in male rats appetitive responses
elicited by stimuli directly associated with the female to properly assess the role of the mPOA
in the production of appetitive responses.

9.2. Anatomical studies

Neurochemical or hodological properties of sub-regions of the mPOA that would support their
specific involvement in the control of ASB versus CSB remain largely unexplored at present.
One must recall, however, that in quail, the caudal POM expresses a higher number of
aromataseimmunoreactive cells than its rostral part [27], that these caudal cells are more
affected by testosterone [27], that following expression of copulatory behavior more FOS-
expressing cells are found in the caudal than in the rostral POM [93] and finally that the sex
difference affecting the number of aromatase-immunoreactive of the POM projecting to the
PAG is more prominent in the caudal part of the nucleus [48].

Such differences between the rostral and caudal mMPOA are apparently also present in rats.
Lisciotto and Morrell, for example, showed that that the caudal part of medial preoptic nucleus
of male rats contains more testosterone-target neurons (as identified by in vivo autoradiography
with tritiated testosterone) and that more of these testosterone-target neurons project to the
mesencephalic PAG in males than in females while such a sex difference was not observed in
the rostral MPN [88]. This sex difference in neurochemically defined connectivity is
reminiscent of the similar difference recently reported in quail (see above; [48]) and could play
a key role in the control of male copulatory behavior since the PAG represents a premotor
nucleus receiving afferents from a variety of preoptic and hypothalamic sites and projecting
to the spinal neurons controlling muscles implicated in sexual behavior [96,97].

The PAG exhibits a topographic organization that has been described as columnar in nature
[33]. These columns correspond to well known physiological responses mediated by the PAG
such as defensive reactions, analgesia, and autonomic regulation [33]. There also appears to
be a sexual column based primarily on studies of the neurochemical control of lordosis in
female rats [124]. No column specifically dedicated to the control of male sexual behavior has
been identified to date, but the origins of projections from the mPOA to the PAG in male rats
appear to be topographically organized. Injection of a retrograde tracer in PAG indeed labeled
cells throughout most of the of the medial preoptic nucleus but the distribution of labeled cells
shifted medially to laterally along the rostral to caudal axis of the medial preoptic area.
Rostrally, there was selective retrograde labeling in the central and lateral divisions of medial
preoptic nucleus, whereas caudally, labeled cells were primarily located only in the lateral
subdivision of medial preoptic nucleus [116]. Anterograde tracing from the mPOA to the PAG
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also labeled specific columns in this latter nucleus. [116]. Additional experiments demonstrated
that stimulation of the mPOA activates c-fos expression in a topographically organized manner
within the PAG, thus strongly suggesting the existence of functional columns in this nucleus,
presumably linked to functional subdivisions in the mPOA. Neurons activated in PAG also
project to the medulla where they presumably participate to the activation of motor aspects of
male sexual behavior [117].

Although the present review focuses on the role the POA in the control of consummatory or
appetitive aspects of male sexual behavior, it is important to emphasize that this behavior is
activated by the action of steroids at multiple anatomical levels of a complex neural circuit. In
quail, steroid-sensitive areas such as the medial part of the bed nucleus striae terminalis and
parts of the arcopallium including the nucleus taeniae of the amygdala are also clearly involved
as indicated by a number of studies based on targeted electrolytic lesions and on the analysis
of c-fos expression [2,29,49,137,140]. This is also clearly the case and documented in more
detail in other species such as rodents in which areas such as the parts of the amygdala play a
critical role in the integration of chemosensory and hormonal cues mediating mating behavior
[99,154,155]. As mentioned before, the work of Everitt and collaborators additionally
implicates parts of the basolateral amygdala in the control of ASB in rats [67,68]. Many other
brain regions including the entire olfactory pathways (main and accessory), the bed nucleus of
the stria terminalis, or the mesencephalic periaqueductal central gray are also critically
involved. It is beyond the scope of the present review to analyze the entire circuit implicated
in the control of male sexual behavior which has in any case been extensively described in a
number of recent reviews [36,80,81]. We would like to stress here that the present discussion
of the functional specificity of subregions within the POA is completely compatible with the
well-supported claim that this brain region is only one among many brain areas that play a key
role in the control of this behavior.

10. Summary and concluding statements

Appetitive and consummatory aspects of male sexual behavior must obviously be expressed
in a coordinated manner in order to produce a functionally adapted behavioral sequence that
can result in fertilization of the female and successful reproduction. It is therefore not
unexpected that these two aspects of the sexual behavior are under the control of similar if not
identical endocrine stimuli. Studies carried out mostly in rodents suggested, however, the
presence of a double dissociation between brain areas controlling these two aspects of male
sexual behavior: the medial preoptic area was implicated specifically the control of copulatory
behavior while sexual motivation seemed to be controlled by the basolateral amygdala. This
dissociation may relate to the methods that were used to assess appetitive sexual behavior
(males working to gain access to female in an operant conditioning procedure with a second-
order sexual reinforcer; potential confusion between motivation and motor ability or ability to
remember learned associations; see [80]). A more detailed analysis of the behavioral effects
of lesions or pharmacological manipulations of specific sub-regions of the mPOA in rats would
be useful in order to reveal effects on appetitive aspects of male sexual behavior.

Studies in Japanese quail have indicated that the preoptic area participates in the control of
both components even if research completed so far does not exclude the possibility that other
brain areas could also play a very important and specific role. Quite interestingly, studies based
on completely independent approaches (lesion and quantification of c-fos expression) have
provided converging evidence for an anatomical separation of the cell groups preferentially
implicated in the control of the appetitive and consummatory aspects of sexual behavior. The
appetitive component would be controlled by a sub-region of the POM rostral to the region
controlling consummatory aspects. This functional separation also seems to correspond to
neurochemical and hodological specializations within the preoptic area. Scattered information
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further suggests that such a functional and neurochemical specialization may also be present
in several mammalian species. Systematic studies investigating such potential regional
differences within the mPOA are required at this time to confirm this hypothesis.

The differences between subregions of the quail mPOA that appear to be differentially involved
in the control of ASB and CSB may seem to be somewhat subtle at least based on the analyses
completed to date. It is therefore reasonable to question how such relatively minor
neuroanatomical or neurochemical differences could be responsible for the emergence of
qualitatively different behaviors such as those expressed during the appetitive or
consummatory phases of the male sexual behavior sequence. As already mentioned above, the
fact that ASB and CSB occur in a sequence makes it obvious that they must be functionally
coordinated. It is thus no surprise that there is some overlap between the brain areas and
neurochemical mechanisms controlling their expression. At the same time, it is important to
recognize that the preoptic area is highly heterogeneous so that local differences that appear
quantitative in nature, based on our relatively imprecise neuroanatomical analyses might, in
fact, represent qualitative differences at the cellular level. As already articulated before in a
slightly different context, the presence of 40,000 molecules of estrogen receptor in a
microdissected brain region may reflect existence of 10 neurons with 4,000 molecules of
receptor each or of one neuron with 22,000 and 9 neurons with only 2,000 receptor molecules.
If the neuron with a high number of receptors is part of the circuit mediating a given behavior,
a very different functional outcome can be expected in these two scenarios, depending on
whether the key neuron has 22,000 or 4,000 receptor molecules [39].

Similarly, the different responses to testosterone of neurons in various parts of the POM, the
gradients in the numbers of ARO-ir cells and their different projections to the PAG, even if
they only appear as minor quantitative regional differences, could reflect at the cellular and/or
molecular level qualitative differences affecting specific subsets of neurons. If some of these
subsets are specifically implicated in the control of ASB or CSB, they could thus generate
qualitatively different responses. It is obviously difficult to identify in an exhaustive manner
the specific neurons in the POM that are part of the male sexual behavior circuit and due to the
plasticity of the vertebrate brain this task might be impossible to achieve (unlike the situation
existing in simpler invertebrate models such as the Aplysia or Caenorhabditis elegans
mentioned in the introduction of this paper). It is therefore at the present time impossible to
determine whether the neurochemical differences of admittedly limited amplitude that have
been identified between subregions of the POM reflect all-or-none differences in a subset of
functionally specialized neurons that are critical for sexual behavior or minor quantitative
differences spreading through broader regions of the nucleus. Based on available information,
we favor, however, the first of these interpretations, which would explain why the mPOA is
able to control such a broad diversity of responses including sexual or maternal behavior and
many autonomic functions, including thermoregulation, thirst or hunger.

It is also important to emphasize here that the use of a variety of animal models exhibiting a
variety of biological features that provide practical advantages (clearly defined appetitive or
consummatory components of behavior, easily definable dimorphic or neurochemically
identified structures in the POA, ...) has been instrumental in making progress in the analysis
of the relationships between specific aspects of behavior and neuroanatomical/ neurochemical
features of the preoptic area. Homologies between sexually dimorphic nuclei in various animal
species including rats, hamsters, guinea pig, gerbils or quail and the dimorphic structures of
the preoptic area in humans and monkeys [8,40,45-47,133] remain unclear at present and
information coming from different species is still likely to improve our understanding of the
neural bases of behavior in primates including humans.
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Functional neuroanatomical studies have often provided essential clues about physiological
mechanisms controlling behavior [10,59,82,157]. A topographic specialization of the preoptic
region related to the control of specific components of male sexual behavior could be an
important tool in elucidating neural processes preferentially controlling different aspects of
male sexual behavior.
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Figure 1.

Schematic dimorphic nuclei identified in the rat, gerbil and Japanese quail brain. The
homologies between rat and gerbil are presented according to the recent work of Finn and Yahr
[69] and panels A and B are redrawn from a figure published in that study. The quail medial
preoptic nucleus (POM) appears to be homologous to the MPN of rats based on arguments that
are presented in the text. Abbreviations: AC: anterior commissure; BST: bed nucleus of the
stria terminalis; BSTm: bed nucleus of the stria terminalis, medial part; BSTpr: bed nucleus
of the stria terminalis principal nucleus; I: lateral; ISDA: lateral part of the sexually dimorphic
area; m: medial; MPN: medial preoptic nucleus (in rats); mSDA: ; OC: optic chiasma; PdPN:
posterodorsal preoptic nucleus; POM: medial preoptic nucleus (in quail); SDApc: sexually
dimorphic area, pars compacta; SDN-POA: sexually dimorphic nucleus of the preoptic area;
[11: third ventricle.
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Figure 2.

In Japanese quail, the medial preoptic nucleus (POM) is sexually dimorphic and its boundaries
are specifically outlined by a dense cluster of aromatase-immunoreactive (ARO-ir) cells. The
volume of POM and the number of ARO-ir cells in this nucleus represent a signature of
testosterone action in the brain. A. Schematic presentation of the anatomical localization of
the POM, which extends through most of the rostro-caudal extent of the preoptic area. At a
level just caudal to the anterior commissure (CA), the POM merges with the medial part of the
bed nucleus of the stria terminalis (BSTm). The distribution of ARO-ir cells in this brain area
(illustrated in gray tone) overlaps exactly with the boundaries of POM and BSTm. Sections
are arranged in a rostral to caudal order from top to bottom. B. Photomicrograph illustrating a
section through the preoptic area at the level of the anterior commissure that was stained by
immunocytochemistry for aromatase. The two groups of ARO-ir cells outlining the POM and
BSTm are clearly visible. C. Photomicrographs of the left POM stained by
immunocytochemistry for aromatase respectively in a sexually mature gonadally intact male
(Intact), in a castrated male (CX) and in a castrated male treated with testosterone (CX+T).
D. Quantification of the ARO-ir cells in the POM. In the entire POM, the number of ARO-ir
cells is decreased by castration and restored by a treatment with exogenous testosterone (left
graph; redrawn from [75]). Separate counts reveal that effects of castration and testosterone
are more prominent in the lateral than in the medial part of the nucleus (right graph; redrawn
from [12]). Note that data in the two parts of this panel come from different studies in which
quantification was performed by different methods in sample fields of different sizes. Absolute
numbers of ARO-ir cells thus cannot be directly compared and attention should be paid only
to relative changes induced by castration and testosterone treatment. Magnification bar in B-
C=500 pm.

Abbreviations: AM: nucleus anterior medialis hypothalami; BSTI: bed nucleus of the stria
terminalis, lateral part; BSTm: bed nucleus of the stria terminalis, medial part; CA: commissura
anterior; E: entopallium; FPL.: lateral forebrain bundle; GLv: nucleus geniculatus lateralis, pars
ventralis; HA: hyperpallium apicale; Hp: hippocampus; LA: nucleus lateralis anterior thalami;
N: nidopallium; nCPa; POM: nucleus preopticus medialis; SL: nucleus septalis lateralis; SM:
nucleus sepatalis medialis; TSM: tractus septopallio-mesencephalicus; V: third ventricle; VLT:
nucleus ventrolateralis thalami.
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Figure 3.

Stereotaxic implants of testosterone in the POM activate male copulatory behavior in male
Japanese quail. A. Schematic drawings illustrating the position of implants that did or did not
activate male-typical sexual behavior. Implants restore copulatory behavior in castrated male
quail only if located within the limits of the POM but not in adjacent structures of the medial
preoptic area. The panel shows two coronal sections located at the level of the anterior
commissure (CA: bottom) and 180 um more rostrally (top). Filled circles represent implants
that restored at least mount attempts in castrates, open circles represent implants that were
behaviorally ineffective. Implants that are only 100-200 um lateral to POM are ineffective.
AC: nucleus accumbens (now renamed nucleus striae terminalis lateralis; see [113]); CA:
commissura anterior; FPL: fasciculus prosencephali lateralis; POM: nucleus preopticus
medialis; SL: nucleus septalis lateralis; SM: nucleus septalis medialis. Redrawn from [22].
B. Testosterone implants in the POM also induce the expression of aromatase that can be
detected by the quantification of the numbers of ARO-ir cells on the implantation side. The
intensity of sexual behavior activated by the implants (frequency of mount attempts during the
last two behavioral tests before sacrifice) correlates best with the induction of aromatase
expression (numbers of ARO-ir cells) in sections located just rostrally (100-200 pum) to the
anterior commissure (CA). The figure represents the correlations (Pearson's product-moment
coefficient) between individual measures of sexual behavior and numbers of ARO-ir cells in
the left or right POM (counted in one 20 um-thick section every 100 um). The testosterone
implant was always positioned on the right side. Coefficients that are significantly different
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from zero are indicated by an asterisk (Redrawn from [23]). C-D. Photomicrographs illustrating
the POM as observed in sections stained by immunocytochemistry for aromatase in two
castrated quail that received a stereotaxic implant filled with cholesterol (C) or with
testosterone (D) in the dorso-lateral part of the nucleus on the right side of the brain. The
induction of aromatase by testosterone as evidenced by an increase in the number of ARO-ir
cells in clearly visible in panel D. The tip of the implants is clearly visible and labeled by an
asterisk. The dotted line indicates the limits of the POM. Magnification bar= 500 um (modified
from [23]).
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Figure 4.

Aromatase-immunoreactive cells located in the medial preoptic nucleus (POM) send dense
projection the premotor mesencephalic periacqueductal gray (PAG), this projection is denser
in males than in females and this sex difference is more prominent in the caudal than in the
rostral part of the nucleus. Retrogradely labeled cells are also more numerous in the lateral
than in the medial part of the nucleus A. Schematic representation of the POM-PAG projection
and of the experimental design used to study this connection. A retrograde tracer (fluorescent
latex beads) was injected in PAG, retrogradely transported to POM neurons that project to
PAG and then identified in sections through the POM that were also stained by
immunocytochemistry for aromatase. B. Representative photomicrographs through the lateral
(left) or medial (right) POM illustrating the presence of retrogradely transported latex beads
(red) that had been injected in PAG in aromatase-immunoreactive cells (green). In the medial
POM a large fraction of ARO-ir cells project to the PAG, this proportion is smaller in the lateral
POM. Arrows point to ARO-ir cells containing red latex bed that project to the PAG,
arrowheads indicate ARO-ir cells that do not project to PAG C. Number (mean+SEM) of
retrogradely fluorescent (RLF) aromataseimmunoreactive (ARO-ir) A cells counted in 4
different locations in the POM (medial and lateral field at a rostral and caudal level) in male
(black bars) and female (hatched bars) quail illustrating the effects of the position within POM
(medial vs. lateral and rostral vs. caudal) on the number of ARO-RLF cells and the presence
of larger numbers in males as compared to females. Post hoc MANOVA confirmed that the
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sex difference is significant only in the lateral caudal POM (*=p<0.05) but statistical tendencies

(p<0.10) are also observed in the medial POM at both rostrocaudal levels. Redrawn from
[48].
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Figure 5.

Electrolytic lesions affecting the POM just rostral to the anterior commissure inhibit male
consummatory sexual behavior (CSB), more rostral lesions also inhibit appetitive sexual
behavior (ASB). A. Behavioral scores (time at window during the learned social proximity test
[ASB] or mount attempt frequencies [CSB]) computed for three subgroups of birds bearing a
POM lesion defined by the presence of appetitive sexual behavior and a low level of
consummatory sexual behavior (ASB+/CSB+), or by the complete absence of consummatory
behavior associated or not with an inhibition of appetitive sexual behavior (ASB—/CSB— and
ASB+/CSB-respectively). *=p < 0.05 by comparison with ASB+/CSB+ subgroup ; #=p < 0.05
by comparison with ASB+/CSB— subgroup). B. Photomicrographs of sections stained by
immunocytochemistry for aromatase illustrating a bilateral electrolytic lesion in the rostral part
of the POM (left) and in the caudal part of the nucleus at the level of the anterior commissure
(CA). Magnification bar= 500 um, V: third ventricle. C. Average lesions scores observed in
the POM at four rostro-caudal levels (identified by reference to the commissural anterior, CA)
in the three subgroups of birds defined by their behavior as described in panel A. Lesions were
scored on a 5 point scale with 0= no POM left (complete lesion) and 4= 100 % of POM left
(no lesion at this level). A nearly complete loss of CSB is observed in birds bearing large lesions
at the CA level or 200 um more rostrally. The most important deficits in ASB are observed in
birds bearing large lesions 200 or 400 um rostral to CA. Redrawn from data in [29].
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Figure 6.

Performance of consummatory sexual behavior (CSB) induces FOS expression throughout the
medial preoptic nucleus (POM) while performance of appetitive sexual behavior (ASB;
production rhythmic cloacal sphincter movements in response to the view of a female) induces
FOS in the anterior POM only. The bar graph represents the number of FOSimmunoreactive
cells counted in sections through the anterior (ANT) or posterior (POST) POM in birds that
had expressed either ASB or CSB 90 min before sacrifice or had been handled as a control
(CTRL) manipulation. *= significantly different from the control situation. The lower part of
the panel shows photomicrographs through representative sections in the ASB and CSB groups.
Redrawn from data in [137].
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