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Contribution of birds to the study of sexual differentiation of brain 
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A B S T R A C T   

Behavioral neuroendocrinology has largely relied on mammalian models to understand the relationship between 
hormones and behavior, even if this discipline has historically used a larger diversity of species than other fields. 
Recent advances revealed the potential of avian models in elucidating the neuroendocrine bases of behavior. This 
paper provides a review focused mainly on the contributions of our laboratory to the study of sexual differen
tiation in Japanese quail and songbirds. Quail studies have firmly established the role of embryonic estrogens in 
the sexual differentiation of male copulatory behavior. While most sexually differentiated features identified in 
brain structure and physiology result from the different endocrine milieu of adults, a few characteristics are 
organized by embryonic estrogens. Among them, a sex difference was identified in the number and morphology 
of microglia which is not associated with sex differences in the concentration/expression of neuroinflammatory 
molecules. The behavioral role of microglia and neuroinflammatory processes requires further investigations. 
Sexual differentiation of singing in zebra finches is not mediated by the same endocrine mechanisms as male 
copulatory behavior and “direct” genetic effect, i.e., not mediated by gonadal steroids have been identified. 
Epigenetic contributions have also been considered. Finally sex differences in specific aspects of singing behavior 
have been identified in canaries after treatment of adults with exogenous testosterone suggesting that these 
aspects of song are differentiated during ontogeny. Integration of quail and songbirds as alternative models has 
thus expanded understanding of the interplay between hormones and behavior in the control of sexual 
differentiation.   

1. Introduction 

Reproduction, a defining feature of living organisms, has taken 
multiple forms in the course of evolution. Scissiparity (reproduction by 
simple division of an adult) of simple primitive organisms evolved in 
most species in a form of reproduction based on specialized cells, the 
gametes. Initially these gametes were identical in all subjects of a given 
species (isogamy), but this mode of reproduction evolved independently 
in multiple lineages of plants and animals to anisogamy where one 
group of individuals (by definition the females) produces large gametes 
in relatively smaller numbers, the oocytes, while another group (by 
definition the males) produces a multitude of small gametes, the sper
matozoa. As a consequence, the two sexes have developed different 
reproductive strategies (e.g., higher selectivity for partner in females 
than in males, development of complicated ornaments in males in order 
to attract females). A large amount of research has been devoted to the 

analysis of the mechanisms that mediate the differentiation of these two 
types of subjects within a same species. 

The first step in this process is usually known as sex determination. 
Our anthropomorphism often leads us to assume that sex determination 
in all animals is operated like in humans and mammals by the presence 
of one pair of sex chromosomes, labeled X and Y in mammals. This is, 
however, very far from the truth. There is across animals and plants a 
huge diversity of mechanisms mediating primary sex determination. 
This ranges from determination by a variable number of sex chromo
somes that bear no relationship with the mammalian X and Y to a 
determination by environmental temperature or determination by the 
number of copies of all chromosomes (haplo-diploidy) or elimination of 
the paternal genome (Bachtrog et al., 2014). 

Simply put, in mammals the sry gene (for sex-determining region of 
the Y) located on the male Y chromosome controls the production of a 
protein, called the testis determining factor (tdf), that directs the 

☆ This paper is part of the Virtual Special Issue, Non-model Contributions. 
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development of the undifferentiated gonad into a testis. In the absence 
of sry/tdf, this embryonic tissue will form an ovary. This is, however, a 
simplistic description and several other genes are also implicated in 
these processes (She and Yang, 2017). Once the sex of the gonads is 
fixed, this/these gonad(s) will secrete sex steroids that will, in most 
vertebrates, generate a cascade of events leading to the sexual differ
entiation of all tissues explaining sex differences in various aspects of the 
phenotype. In mammals, the newly formed testes start producing 
testosterone (T) early during ontogeny and this steroid or its metabolites 
masculinize and defeminize many features of brain and behavior. In the 
absence of T, a female phenotype will develop. This process was initially 
identified in the seminal paper of Phoenix and collaborators based on 
work manipulating T exposure during the early stages of life in guinea 
pigs, Cavia porcellus (Phoenix et al., 1959). In the 50 years that followed 
hundreds of papers confirmed the relatively general nature of this 
mechanism of sexual differentiation (for review: (Gerall et al., 1992; Goy 
and McEwen, 1980)), while identifying a few exceptions to the rule and 
providing a few refinements. It was namely shown that a few sexually 
differentiated features develop before and independently of testicular 
steroids (e.g., the scrotum of marsupials (Renfree et al., 1995); the 
dopaminergic neurons of the mesencephalon (Beyer et al., 1992; Küp
pers et al., 1991; Reisert et al., 1989)). In addition, the peripubertal 
period was demonstrated to be a second period of organization for 
sexually differentiated behaviors and brain features in males (Schulz 
et al., 2004; Sisk and Zehr, 2005) as well as in females in which estrogen 
secretion at the beginning of the puberty is required for the full devel
opment of female-typical behavior (Bakker et al., 2002; Brock et al., 
2011). 

2. Sexual differentiation in quail 

Given the seemingly general nature in mammals of the mechanism 
initially formalized by Phoenix and colleagues, the results of the first 
studies analyzing this process of sexual differentiation in Japanese quail 
(Coturnix japonica) came as a surprise. Elizabeth Adkins-Regan, then a 
student of Norman Adler at the University of Pennsylvania, first tested 
the impact of sex steroids (estradiol benzoate, EB and testosterone 
propionate, TP) on the expression of male- and female-typical repro
ductive behaviors in adult subjects that had been functionally castrated 
by exposure to short photoperiods (Adkins and Adler, 1972). Contrary to 
what had been demonstrated in mammals where the expression of fe
male receptivity is more sexually differentiated than male–typical 
copulatory behavior, males injected with EB displayed both male- and 
female-typical behavior, whereas females injected with EB or TP 
exhibited normal sexual receptivity but absolutely no male-typical 
copulatory behavior. Thus, the male quail appeared more bisexual 
than the female, while the opposite is observed in mammals. In addition, 
these experiments indicated that male-typical copulatory behavior is 
sexually differentiated in the organizational sense: it cannot be activated 
in adult females by hormonal treatments that fully activate the behavior 
in males. In contrast, other male-typical behaviors such as crowing and 
strutting, and squatting, the marker of female receptivity, can be acti
vated by adequate treatments (with TP or EB, respectively) in both 
sexes. They are thus not normally expressed in both sexes, but this is 
only due to the lack of activation in adulthood, not the result of orga
nization by early steroid action. The search for the organizational origin 
of the sex differences in copulatory behavior by investigation of the 
effects of very early endocrine treatments was going to reveal additional 
surprises. 

In 1975, Adkins demonstrated that a single injection of TP or EB in 
quail eggs does not masculinize behaviors as observed in mammals but 
rather causes a demasculinization of males (Adkins, 1975). This 
demasculinization of males by an in ovo injection of EB is also restricted 
to a critical period of the embryonic life: adult males that had been 
injected with EB in ovo and treated with exogenous TP as adults failed to 
mount and copulate with females only if the EB injection was performed 

on or before day 12 of incubation (Fig. 1A) (Adkins, 1979; Adkins- 
Regan, 1983; Schumacher et al., 1989). A detailed dose-response study 
also demonstrated that EB demasculinizes male behavior at much lower 
doses than TP: a full demasculinization of males was observed in sub
jects injected with 1 μg EB, but 100 μg TP or more were required to 
obtain the same effect (Fig. 1B) (Adkins, 1979). It could sound strange 
that both androgens and estrogens are having the same demasculinizing 
effects, but a suite of studies proved that TP demasculinizing effects are 
mediated via its conversion into an estrogen by aromatization. Among 
other things, the concurrent administration of an aromatase inhibitor or 
a estrogen receptor antagonist blocked these effects of TP (Adkins-Regan 
et al., 1982). 

At that time, there was already evidence that the embryonic ovary in 
birds starts secreting estrogens very early during incubation (Guichard 
et al., 1980; Scheib et al., 1981). As a consequence, it was speculated 
that the absence of male-typical copulatory behavior in adult females 
resulted from their early exposure to endogenous estrogens produced by 
the ovary, a process that would be experimentally reproduced in males 
by the injection of exogenous estradiol, E2 (Adkins-Regan, 1983). Some 
support for this model was actually found in one study demonstrating 
that an injection of the estrogen receptor antagonist CI-628 (nitromifene 
citrate) on day 9 of incubation partly masculinized the behavior of the 
treated females (Adkins, 1976). Six of the 9 injected females displayed 
head grabs and mounts and 3 of them performed cloacal contact 
movements, behaviors that were not seen in control females in this and 
in other experiments. The latency to show these behaviors was however 
much longer than observed in typical males. The masculinization of 
behavior was thus only partial and in addition, it could not be excluded 
that all demasculinizing effects observed so far could have resulted from 
non-specific toxic side effects. 

Two types of evidence confirmed that in normal physiological con
ditions, sexual differentiation indeed proceeds by a demasculinization of 
females induced by their ovarian estrogens. First, radioimmunoassays of 
serum collected from eggs incubated for various durations indicated that 
E2 circulating concentrations are significantly higher in female than in 
male embryos during the entire period when exogenous estrogens exert 
their demasculinizing effects, i.e. between day 9 (the earliest time point 
when sera could be collected) and day 15 of incubation (Fig. 1C; 
(Schumacher et al., 1988)). Secondly, availability of a newly synthesized 
aromatase inhibitor, R76713 (later renamed Vorozole™) allowed us to 
demonstrate that these endogenous estrogens are indeed responsible for 
the demasculinization of females. A single injection of 10 μg R76713 on 
day 9 of incubation resulted in females that were able, when adult and 
treated with exogenous T, to display the full repertoire of male-typical 
behavior, including mounts and copulation (Balthazart et al., 1992a). 
Furthermore, if this injection was combined with an injection of E2 the 
effect was completely abolished (Fig. 1D). 

Evidence of similar organizing effects of prenatal estrogens has to 
this date been collected in a few avian species, such as chicken and ring 
doves, and anecdotal evidence exists for quite a few other species, but 
available evidence is often less detailed and conclusive (see for review 
(Balthazart et al., 2017)). 

3. Sexually differentiated features in brain morphology and 
physiology 

When the principle of organizing effects of sex steroids was first 
formulated in the late sixties (Phoenix et al., 1959), it was broadly 
accepted that the brain in both sexes is very similar, if not identical, and 
that differences in behavior and function are only reflected at the 
neurophysiological level. However, small sex differences in specific as
pects of neuronal morphology were progressively identified (Dörner, 
1976; Dörner and Staudt, 1969; Raisman and Field, 1971; Raisman and 
Field, 1973) and a major shift in thinking took place when major dif
ferences in the volume of song control nuclei of canaries and zebra 
finches were reported (Nottebohm and Arnold, 1976). The ensuing 
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experimental work quickly detected similar volumetric differences in a 
variety of mammalian species (e.g., (Gorski et al., 1978); for review see: 
(Arnold and Gorski, 1984; Tobet and Fox, 1992)). These differences 
often had a limited magnitude, but the comparatively much larger ef
fects of steroids in photoperiodic species of birds and the identification 
of large organizing effects of steroids (see previous section) suggested 
that this quest might be easier and more fruitful in birds. 

The demasculinization of male-typical copulatory behavior in female 
quail by ovarian estrogens during embryonic life has indeed proved to 
be one of the most reliable and reproducible mechanisms of sexual 
differentiation observed in vertebrates. Given the magnitude of the ef
fect (complete and irreversible suppression of male copulatory behavior 
in females), it could have been anticipated that this effect would be 
reflected in major organized sex differences in the brain. The search for 
these differences in adult subjects has, however, been a bit disap
pointing. Indeed, although a large number of sex differences in brain 
structure or function have been identified in quail during the past 50 
years, most of these differences disappear when birds are gonadecto
mized and/or placed in identical adult endocrine conditions following a 
same treatment of both sexes with exogenous T or E2, suggesting they 
are not organized by embryonic estrogens (Balthazart et al., 1996a). It is 
also very difficult to relate in a causal manner the differences observed 
in the brain with behavior. These differences observed between sexually 
mature gonadally intact males and females namely concern the overall 
volume of a dense group of neurons corresponding to the medial pre
optic nucleus (POM) (Panzica et al., 1996), the expression of sex steroid 
receptors (androgen receptors, estrogen receptors of the α and β sub
type) as evidenced by autoradiography, immunohistochemistry or in 
situ hybridization of the corresponding mRNA, the expression and ac
tivity of T metabolizing enzymes, and the expression of multiple neu
ropeptides and neurotransmitters. These data have been reviewed and 
summarized on many occasions and will not be further discussed here 
(see for review: (Balthazart and Adkins-Regan, 2002; Balthazart et al., 
2017; Balthazart et al., 1996a; Panzica et al., 1996)). These data are in 
fact not directly relevant to the present discussion given their activa
tional nature. 

A few brain sex differences have, however, been shown to differen
tiate at least in part as a result of female exposure to ovarian estrogens 

during incubation. They could as a consequence explain the absence of 
male-typical copulatory behavior in adult females even after exposure to 
exogenous T. Two examples deserve a brief mention (see below) but this 
topic has been reviewed in detail in the past (Balthazart and Adkins- 
Regan, 2002). 

3.1. Neuronal size in the lateral POM 

As already mentioned, the volume of the POM is larger in males than 
in females (Viglietti-Panzica et al., 1986), but this difference disappears 
if both sexes are gonadectomized and treated with T (Panzica et al., 
1987). In addition, injection of EB in eggs at a dose that fully demas
culinizes females does not affect the adult POM volume (Panzica et al., 
1987) and POM volume is not different between males and females soon 
after hatching or at any stage of post-natal development (Thompson and 
Adkins-Regan, 1992). However, detailed analyses at the cellular level 
indicated that neuronal size in the lateral part of the POM is markedly 
influenced by T in males but less so in females, raising the possibility of 
an organized sex difference (Panzica et al., 1991). Accordingly, treat
ment of male embryos with EB on day 9 of incubation, which inhibited 
copulatory behavior in the treated males, significantly decreased 
neuronal size in the lateral POM, but the same treatment on day 14 (too 
late to affect behavior) was ineffective. In addition, a few males, whose 
behavior had not been completely demasculinized by the EB injection of 
day 9, displayed a neuronal size in the lateral POM that had not been 
decreased (Aste et al., 1991). The size of these neurons could thus be a 
marker of the sexual differentiation of brain and behavior. 

3.2. Vasotocin expression 

The POM and the bed nucleus of the stria terminalis are densely 
innervated by vasotocin-immunoreactive (VT-ir) fibers in male quail 
and in males of many other avian species (Viglietti-Panzica, 1986). This 
dense innervation is however not observed in females (Jurkevich et al., 
1996; Panzica et al., 1997) and is sensitive to T: it almost disappears in 
castrated birds and is restored by a treatment with exogenous T (Vig
lietti-Panzica et al., 1992). The sex difference is however not only the 
result of the lower T concentration in females because treatment of adult 

Fig. 1. Endocrine control of sexual differentiation by 
prenatal estrogens in quail. (A,B) Sensitive period and 
dose-response of the inhibition of male sexual 
behavior (here cloacal contact movements, CCM) by 
an injection in ovo of estradiol benzoate (EB). Eggs 
were injected with 50 μg EB or oil as a control on the 
different incubation days indicated (A) or with the 
different doses on day 10 of incubation and then 
treated with exogenous testosterone (T) before testing 
in adulthood. (C) Mean circulating concentration 
(±SEM) of estradiol (E2) in male and female quail 
embryos between day 9 and 17 of incubation. (D). 
Effects on male copulatory behavior (here mount at
tempts of females, MA) of a single injection of male 
and female embryos on day 9 of incubation with 
either 10 μg R76713 (R76), 25 μg estradiol benzoate 
(EB) or both treatments combined compared with the 
control treatment (Ctrl). All birds were then gonad
ectomized at 3–4 weeks post-hatching and treated 
with exogenous T before behavioral tests. 
*p < 0.05 compared to the control condition (same 
sex in panel D), ∕= p < 0.05 compared to males sub
mitted to the same treatment (panel D only). Redrawn 
from data in (Adkins, 1979) (A,B), (Schumacher et al., 
1988) (C) and (Balthazart et al., 1992a) (D).   
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females with this steroid still fails to activate a dense expression of this 
peptide, suggesting a participation of organizational effects (Panzica 
et al., 1998). 

This idea was clearly confirmed in one series of experiments 
manipulating estrogens bioavailability during embryonic life. Injection 
on day 9 of incubation of EB completely suppressed the VT-ir fibers of 
the POM in adult males despite a treatment with T. Conversely injection 
on day 9 of the aromatase inhibitor R76713 generated females that 
displayed a full male-typical innervation of the POM after adult T 
treatment (Panzica et al., 1998). Similar results were obtained in 
chicken (Jurkevich et al., 2001). It was recently found that this orga
nizing action of estradiol is mediated by estrogen receptor beta (Court 
et al., 2020). 

These data thus indicate that the endocrine control of the vasotocin 
innervation of the POM both during ontogeny (by estrogens) and in 
adulthood (by T) parallels the controls of male copulatory behavior. This 
suggested that this sexually differentiated innervation might explain 
why females are unable to display male-typical copulatory behavior. 
However, one series of experiments failed to demonstrate a facilitatory 
role of vasotocin on this behavior and rather suggested an inhibitory one 
(Castagna et al., 1998). The reasons potentially underlying this 
discrepancy have been presented (Balthazart et al., 2017; Castagna 
et al., 1998) and more work would obviously be needed to better un
derstand the physiological significance of the sex difference in brain 
vasotocin expression. Sex differences in vasotocin/vasopressin have 
been reported in many other vertebrate species from fish to mammals 
(De Vries and Panzica, 2006). Although the impact of these sex differ
ences often remains to be unveiled, vasotocin/vasopressin play crucial 
roles in various aspects of social behaviors (Godwin and Thompson, 
2012; Kelly and Goodson, 2014; Rigney et al., 2022). 

A few other sex differences have been identified that seem to persist 
in adults treated with T. They concern namely the activity of aromatase 
and distribution of aromatase-expressing neurons (Balthazart et al., 
1996b; Schumacher and Balthazart, 1986) or the concentrations and 
turnover of catecholamines in the medial preoptic area (Balthazart et al., 
1992b). In addition, the projection of the aromatase-expressing neurons 
of the POM to the mesencephalic aqueductal gray is sexually differen
tiated in sexually mature quail (Carere et al., 2007) and it is unlikely that 
these projections would become similar if birds of both sexes were 
exposed to the same endocrine conditions because long distance pro
jections are probably unable to grow in the adult brain. These differ
ences are thus likely to result from organizing effects of estrogens and 
could mark the mechanisms that control the sexually differentiated 
expression of male-typical copulatory behavior but this was never 
formally demonstrated. This material has been reviewed in detail on 
several occasions (Balthazart and Adkins-Regan, 2002; Balthazart et al., 
2017; Balthazart et al., 1996a). 

4. The putative role of microglia and inflammation in sexual 
differentiation 

While most attention initially focused on neurons, it turned out that 
the organizational actions of sex steroids can affect any cell type from 
glia to immune cells in the brain (Lenz et al., 2013; Lenz et al., 2018; 
Mong et al., 1999). Of particular interest is the role of microglia and 
neuroinflammation which were initially seen as the brain first line of 
defense against injury or pathogens until the realization about 15 years 
ago that they contribute to normal brain development, including sexual 
differentiation (Bilbo and Schwarz, 2012; Bordeleau et al., 2019; Pao
licelli and Gross, 2011; Thion et al., 2018). The discovery by Stuart 
Amateau and Margaret McCarthy that prostanglandins, best known for 
their role in inflammation and fever induction, were involved in the 
perinatal programming of brain and behavior by gonadal steroids pro
vided a first hint of a role of neuroinflammation in brain sexual differ
entiation (Amateau and McCarthy, 2004). Indeed, female rats treated as 
newborns with prostaglandin E2 (PGE2) showed the full suite of male 

typical behaviors after adult T treatment, while male rats in which 
prostanglandin synthesis had been blocked on the first day of life did not 
show mount or intromit as typical males do (Amateau and McCarthy, 
2004). In parallel, manipulation of PGE2 in newborn pups reversed a sex 
difference in dendritic spine density in the POA (Amateau and McCar
thy, 2004), which correlates with mounting behavior (Wright et al., 
2008). 

A decade later, the team led by Margaret McCarthy identified 
microglia as the sources of PGE2 involved in this process (Lenz et al., 
2013). As it turned out, the number of microglia in the developing 
preoptic area differs between sexes under the influence of both PGE2 
and estrogens and blocking microglial activity in newborn males pre
vents both preoptic dendritic spine patterning and the expression of 
adult male sexual behavior (Lenz et al., 2013). More recently, the same 
team demonstrated that gonadal steroids drive microglial phagocytosis 
to contribute to stable sex differences in brain and behavior (VanRyzin 
et al., 2019; Pickett et al., 2023). 

Following these discoveries, it was proposed that these sex differ
ences in microglia number and activity observed in rats may result from 
a maternal immune response against male fetuses (McCarthy, 2019, 
2020). In this context, birds constitute a perfect model given that their 
sensitive window to the organizing effects of estrogens occurs in the egg, 
independently of maternal influence. Recent investigations of microglia 
in quail embryos revealed the existence of a sex difference in their 
number that is specific to the medial preoptic area (Delage and Cornil, 
2020). Interestingly, as opposed to rats wherein microglia, in particular 
amoeboid microglia, is more abundant in the preoptic area of newborn 
males, female embryos harbor more microglia than males in quail. This 
sex difference was detected between embryonic days 9 to 12, that is 
during the sensitive period to estrogens, but not later (Fig. 2A). The 
number of embryonic microglia was sex-reversed by manipulations of 
estrogen availability during this critical period (Fig. 2B). Microglia 
originate from the yolk sac and enter the brain through the developing 
blood vessels, ventricles and meninges (Thion and Garel, 2017). The 
absence of sex difference in microglia lining the third ventricle suggests 
that estrogens do not influence microglial colonization of the brain 
(Delage and Cornil, 2020). Whether estrogens influence their prolifer
ation remains to be determined. 

Another question concerns the potential difference in microglia 
activation between male and female quail embryos and the role played 
by microglia in the sexual differentiation of the brain and behavior of 
quail. The expression of inducible nitric oxide synthase (or iNOS) in 
microglia was investigated as a marker of activation by inflammatory 
factors. Most microglia (80 %) expressed iNOS in both sexes (Delage and 
Cornil, 2020). Moreover, comparing the expression of a variety of 
microglial markers and inflammatory markers by qPCR revealed a 
higher expression of the proinflammatory interleukin 1β (IL1β) in the 
hypothalamus and preoptic area of female embryos at E12 (Dardenne 
and Cornil, Unpublished work). Although IL1β is secreted by microglia 
and neurons, this observation along with the larger number of microglia 
in the POM of females at E12 could indicate that microglia are more 
active in this brain region during its organization by estrogens. 

Based on the role of PGE2 in the sexual differentiation of the rat brain 
(Lenz et al., 2013), we investigated the potential role of prostaglandins 
in mediating the sexual differentiation of the brain and behavior of 
quail. Blocking cyclooxygenases (COX), the limiting enzymes for pros
taglandin synthesis, with indomethacin during early embryonic devel
opment eliminated the sex difference in microglia and impaired the 
ability of males to copulate, thus partially mimicking the effects of es
trogens (Fig. 3C) (Delage et al., 2021). These observations thus suggest 
that, as opposed to rats in which PGE2 mediates the effects of estrogens 
on brain sexual differentiation, PGE2 signaling in quail would mediate 
the masculinization process, which occurs in absence of estrogen 
exposure during embryogenesis. However, the absence of sex difference 
in the concentration of PGE2 or of any other measurable prostanoid in 
the HPOA of developing quail raises the question of the nature of the 
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product of COX mediating these effects (Fig. 3D) (Delage et al., 2021). 
Moreover, the administration of PGE2 to female embryos did not allow 
them to display male copulatory behavior following T treatment in 
adulthood (Delage et al., 2021). It is possible that their exposure to es
trogens during development prevented the organization of circuits 
required to show male sexual behavior despite the action of PGE2. 
Alternatively, the effect of indomethacin could be explained by its ef
fects on endocannabinoids, which are metabolized in less active com
pounds by COX and are involved in neurodevelopment (Maccarrone, 
2017). 

Together, these observations demonstrate that microglia are sexually 
differentiated in the developing POM under the action of estrogens. 
Interestingly, the sex difference goes in the opposite direction compared 
to the difference reported in rats, mirroring the organizing effects of 
estrogens on brain and behavior. This sex difference occurring in ovo is 
difficult to reconcile with the hypothesis according to which the sexual 
differentiation of some aspects of the mammalian brain relates to an 
immune reaction of the mother towards its male embryo. Many ques
tions remain however as a causal relationship between microglia and 
brain sexual organization has not been demonstrated. This endeavor is 
somewhat complicated by the fact that the critical period occurs in ovo 
when the brain is not easily accessible to experimental manipulations. 

5. Sexual differentiation in songbirds: the zebra finch is not 
another quail 

It was initially assumed that the mechanism of sexual differentiation 
based on the demasculinization by estrogens of the females that has been 

best characterized in quail, would apply to all avian species. Songbirds 
often display an extreme sex difference in singing behavior. This sex 
difference is particularly prominent in zebra finches (Taeniopygia gut
tata): females never sing even if treated in adulthood with T at doses that 
activate a very active singing behavior in males (Balthazart and Adkins- 
Regan, 2002; Nottebohm and Arnold, 1976). This behavioral difference 
is associated with major sex differences in the brain: the volume of 
several nuclei of the so-called song control system including HVC (used 
as a proper name) and RA (the robust nucleus of the arcopallium) is 
significantly larger in males than in females (2 to 3 times in canaries, 
Serinus canaria, up to 5 times in zebra finches; (Nottebohm and Arnold, 
1976)). 

Results of the first experiments testing whether the sex difference in 
singing behavior develops by the same mechanism as the sex difference 
in quail copulatory behavior then came as a surprise. Gurney and 
Konishi indeed found that if zebra finch chicks are implanted soon after 
hatching with a Silastic capsule containing E2, they develop as adults 
song control nuclei that are 2–3 times larger than in control females and 
almost of the same size as in males (Gurney and Konishi, 1980). Treat
ment of these E2-females with androgens in adulthood then activated 
some singing behavior contrary to what is observed in untreated females 
(see Fig. 3). These results were soon confirmed in an independent study 
that additionally demonstrated that the E2 treatment had to be started at 
or before day 4 post-hatching to be effective (Pohl-Apel and Sossinka, 
1984). Treatment from day 2 until day 18 post–hatch produced females 
displaying songs of male-like quality whereas treatment from day 2 until 
day 11 only produced poor song in females. Singing and the underlying 
associated brain structures in zebra finches are thus masculinized by 

Fig. 2. Sex differences in brain microglia and effects of cyclo‑oxygenase inhibition by indomethacin on the expression of male sexual behavior. A. Sex difference in 
the number of amoeboid microglia in the developing POM from embryonic day 9 (E9) to E12. The statistical insert summarizes the main results of the 2way ANOVA 
of these data with age and sex as factors: **p < 0.01, N.S., non significant. (B) Effect of manipulations of in ovo estrogen bioavailability by the administration at E7 of 
estradiol benzoate (EB, 50 μg) or the aromatase inhibitor, Vorozole (VOR) on the number of amoeboid microglia measured in the POM at E12. *p < 0.05 following 
significant interaction C. Effect of the Cox inhibitor, indomethacin (indo, 500 μg) administered at E7 on cloacal contact movements measured in adulthood in 
castrated males treated with testosterone. #p < 0.05 vs Indo following significant interaction. D. Developmental changes in the concentration of prostaglandin E2 
(PGE2) in the POM of quail at different embryonic (E) and early post-natal (PN) developmental ages (in days). ***p < 0.001 vs E7, †††, p < 0.001 vs PN14 following 
significant interaction. Redrawn from (Delage and Cornil, 2020) and (Delage et al., 2021). 
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neonatal treatment with an estrogen, in contrast with what takes place 
in quail and other birds in which neonatal estrogens demasculinize 
male-typical copulatory behavior. Another set of studies confirmed 
these results and additionally demonstrated that adult song in females 
neonatally treated with E2 can develop in the absence of adult treatment 
with androgens (Simpson and Vicario, 1991a, 1991b). 

More detailed behavioral studies performed by Elizabeth Adkins and 
collaborators confirmed the discrepancy between these effects of es
trogens on singing and effects of estrogens on copulation in quail. In
jection of zebra finches with EB during the first two weeks post-hatch 
produced adult males in which copulatory behavior was inhibited 
(demasculinized), like in quail, but at the same time singing was 
masculinized in adult females, as observed during sexual differentiation 
in mammals. As expected based on work on quail, EB-treated females 
did not display male-typical copulatory behaviors (Adkins-Regan and 
Ascenzi, 1987). These results thus raised a fundamental set of questions: 
are the concentrations of sex steroids, in particular estrogens, sexually 
differentiated during development of male and female zebra finches and 
more importantly how is it possible that a given hormonal milieu mas
culinizes singing in females and at the same time demasculinizes 

copulatory behavior in males. In other words, how can the develop
mental trajectory produce males that sing AND copulate (Balthazart and 
Ball, 1995)? 

It was initially speculated that singing and copulation are differen
tiated by estrogen action at different periods of ontogeny when circu
lating estrogen concentrations show opposite sex differences or that they 
are sensitive to different doses of the steroid but experimental explora
tion of these ideas failed to provide any support for these ideas (Adkins- 
Regan and Ascenzi, 1990; Adkins-Regan et al., 1994). 

6. Towards an alternative model for the differentiation of 
singing 

Investigations of the steroid plasma concentrations, in particular E2 
and T, during development failed to provide explanations for these 
conflicting results. Three separate studies investigated this question and 
none of them could detect a developmental period during which plasma 
E2 would be reliably higher in one sex compared to the other (Adkins- 
Regan et al., 1990; Hutchison et al., 1984; Schlinger and Arnold, 1992b). 
One exception to this pattern was present in the oldest of these studies 

Fig. 3. Table summarizing the multiple experiments 
indicating that the sexual differentiation of the song 
control system and of copulatory behavior cannot be 
controlled by the same endocrine stimuli. Up and 
down arrows respectively indicate increases and de
creases in some (but not always all) aspects of the 
variable under study. The equal sign indicates that no 
change was observed in the study. Symbols in red 
refer to results contradicting the idea that estrogens 
have masculinizing effects on all aspects of brain and 
behavior. Abbreviations: n.d. = non determined; SCN: 
song control nuclei; EB: estradiol benzoate; anti-ER: 
estrogen receptor antagonist. Vorozole and Fadro
zole are 2 non-steroidal aromatase inhibitors.   

C.A. Cornil and J. Balthazart                                                                                                                                                                                                                



Hormones and Behavior 155 (2023) 105410

7

where a peak in E2 concentration was present on day 4 post-hatch in 
males (Hutchison et al., 1984). This peak was however never reproduced 
and might possibly just be an artifact resulting from chance fluctuations 
or from the fact that birds in this study contrary to others were bled from 
the jugular vein (Schlinger et al., 2001). 

Since brain aromatase is extremely active in zebra finches and 
markedly influences circulating concentrations in the periphery 
(Schlinger and Arnold, 1991, 1992a, 1993), it was also suggested that 
the estrogenic stimulus that differentiates singing behavior originates in 
this enzymatic activity. However, no evidence of a sex difference in 
brain aromatase activity during ontogeny, nor actually in the activity of 
any other T metabolizing enzyme could ever be detected despite mul
tiple studies (Schlinger and Arnold, 1992b; Schlinger et al., 2001; Wade 
et al., 1995). Functional evidence derived from brain slices in cultures 
was, however, presented suggesting that the synthesis of E2 in the brain 
is sexually differentiated (Holloway and Clayton, 2001). This study 
demonstrated that the development of the neuronal projection from 
HVC to RA (critical for song production) in zebra finch brain slices 
critically depends on a local synthesis of estrogens in the male brain: a 
male-like projection develops in female brain slices co-cultured with 
male slices or exposed to exogenous estrogens and this development is 
blocked in both sexes by treatment with an anti-estrogen or an aroma
tase inhibitor. The idea that a sexually differentiated local production of 
estrogens can be controlling, at least in part, the sexual differentiation of 
brain and behavior in this species thus cannot be formally rejected but 
experimental evidence supporting this idea remains elusive. 

Another experimental approach was also used in an attempt to 
explain the mechanisms underlying sexual differentiation in zebra 
finches (Fig. 3). Assuming that males are exposed to a larger concen
tration of estrogens during ontogeny (as suggested by the (Hutchison 
et al., 1984) study) and this explains their larger song control nuclei, Art 
Arnold and his collaborators investigated, in a suite of pharmacological 
studies, the effects on the sexual differentiation of the song control 
system of early treatments with estrogen receptor antagonists or aro
matase inhibitors. Three different very potent antiestrogens adminis
tered soon after hatching failed to block sexual differentiation in males 
and actually induced a hyper-masculinization of the volume of the song 
control nuclei in males (Mathews and Arnold, 1990; Mathews et al., 
1988). Other studies used an alternative approach based on the inhibi
tion of estrogen production instead of blockade of their action. Admin
istration of an aromatase inhibitor early during development similarly 
failed to modify the sexual differentiation of the song control system 
(Wade and Arnold, 1994). These studies only quantified effects on the 
song control system in the brain, but another similar experiment 
assessing the effects of early aromatase inhibition on song performance 
also detected very little effects: treated females still did not sing and 
treated males sang apparently normal songs, albeit with a slightly 
decreased occurrence frequency (Balthazart et al., 1994). 

In a final attempt to test the idea of a masculinization of the song 
control system by early estrogen action, zebra finches were treated 
during their embryonic life (on day 5 of incubation) with the aromatase 
inhibitor Fadrozole. In genetic females, this treatment induced both 
functional ovarian and testicular tissue. In five of these seven females, 
the testicular tissue produced sperm in adulthood. The androgen- 
sensitive syrinx of these 5 females was also significantly larger than in 
control females indicating they had been exposed to more T during 
development (Wade et al., 1996). However, the presence of testicular 
tissue did not affect the development of the song control system and its 
sexual differentiation (volume of HVC and RA and neuronal soma size in 
these nuclei) with the exception that RA volume was slightly decreased 
in Fadrozole-treated males, even if it was still much larger than in fe
males (Wade and Arnold, 1996; Wade et al., 1996). 

7. The gynandromorphic zebra finch 

By the end of last century, research had thus failed to find a 

satisfactory explanation to the fact that early exposure to estrogens 
demasculinizes copulatory behavior in a variety of avian species, 
including the zebra finch, while the role of estrogens on the song system, 
if any, remained elusive. Treatments with exogenous estrogens, often at 
pharmacological doses, were shown to masculinize HVC and RA, as 
observed during the mammalian sexual differentiation, but no clear 
evidence for a sexually differentiated exposure to these steroids during 
ontogeny could be evidenced. 

The exclusively hormonal theory of sexual differentiation under the 
control of gonadal steroids was soon to be shaken up by the discovery of 
a very unusual zebra finch that displayed male plumage on the right half 
of the body and a female plumage on the left side. The bird was iden
tified in the avian colony of Fernando Nottebohm at Rockefeller Uni
versity (New York, NY) and studied in the laboratory of Art Arnold at 
UCLA (Los Angeles, CA). 

When housed with a female, this bird sang a male-typical song. He 
courted and copulated with the female who then laid infertile eggs. 
When housed with a male, he attacked this partner. At autopsy, the bird 
was found to have a normal ovary on the left side with numerous atretic 
follicles while the right side had a mature but disorganized testis con
taining both small and large seminiferous tubules, some of which con
tained sperm at different stages of development (Agate et al., 2003). 
Plasma levels of E2 and T were undetectable. 

Genetic analysis of the brain of this bird confirmed that cells on the 
left side were female and expressed a gene located on the W chromo
some, while cells on the right side expressed at higher level than on the 
left side a gene located on the Z chromosome (in birds sex chromosomes 
in males are ZZ and are ZW in females, and sexual determination relies 
on a dosage difference of DMRT1 gene between sexes (Ioannidis et al., 
2021)). Quite surprisingly, the volume of HVC was markedly lateralized 
in this bird and 1.82 times larger in the right (male) side than in the 
contralateral female side. This difference between the left and right side 
was much larger than what is normally observed in intact males (1.10 ±
0.08 times) but intermediate between the differences observed between 
intact males and females (4 to 7 times). It could obviously not be the 
result of a differential exposure of the two brain sides to gonadal steroids 
and had therefore to reflect direct effects of the genetic make-up of the 
brain. Note however that the magnitude of the difference was smaller 
than between control males and females, thus suggesting a potential 
contribution of circulating steroids. 

We recently had access to another gynandromorphic zebra finch that 
had been raised and kept in the vivarium of the University of Bielefeld 
(Germany; generous gift of Barbara Caspers and Hans-Joachim Bischof). 
This bird presented a similar plumage asymmetry but the lateralization 
was reversed: it displayed a full male plumage on the left side and a 
female plumage on the right side (Fig. 4). The brain and genetic make-up 
of this bird are still under investigation but it can already be reported 
that a lateralization of the song control nucleus HVC was also present in 
the brain. It was actually more pronounced than in the initial paper. 
When defined by the dense cluster of parvalbumin-immunoreactive 
neurons and perineuronal nets, HVC was 1.9 times larger in the male 
side (right side) and the asymmetry also affected RA that was 0.6 times 
larger on the male side. 

So data collected in these two gynandromorphs clearly demonstrate 
that neural sex differences can develop independently of sex differences 
in circulating sex steroids (steroids originating from the ovary on one 
side and the testis on the other side are obviously mixed while passing 
through the heart). The sex difference can only be assigned to the dif
ferential expression of male and female genes in the two brain sides. 
Identification of the genes that are “directly” mediating sex differences, 
without a mediation by gonadal sex steroids, is obviously a difficult task 
since gynandromorphs are rare and studies can only rely on “normal” 
males and females. A number of hypotheses have been presented. Some 
include the genes that control the local synthesis of sex steroids in the 
brain, in particular neuroestrogens. This approach could potentially 
reconcile data demonstrating direct effects of genes and effects of 
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estrogens either systemic (Gurney and Konishi, 1980) or produced in the 
brain (Holloway and Clayton, 2001) on sexual differentiation. Alterna
tive ideas are based on neurotrophins that are known to modulate brain 
growth (e.g., the brain-derived neurotrophic factor, BDNF and the nerve 
growth factor, NGF) (for review, see (Balthazart et al., 2017)). 

The emergence of the idea of “direct” effects of genes on sexual 
differentiation has also had a huge impact on the research concerning 
mammalian sexual differentiation by (re)focusing it on the molecular 
underlying mechanisms. Art Arnold and a large network of colleagues 
initiated studies of the four core genotype mice that had been developed 
in London by Paul Burgoyne and Robin Lovell-Badge (De Vries et al., 
2002). This model includes XY subjects that no longer express the testis- 
determining gene of the Y chromosome (XYsry-) and other XX subjects in 
which this sry gene has been inserted in an autosome (XXsry+). As a 
consequence, four types of subjects are present: XX and XYsry- mice that 
develop ovaries and XY and XXsry+ mice that develop testes. Pheno
typing of these mice indicated that most sex differences that relate to 
reproduction essentially develop by the classical mechanisms based on 
an early action of testes-derived T: the XY and XXsry+ mice are mascu
linized compared to the XX and XYsry- mice. However, many other sex 
differences were discovered that develop under the control of chromo
somal differences: here the subjects with XY chromosomes are different 
from the XX subjects independent of whether they have testes or ovaries. 

The list of these differences controlled by chromosomes independent 
of gonadal steroids has grown enormously during the last decade and 
now includes sex differences affecting autoimmune diseases, meta
bolism and adiposity, cardiac and pulmonary diseases, pain sensitivity 
and neural tube closure defects. At the behavioral level, these chromo
some effects also concern aspects of learning or social behaviors as well 
as the development of Alzheimer's disease (see (Schlinger, 2022) for 
references). Specific genes mediating these effects, mostly located on the 
X chromosome but escaping inactivation and thus acting via a dosage 
effect, have even been identified in some selected cases (see (Arnold, 
2022) for review). 

8. Genetic and epigenetic differences in zebra finches 

For methodological reasons (difficulties in manipulating gene 
expression and absence of a corresponding 4 core genotypes model), the 
genetic bases of sex differences are not as well understood in zebra 
finches. However, as part of a broad collaboration between multiple 
laboratories in Belgium and Europe, we participated in attempts to 
better define the genetic bases of sexual differentiation in this species. 

Changes in gene transcription (analyzed by RNA Seq) and their po
tential epigenomic regulation (analyzed by Reduced Representation 
Bisulfite Sequencing, RRBS) were quantified in the telencephalon of 
male and female zebra finches on day 1 (song control nuclei not yet 
visible), 20 (morphological differentiation of nuclei well under way, 
start of the sensory phase for song learning) and 65 (end of sensory and 
middle of the sensorimotor phase) post-hatching and in adulthood 
(Diddens et al., 2021). This study identified large sex- and age-related 
changes in transcription. 

Overall, DNA methylation was however low but markedly increased 
over age, particularly in song control nuclei, as could be observed by 
separate immunohistochemical analysis with an antibody specific to 
methylcytosine of sections collected at 20 and 120 days post-hatch. A 
clear association was observed between age-dependent changes in DNA 
methylation and gene expression for a number of transcription factors 
regulating synaptic plasticity such as FOS, OTX2, AR, and EGR. Thus 
DNA methylation seems to regulate transcription during ontogeny via 
changes in transcription factors rather than via changes in the tran
scription of specific genes. In contrast, changes in DNA methylation only 
explained a very small fraction of the sex differences in transcription. 

Also as indicated by previous work (Ellegren et al., 2007; Itoh et al., 
2007; Itoh et al., 2010), dosage compensation appeared to be very 
limited in zebra finches and most of the sexually differentiated tran
scription was due to an incomplete dosage compensation of genes 
located on the Z chromosome (males in birds are ZZ and females are 
ZW). Very few sex differences in gene transcription concerned genes 
located on autosomes. A similar situation has been reported in canaries 

Fig. 4. Gynandromorphic zebra finch hatched and raised at the Bielefeld University and studied at the University of Liege.  
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(Ko et al., 2021). It must be noted however that many genes whose 
transcription was sex-biased were not dosage-compensated at 1 day 
post-hatch, but became dosage compensated later life. Thus, they can 
contribute to sex-specific patterns in development, even though they are 
balanced in adulthood. 

These studies thus demonstrate that gene-based differentiation in the 
zebra finch telencephalon largely takes place by mechanisms that differ 
from what has been described in mammals. One set of studies indeed 
demonstrated that the mammalian brain feminization is supported by an 
active suppression of masculinization via DNA methylation (Nugent 
et al., 2015). In contrast, no major sex difference in global methylation 
levels was detected in zebra finches and no sex-specific gene methyl
ation was observed in differentially expressed genes. Thus DNA 
methylation does not appear to be involved in regulating sexually 
differentiated gene expression. Accordingly, a recent experiment in our 
lab failed to identify major effects on copulatory behavior of a treatment 
of male and female quail embryos with the methyl transferase inhibitor, 
zebularine (Court Lucas and Cornil Charlotte, unpublished data). This 
negative result should however be considered with great caution before 
it is actually replicated. 

9. Sexual differentiation of song in other species 

The zebra finch has been a broadly used model in the study of sexual 
differentiation largely because this is the songbird species that most 
easily reproduces in captivity. This species is however peculiar in many 
aspects: sex differences related to singing are extreme (5 fold differences 
in the volume of song control nuclei with area X not or barely visible in 
females and adult females never sing even after treatment with T 
(Shaughnessy et al., 2018)). Additionally, being an Australian species 
living in desert areas (Zann, 1996), they do not or poorly respond to 
changes in photoperiod and their reproduction is largely controlled by 
the presence of water and green vegetation (Bentley et al., 2000; Zann, 
1996). Sex differences in singing behavior are also present and have 
been studied in other species even if the ontogeny of these differences 
was rarely investigated due to the difficulty in reproducing these birds in 
captivity. A few field studies in cavity nesting birds were however per
formed (e.g., (Casto and Ball, 1996)). 

The canary (Serinus canaria) is the most widely used species in this 
context. Canaries also display sex differences in singing behavior but 
these differences are less extreme than in zebra finches. Female canaries 
usually do not sing, although a few of them do occasionally (Ko et al., 
2020). Additionally, female canaries display an active singing behavior 
when treated as adults with exogenous T (Alward et al., 2018; Boseret 
et al., 2006; Nottebohm, 1980). The volume of the song control nuclei 
HVC and RA increases in parallel in these T-treated females (Nottebohm, 
1980). 

An earlier study demonstrated that that even if exogenous T induces 
song production and increases song control nuclei volumes in females, 
these effects have a smaller magnitude than in males (Madison et al., 
2015). It is however well known that these effects of T are partially 
mediated by the transformation of this androgen into an estrogen such 
as E2 (Bottjer and Johnson, 1997; Fusani and Gahr, 2006). Therefore, we 
recently asked whether these blunted effects observed in females could 
be due to the fact that aromatization of T in their brain is less active than 
in males as observed in a variety of species even after treatment with T 
(Hutchison et al., 1994; Roselli and Resko, 1993; Schumacher and 
Balthazart, 1986). 

Separate groups of castrated males and of photoregressed females (i. 
e., with quiescent ovaries as a consequence of exposure to short days) 
were subcutaneously implanted with either 2 empty 10 mm silastic 
capsules (Ctrl) as a control, or one empty capsule and one capsule filled 
with T or one capsule filled with T plus one filled with E2. All birds were 
isolated in sound-attenuated boxes and the songs they produced were 
recorded for 3 h each week for 6 weeks before brains were collected and 
song control nuclei volumes were measured in Nissl-stained sections 

(Dos Santos et al., 2022). 
The study confirmed that song rate or duration, as well as various 

features of the song produced, are enhanced by T more in males than in 
females. Quite surprisingly these sex differences were not abolished or 
reduced by a concomitant treatment with E2 and quite on the contrary, 
the addition of E2 to the T treatment increased and diversified the sex 
differences in singing (Dos Santos et al., 2022). Overall, sex differences 
over the 6 weeks of treatment or significantly different changes in time 
in the two sexes (time by sex interactions) were indeed observed for song 
rate and duration, but also for additional features of song including 
power and bandwidth (see Fig. 5A, B). On average, E2 actually inhibited 
part of the stimulating effects of T, especially in females, an effect that 
was in some cases statistically significant (see (Dos Santos et al., 2022) 
for detail of statistics). 

The mechanism explaining this unexpected inhibitory effect of E2 is 
unclear at this time given that E2 alone has been shown to promote 
singing behavior in canaries and zebra finches (Bottjer and Johnson, 
1997; Fusani and Gahr, 2006; Harding, 2008; Schlinger and Brenowitz, 
2017). One study, however, showed that treatment of male canaries 
with the aromatase inhibitor Fadrozole increases song duration and the 
number of syllable repetitions within a song suggesting that estrogens 
inhibit these features (Fusani et al., 2003). 

Additional features of song are also different in males and females 
and remain different in T or T + E2 birds. They concern the rate of 
occurrence and various features of rapid repetitions of a same sound 
with a song, called trills and the diversity of syllables that males and 
females incorporate into their songs (Dos Santos et al., 2023). 

Interestingly, the autopsy and microscopic examination of the brains 
further indicated that the volume of forebrain song control nuclei (HVC, 
RA, Area X) was increased by the two steroid treatments, but remained 
significantly much smaller in females than in males irrespective of the 
endocrine condition (see Fig. 5C for HVC). The statistical analysis of 
these volumes by two-way ANOVA indeed indicated the presence of 
significant effects of treatment and of significant sex differences but no 
effect of the treatment by sex interaction indicating that the sex differ
ence was present irrespective of the endocrine condition. And almost 
similarly, the syrinx mass was very significantly affected by the treat
ments (p < 0.001) and by the sex of the subjects (p < 0.001), while the 
interaction between these two factors was barely significant (p = 0.028; 
Fig. 5D). Syrinx mass thus remained much smaller in females than in 
males independent of their endocrine condition. These morphological 
and behavioral differences might be causally related: T treatment might 

Fig. 5. Effects of treatment with T or T in association with E2 of castrated male 
and sexually quiescent female canaries on representative song parameters (A- 
B), HVC volume (C) and syrinx mass (D). All data are means ± SEM. Redrawn 
from data in (Dos Santos et al., 2022). 
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increase song motivation in females through its action on the preoptic 
area (Alward et al., 2013; Alward et al., 2018; Vandries et al., 2019) so 
that they increase their singing behavior but in the absence of a fully 
developed song control system and of a fully grown syrinx, the vocal 
organ in songbirds, they are unable to reproduce some aspects of male 
song. 

Taken together, these sex differences in behavior and morphology 
that remain present when the endocrine condition of males and females 
are made similar by treatment with exogenous steroids suggest the ex
istence of organizing mechanisms that differentiate brain and behavior 
earlier during the ontogeny so that they respond differentially to adult 
steroid treatments. These sex differences are presumably organized 
either by early steroid action or alternatively by sex-specific gene 
regulation directly in the brain, as suggested by the studies of gynan
dromorphic zebra finches (Agate et al., 2003). 

In addition, one should not forget that song is a learned behavior in 
songbirds. Therefore, the inability of females to produce complete male- 
typical songs, and in particular the lower diversity of syllables they 
incorporate in their song, might reflect, at least in part, the absence of 
song learning and practice during early ontogeny. All these ideas are 
easily testable but obviously require the development of a large canary- 
breeding colony that would reproduce these birds in relatively large 
numbers so that young chicks become available for experimental 
manipulations. 

The fact that a number of aspects of song cannot be fully masculin
ized in females by an adult treatment with doses of T that are fully active 
in males is not very surprising given that a recent study demonstrated 
the presence of differences in gene expression in HVC between males 
and females and also between spontaneously singing females and fe
males that sing after treatment with exogenous T (Ko et al., 2021). A 
substantial part of the HVC transcriptome is sex-specific in canaries and 
many of these differentially expressed genes are also differentially 
expressed between singing and non-singing subjects, indicating their 
close relation to song production. 

10. Conclusions 

A few lessons can be learned from these comparative studies of 
sexual differentiation in avian species. The most obvious one is that the 
mechanisms underlying sexual differentiation are clearly not universal 
but rather specific to different classes of animals if not to more restricted 
taxonomic units. The work of Elizabeth Adkins-Regan that was 
confirmed and extended by many others initially pointed to the fact that 
male-typical copulatory behavior is demasculinized by estrogens in fe
male birds, while it is masculinized by these hormones in male mam
mals. Birds are thus not feathered mammals: in both classes, sexual 
behavior is organized by early hormone action but the underlying 
mechanisms differ in birds from what is seen in mammals. It is puzzling 
to note that in mammals, the female is homogametic (XX) and the male 
is heterogametic (XY), while the opposite is true in birds (male ZZ, fe
male ZW). Researchers initially tried to derive a rule from these obser
vations pointing that in both classes of vertebrates it is the 
heterogametic sex whose phenotype develops under the organizing in
fluence of sex steroids. A causal link has however not been identified to 
our knowledge and the study of song differentiation in oscines has 
clearly complicated the story. 

The diversity in differentiating mechanisms indeed is not only 
related to species differences but it is also observed within a same spe
cies for different behaviors. It is indeed well established that perinatal 
exposure to estrogens demasculinizes copulatory behavior in zebra 
finches, as it does in quail, but partially masculinizes song and the song 
control system. This intraspecific mechanistic difference presumably 
relates to the fact that the organizing mechanisms concern different 
parts of the brain: the evolutionarily ancient preoptic area- 
hypothalamus for copulatory behavior and the relatively more recent 
hyperpallium for singing. In this latter case, steroids are however not the 

full story and the analysis of the gynandromorphic zebra finch has 
opened a new avenue of research investigating “direct” genetic effects 
that are not mediated by changes in gonadal steroid production. 

As noted by Elizabeth Adkins-Regan in several of her reviews and in 
her book (Adkins-Regan, 2005), the study of animal diversity has often 
generated questions that subsequently led to novel insights and deeper 
understanding of a given phenomenon. This has clearly been the case for 
studies of the gynandromorph that led to the development and study of 
these differentiating effects of genes in mammals via use of the four core 
genotypes model and others. In fact, studies of birds have been at the 
origin of multiple advances in various fields of biology (see (Konishi 
et al., 1989)). We hope that this brief overview adequately illustrates 
this value and will generate interest in such comparative research that 
unfortunately tends to be put aside by current science and funding 
agencies. 
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