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Abstract

Concepts of brain-steroid signaling have traditionally placed emphasis on the gonads and adrenals
as the source of steroids, the strict dichotomy of early developmental (“organizational”) and mature
(“activational™) effects, and a relatively slow mechanism of signaling through intranuclear receptors.
Continuing research shows that these concepts are not inaccurate, but they are certainly incomplete.
In this review, we focus on the song control circuit of songbird species to demonstrate how each of
these concepts is limited. We discuss the solid evidence for steroid synthesis within the brain
(“neurosteroidogenesis™), the role of neurosteroids in organizational events that occur both early in
development and later in life, and how neurosteroids can act in acute and non-traditional ways. The
songbird model therefore illustrates how neurosteroids can dramatically increase the diversity of
steroid-sensitive brain functions in a behaviorally-relevant system. We hope this inspires further
research and thought into neurosteroid signaling in songbirds and other animals.

Introduction: Re-evaluating core principles

Traditional concepts about sex steroid-brain signaling are framed by three core principles. First,
it is the gonads, and to a lesser extent the adrenals, that synthesize steroids. Second, these
steroids either permanently organize growth of some neural structures during development or
activate neural structures transiently to control behavior and physiology after sexual
maturation. Third, steroids act predominantly by binding to intranuclear receptors that regulate
gene expression through relatively slow mechanisms. These core principles largely summarize
how steroids act on the brain to ensure appropriate sex-and season-specific reproduction in
animals. Therefore, these three principles have become the foundation of neural sex steroid
biology.

Contemporary research, however, shows that each of these ideas is limited and as a
consequence, in need of updating. For example, we now know that steroids can be intracranial
signals, synthesized in partial or complete independence from the periphery. We also now
know that steroids can influence a vast array of neural targets and functions across an animal’s
lifespan, blurring their ontogenetic (e.g., developmental or adult) and functional (e.g.,
reproductive) classifications. Lastly, we now know that steroids can influence brain and
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behavior by binding to several classes of receptors and ion channels in neuronal cells,
expanding the range of steroid-dependent cellular changes. Therefore, the group of chemicals
that have been called the ‘sex steroids’ must now be viewed as multi-functional, ageless and,
in some cases, genderless neurochemical signals.

New insights on neural steroid action arose from extensive neuromolecular and neurochemical
studies combined with neuroanatomical and behavioral examination in a diverse set of
vertebrate models. Perhaps surprising to many, songbirds have emerged from this set as one
of the most valuable systems for advancing understanding of brain-steroid biology. Across a
bird’s life, sex steroids facilitate growth and function of neural structures that subserve the
recognition, learning and production of song. In many cases, the three traditional core principles
fail to explain how these occur. Therefore, while it is true that gonadal steroids can act by
traditional mechanisms to influence song as a reproductive behavior, to fully describe songbird
brain-steroid biology, it is necessary to incorporate new findings into the old conceptual
framework.

In this review, we focus on the sex steroids and their actions on the songbird brain. We do not
intend to question the numerous and well-documented actions of gonadally-derived steroids
on song (reviewed comprehensively elsewhere [1;2;3;4;5;6;7;8]. Rather, we focus here on
findings that do not conform to the classical concepts of steroid action, though we will in some
cases invoke the traditional core principles to frame our points.

We will also focus on the zebra finch, a common laboratory songbird model. It does not in all
cases represent the patterns of steroidogenic synthesis and action, or all of the behavioral
diversity, found among songbirds. It does, however, have a striking sex difference in song
system anatomy and behavior. And, while steroids are clearly involved in masculinizing the
song circuit, it remains a mystery as to how this circuit becomes masculine. The zebra finch
and the puzzle of its song circuit has, therefore, motivated many investigations into steroid
synthesis and action that do represent well the complexity of steroids in the brain —
investigations that have even expanded beyond the boundaries of the sexually dimorphic song
circuit itself.

We will start with a general introduction to songbird brains and behavior. Then, we will briefly
describe the process of steroidogenesis and introduce the idea that important steroidal signals
may be synthesized within the brain itself. Next, we will discuss the potential for neurosteroids
to contribute to the early developmental organization of the sexually dimorphic song control
circuit in zebra finches, and how neurosteroids might also contribute to “organizational” events
in the adult song circuit in other songbirds. Finally, we will highlight studies illustrating that
steroids can be synthesized at synaptic terminals and, like other neurotransmitters and
neuromodulators, are subject to rapid local synthesis and/or release in behaviorally-relevant
contexts. Each of the following sections describes songbird research that fundamentally shifts
how steroid-brain interactions must be conceived. This relationship is no longer simple, but it
is much more interesting for its richness and complexity. We hope the ideas presented here
stimulate research and discussion of steroids as fascinating neurochemical signals not only in
songbirds, but in other vertebrate species as well.

Songbirds and the neural song control circuit

With the exception of Antarctica, virtually every landmass on the planet teems with songbirds,
birds of the Order of the Passeriformes, suborder Oscine. These small birds, unlike other
familiar “perching” birds like pigeons, hawks and owls, are able to produce songs that are
learned. In some species, young birds copy adult vocalizations they hear during a sensitive
developmental period. In other species, birds retain the ability to learn new songs throughout
life [9]. Songs can be simple in frequency, amplitude and structure, or unbelievably rich and
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complex [10;11]. The diversity represented within the songbird species therefore offers an
abundance of models for investigating the interactions of steroids and neural systems in the
context of a naturally-occurring behavior.

Songhirds possess a conspicuous neural circuit, or “song system,” that is dedicated to song
learning, song recognition, and the motor output of song (Figure 1). Details of this circuit’s
connectivity are described elsewhere [12]. For our purposes here, it is important to recognize
a few general features of the song system. Auditory input is essential, and is processed within
the telencephalon primarily through specialized sensory areas: Field L, the caudomedial
nidopallium (NCM), and the caudomedial mesopallium (CMM). At least partially through
another telencephalic area, nucleus interface of the nidopallium (Nif), auditory information is
transmitted to HVC (used as a proper name) and becomes integrated into sensorimotor and
motor processes within two other major interconnected neuroanatomical loops. HVC connects
to a circuit involved in fine motor control and developmental song learning (HVC — area X
— medial dorsolateral nucleus of the thalamus (DLM) — lateral magnocellular nucleus of the
anterior nidopallium (LMAN) and from LMAN to both the robust nucleus of the arcopallium
(RA) and back to area X), and to a pathway controlling motor production of vocalizations
(HVC— RA — tracheosyringeal nucleus of the XII cranial nerve (nXlIts)). This latter nucleus
contains motoneurons that innervate and control muscle contractions of the syrinx, the avian
vocal organ [13].

Elements of this neural circuitry are shared by other bird species such as parrots and
hummingbirds that also exhibit learned vocalizations [14;15;16]. Songbirds, however, have
evolved a particularly robust song system that is the focus of extensive investigation into many
core aspects of neurobiology. Songbirds therefore are important models for investigating
mechanisms of behaviorally-relevant neural circuits [17;18]. For example, in some species
such as the Australian zebra finch (Taeniopygia guttata), only males sing, and the complexity
of the neural song circuit mirrors sex differences in behavior [19]. Many other songbird species
alter their singing behavior seasonally, and the song control circuit partially deteriorates and
regenerates in parallel with the behavioral changes [20;21;22]. This is arguably the most
extraordinary case of adult neural plasticity that occurs in the absence of trauma, making
songbirds invaluable for investigations into the natural flux of neuronal birth, death, migration,
and connectivity [23]. Lastly, many songbirds are highly social animals that depend on
generating clear vocalizations, and quickly and accurately perceiving the vocalizations of
others. Songbirds are therefore excellent models for investigating the many rapid changes
throughout the song system that are likely involved in these processes. Sex steroids have roles
in all of this neurobiology.

Core Principle 1: Neurosteroidogenesis; steroid synthesis within the brain

Steroid synthesis (steroidogenesis) is abundant in the gonads and adrenals of virtually all
vertebrate species by a process [24] illustrated in Figure 2. Leydig and theca cells in the testes
and ovaries, respectively, and cortical cells of the adrenals, are specialized to initiate, and in
some cases complete, the synthesis of the biologically important sex steroids. These cells
possess mitochondria equipped with transport proteins, the Steroidogenic Acute Regulatory
protein (StAR) or the mitochondrial translocator protein (TSPO; previously known as the
peripheral-type benzodiazepine receptor, PBR) [25;26;27;28;29;30;31;32], that move
cholesterol across the mitochondrial membranes. This transport places cholesterol in contact
with the side-chain cleavage enzyme (Cytochrome P450 SCC; CYP11A1l) that produces the
first steroidal molecule, pregnenolone. As a lipophilic steroid, pregnenolone passively diffuses
out of the mitochondria into the cytoplasm where it can interact with additional steroidogenic
enzymes embedded in smooth endoplasmic reticulum. One of these enzymes is 3p-
hydroxysteroid dehydrogenase/A5-A4 isomerase (33-HSD), which converts pregnenolone into
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the transcriptionally-active progestin progesterone. Pregnenolone can also be converted into
the androgen dehydroepiandrosterone (DHEA) via the activity of 17a-hydroxylase/17,20 lyase
(Cytochrome P450 17A1; CYP17). CYP17 also converts progesterone into the androgen
androstenedione (AE); AE is also the product of 3p-HSD metabolism of DHEA. AE is
converted into the androgen testosterone (T) by an isoform of the 173-HSD enzyme. T is
converted into the potent estrogen estradiol (E2) by the enzyme aromatase (Cytochrome P450
19A1; CYP19). Alternatively, testosterone can be converted into the potent androgen 5a-
dihydrotesterone by the enzyme 5a-reductase, or the inactive androgen 53-dihydrotestosterone
by the enzyme 5B-reductase (not pictured in Figure 2). The synthesis of the glucocorticoids
cortisol and corticosterone also occur via a similar pregnenolone/progesterone precursor
pathway. In general, steroidogenic enzymes display very high substrate specificity, though
there is evidence that non-steroidal compounds can bind to and in some cases, modify activity
of, at least a subset of these enzymes [e.qg. [33;34;35]]. The focus of this review is on the neural
production of androgens and estrogens via the main cascade of cholesterol transport and
enzymatic conversions described above.

The capacity for the nervous system to synthesize steroids de novo, “neurosteroidogenesis,”
was first proposed based on work from the laboratory of Etienne Baulieu after they discovered
that steroids were detectable in animals that had been gonadectomized and adrenalectomized
[36;37;38]. Unlike in the gonads and adrenals, the enzymes and transporters necessary for
steroid synthesis are present in minute, not abundant, quantities in the brain. This made their
identification difficult, and interpretation of their biological significance challenging.
Nevertheless, experiments from many labs have now confirmed the potential for
neurosteroidogenesis in a variety of vertebrate models [39;40;41] leaving little doubt that
neurosteroids are elemental components of the complex neurochemistry of the vertebrate brain.

The term “neurosteroid” is used to distinguish steroids that are produced by steroidogenic
activity within the nervous system from those synthesized in the periphery. Here, we consider
neurosteroids to be steroids that are synthesized in the brain de novo from cholesterol substrate,
as well as those that are metabolized in the brain from steroid substrates supplied from the
periphery. The ability of the brain to synthesize its own steroids has profound implications for
how we think about neural steroid action. If all of the enzymes and transporters required for
de novo steroidogenesis are expressed in the brain, then it can control the “steroidogenic
throttle” independently from the gonads and adrenals. Enzymes and transporters can be present
in different quantities, in different locations, and at different times to regulate the quantity and
mixture of steroids within specific brain regions. It is not that peripheral steroids have no
function; indeed it has been shown that circulating steroids can alter neural expression of
steroidogenic enzymes in the songbird brain [42;43]. This effect, however, is not equivalent
in all brain regions. The brain itself can therefore regulate steroidogenic activity to supplement
or modify peripherally-synthesized steroids, dramatically increasing their potential functional
complexity.

In all songbird species examined, the song control circuit expresses intracellular steroid
receptors [3;44,;45;46;47;48;49]. Thus, the song circuit shares a primary characteristic with
reproductive neural circuits: steroid sensitivity. Song is not, however, exclusively a
reproductive behavior; songbirds sing in both reproductive and non-reproductive contexts.
Anatomically, there are connections between the song circuitry and phylogenetically conserved
brain regions that control appetitive and consummatory copulatory behaviors e.g.[50;51;52;
53]. Therefore, song represents a complex behavior that has some relationship to reproductive
behaviors and relies on sex steroid signaling, but singing is not necessarily under strict
reproductive control. This suggests that instead of being wholly regulated by the gonadally-
synthesized steroids so strongly implicated in control of reproductive function, brain-specific
steroid regulation is essential to the song control circuit.
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Core Principle 2: Neurosteroidogenesis and brain organization throughout
life
Background

In the zebra finch, one of the most striking organizational processes is the construction of the
sexually dimorphic song control circuit during posthatch development. The mechanisms by
which individual components of this system become sexually dimorphic may not be exactly
the same [54;55;56;57;58;59;60;61;62], but two factors are common: steroids can significantly
alter every one [18;61;63;64;65], and the cells that comprise each nucleus likely arise from the
proliferative zone surrounding the lateral ventricles [66;67;68].

Male songbirds generally have more pronounced (i.e., masculinized) song circuitry than
females and in zebra finches sex-steroids profoundly masculinize the song system. Young
females systemically administered steroids, especially estradiol, developed masculinized song
circuits [64;69;70;71;72;73]. In some cases, early exposure to high systemic estradiol levels
alone was sufficient to support singing in females [74]. The masculinizing effect was
measurable when estradiol was administered during the first three weeks of posthatch
development, but particularly potent during the first week of posthatch life [73].

It is during the first week or so after hatching that major neuroanatomical changes occur, too.
Major song nuclei are first identifiable 7-10 days after hatching [75;76]. At this early age
(songbirds are altricial), these nuclei are already sexually dimorphic [75;76]. Thus, the time of
greatest steroid influence is consistent with the emergence of brain areas that show significant
sex differences.

The traditional dogma of sexual differentiation would postulate that sex-specific secretions
from the gonads, in particular sex steroids, directed the male and female song system to
organize differentially. However, no consistent sex differences in circulating steroid levels
were measured during the first few weeks of posthatch life in zebra finches [77;78;79], and
testes do not express aromatase [80;81;82]. Consequently, two alternative and non-competing
mechanisms for the sexual differentiation of the song system were put forth.

One was that the genetic differences between males and females, i.e. the difference in sex
chromosome complement, drive sexual differentiation of the brain. The idea that differential
expression of sex chromosome genes could influence at least some aspects of “brain sex™ has
been well supported in mammals [83;84;85]. It might have special significance in songbirds
because dosage compensation of sex chromosome genes is not as widespread in birds as in
mammals [86;87].

Experimentally, this direct genetic theory is gaining traction in songbirds. Notably,
examination of sex chromosome gene expression in a naturally occurring gynandromorph, a
bird that was morphologically male on one side and female on the other, showed that only one
brain hemisphere expressed a marker for the W chromosome while the other expressed
significantly more of a Z chromosome marker [88]. This was consistent with one side being
genetically female (ZW) and the other being genetically male (ZZ). Interestingly, the
genetically male side had larger, more masculinized song nuclei than the female side [88]. This
suggested that the presence of two copies of Z-linked genes in males might promote
masculinization of the song nuclei, or alternatively, that the presence of a W-linked gene present
only in females might promote demasculinization of the song nuclei (default growth of the
zebra finch song system seems to be feminine). One or both of these genetic differences could
therefore contribute to the sex differences in the song system. Other sex chromosome genes,
for example the trkB receptor, also show sex differences in expression levels within the song
control circuit [89]. Experimental evidence for a genetic foundation of behaviorally-relevant
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brain sexual differentiation comes from a study performed in a non-songbird: embryonic male
quail transplanted with female hypothalamic tissue prior to gonadal development fail to display
male-typical reproductive behaviors [90]. All of this evidence suggests that it is likely that sex
differences in the expression levels of genes localized to sex chromosomes are relevant to the
song system.

The other mechanism by which the zebra finch song system may become sexually dimorphic
is through the production and action of sex steroids within the brain. This idea in fact combines
both the principles of the dogma of sexual differentiation — the necessity of sex steroids, and
the direct genetic theory — the sex-specific regulation of neural gene expression. Even in the
gynandromorph discussed above, the genetic female hemisphere had larger song nuclei than
typical in female zebra finches [88]. Circulating testosterone and estradiol levels in the
gynandromorph were below detection limits, more similar to control females than males,
supporting the idea that gonadally-derived steroids did not masculinize the song circuit.
Therefore, it is possible that the song nuclei in the genetically female hemisphere were
masculinized by the actions of a masculine factor diffusing from the male hemisphere into the
female hemisphere. Though a mechanism by which steroids could travel between hemispheres
is still untested, it is possible that a lipophilic neurosteroid could be this diffusible factor.

Guided by the aromatization hypothesis that explained mammalian brain masculinization
[91], it was first postulated that the neural aromatization of gonadally-derived androgens
directed the estradiol-mediated masculinization of the song system. As a consequence,
aromatase in the zebra finch brain was intensively examined at quantified at the mRNA, protein,
and activity level [92;93;94;95;96;97;98]. Though aromatase is abundant in the zebra finch
brain, it is essentially absent from cells bodies within the major song nuclei [95;99;100] (but
see discussion below) and no distinct sex difference in somal aromatase measures emerged
from these studies (but see [95;101]).

Still, evidence mounted for the potential of neurosteroids to impact developmental organization
of the song control circuit. Intracerebral steroid implants had greater masculinizing effects the
closer they were located to song nuclei [102], demonstrating that steroids synthesized in close
proximity — or within — a brain region have a greater likelihood of impacting those song nuclei.
Biochemical measurements of several steroidogenic enzymes from neural preparations and
homogenates demonstrated the presence of multiple enzymes that produced a variety of
steroids [103;104;105;106;107;108;109;110;111;112;113]. To further the idea that
neurosteroidogenesis could contribute to early events in song system construction, a
comprehensive examination of each component of the estradiol-synthetic pathway, and the
ability to spatially identify neuroanatomical locations of potential neurosteroidogenesis, was
needed.

Early development

The discovery that StAR, CYP11A1, 38-HSD, CYP17, aromatase, and 173-HSD are expressed
in the zebra finch brain as early as posthatch days 1 and 5 demonstrated that the brain could
synthesize estradiol de novo at the earliest stages of posthatch development [107;108;114;
115]. In situ hybridization mapping of these genes revealed how neurosteroids might exert
their effects on the developmental organization of song nuclei: by producing steroids in the
cell proliferative zone surrounding the lateral ventricle (Figure 3).

The lateral ventricle is the largest ventricle in the avian brain. It is situated at the midline, and
spans almost the entire rostral-caudal and dorsal-ventral extents of the telencephalon. The
ventricular zone along the wall of the lateral ventricle is the major site of cell proliferation in
the avian brain. From this zone, cells that end up populating all brain areas migrate. In other
words, the region surrounding the lateral ventricle is the birthplace of most of the cells that

Front Neuroendocrinol. Author manuscript; available in PMC 2010 August 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

London et al.

Page 7

make up the brain, including the song control circuit. Abundant StAR, CYP11A1, 33-HSD,
CYP17, and 173-HSD expression along the lateral ventricles at early ages provided an
explanation for how neurosteroids might impact the anatomy of the song nuclei within the first
week of posthatch life when sex differences in the system first emerge [75;76], and when the
effects of steroids are most potent [73].

Cell proliferation is not uniform across the rostral-caudal or the dorsal-ventral dimensions of
the lateral ventricles [68;116;117]. Hybridization patterns for StAR, CYP11A1, 33-HSD, and
CYP17 - the steroidogenic genes for which quantification was performed — are also not
uniformly distributed along the lateral ventricles [107;108]. In a young songbird, cell
proliferation is greatest at the dorsal and ventral aspects of the ventricle [117]. Further,
proliferation is greater in the ventral compared to the dorsal aspect of the lateral ventricle
[117]. These patterns are most obvious at the rostral-caudal level of the anterior commissure
and least noticeable in the most caudal portion of the lateral ventricles [117]. In all four of these
dimensions, hybridization patterns of StAR, CYP11A1, 3B-HSD, and CYP17 at posthatch days
1 and 5 mimicked those of cell proliferation [108]. While no definitive marker for the
proliferative zone was utilized in conjunction with the in situ hybridization, Nissl-stained brain
sections and the qualitative convergence of proliferative regions and hybridization patterns
suggested that indeed, steroidogenic genes were present in the cell-dense region characteristic
of the ventricular zone.

What significance do these data have to indicate how neurosteroids could direct the earliest
stages of song control system organization? One sex difference was detected in the
hybridization patterns of StAR, CYP11A1, 33-HSD, and CYP17 along the lateral ventricles:
males showed a wider spread of hybridization than females at the dorsal aspect of the ventricles
at the rostral-caudal level of the anterior commissure [105]. A sex difference in proliferative
activity was also reported in this region in juvenile songbirds [108]. Cells from the lateral
ventricle proliferative zone migrate into HVC, and the number of newly-divided cells migrating
from this zone is already greater in males than females before they arrived at the position of
HVC [49]. Therefore, while it is unlikely that the sex difference in steroidogenic capacity in
this region causes the sex difference in proliferative rates [67;118], it is possible that due to
this juxtaposition, neurosteroidogenesis along the lateral ventricle might have the greatest
impact on HVC by affecting cells that ultimately become incorporated into it.

While the potential for neurosteroids to impact newly-divided cells along the lateral ventricle
in a sex-specific manner exists, their ability to make a robust impact on the song nucleus cells
is limited with the existing data. No large sex differences in steroidogenic gene expression
levels or distributions were detected [108], as might be expected if neurosteroidogenesis along
the lateral ventricle was the sole mechanism for sexual differentiation of the song circuit.
Second, the migration patterns of newly-divided cells from the lateral ventricle to all song
nuclei are undescribed in young songbirds, thus the precise origin of those neurons is still
unknown. Further, sex differences in major song nuclei other than HVC and area X arise later
in development due to the loss of cells in females, or a re-distribution of cells in males, not
because of an early accumulation of neurons in males [61;119;120]. This mode of sexual
differentiation may limit the impact of early neurosteroidogenesis on these nuclei, though it is
possible that neurosteroids could impact these later events (see below).

Nevertheless, the presence of multiple steroidogenic factors along the lateral ventricles at the
earliest ages of posthatch life indicates an enormous potential for neurosteroid-mediated
influence on early brain organization. For instance, neurosteroids could influence cells in close
proximity by diffusing though cell membranes, potentially having long-term impacts on the
cells that eventually become incorporated into various brain regions. Neurosteroids could also
possibly affect cells at distal sites if bound to steroid binding proteins and transported through

Front Neuroendocrinol. Author manuscript; available in PMC 2010 August 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

London et al.

Page 8

the ventricles or blood [121;122;123]. Therefore, much more work will be required to
understand the exact role of neurosteroids on early events in neural development, including
that of the song system. What is clear is that the traditional model that considers only the
gonadally-derived steroids in organizational actions in the brain must now consider the
dramatic capacity for the developing songbird brain to express the steroidogenic enzymes that
enable it to metabolize its own set of active steroids.

Late development and adult

Inasmuch as neural organization is the construction of brain areas permissive for a behavior,
this process is not limited to early stages in development. Instead, like in the case of the song
control circuit in several species of songbirds, it can persist into later developmental stages and
adulthood. Neurosteroids could therefore continue to influence organization of the song control
circuit throughout life.

Notably, cell proliferation within the ventricular zone of the lateral ventricles continues into
adulthood in songbirds [66;68;116;124;125;126;127;128;129]. Newly-divided cells can be
found throughout the telencephalon, including in at least two major song nuclei, HVC and area
X [56;57;62;66;67;130;131;132]. Proliferative activity in zebra finches is much lower in older
birds than in young ones, and the ventricular zone is shallower. Consequently, it was much
more difficult to conclude that StAR, CYP11A1, 33-HSD, and CYP17 were specifically
expressed within the proliferative zones of the lateral ventricle in adults [107;108;115]. In adult
zebra finches and other songbirds, however, rates of proliferation and recruitment of new
neurons into existing brain nuclei are not static and are correlated with changes in learned
behavior, including song [133;134]; this may in part explain the differences in adult cell
proliferation rates between birds that do not learn song as adults (e.g. zebra finches) and those
that do (e.g. canary) e.g. [116;134]. It may be that levels of steroidogenesis along the lateral
ventricle might also fluctuate under the same circumstances. If this were found to be true, it
would strengthen the postulation that neurosteroids impact newly divided cells that are relevant
to neural function.

Indeed, steroids have been shown to impact newly-divided cells in adult songbirds. Both
testosterone and estradiol can increase the volume of and change the complement of neurons
within major song nuclei in some adult songbirds such as canaries and song sparrows [135;
136;137;138]. This is likely because steroids influence postmitotic events [138;139;140;141;
142] that promote cells that can be functionally incorporated into song control nuclei [143]. It
is still unclear if all of these effects are directly on the newly-divided cells themselves. For
example, estradiol can promote migration of new neurons by acting on estrogen-sensitive cells
that gate their departure from the ventricular zone [142]. Further, the effect of testosterone
seems to be largely mediated by BDNF [144;145;146], not a direct effect of the steroid itself.
In canaries and sparrows, seasonal changes in the song system and neurogenesis parallel
changes in circulating testosterone levels [134;136;138;147;148;149;150]. This suggests that
gonadally-synthesized testosterone controls these neural changes. It is important to note,
however, that free-living canaries maintain a fully-developed song system in spite of seasonal
changes in circulating testosterone levels [151]. Thus, it is still unclear if there might also be
seasonal regulation of neurosteroid production that supports the song system when circulating
testosterone levels are low.

More direct evidence that neurosteroids interact directly with changes in newly-divided cells
inadult songbirds comes from studies of neuronal injury. In the zebra finch, a penetrating injury
can induce an increase in aromatase expression concomitant with an increase in cells labeled
with bromo-deoxyUridine (BrdU), a marker of mitosis [152;153;154]. This effect is also
sensitive to changes in circulating steroid levels [152], but the clear colocalization of aromatase
and the proliferative zone in this injury model (Figure 4; aromatase is not present along the
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lateral ventricle in uninjured adult zebra finches [49;155]) provides a great opportunity to
investigate the functional role of neurosteroids and newly-divided cells in the adult brain.

The best evidence that neurosteroids can organize the brain in late development, after other
major components are constructed, was an experiment tracking masculinization of the
projection from HVC to RA. The connection from HVC to RA is required for vocalizations,
and takes place between approximately posthatch days 21-35 [156;157;158]. Axons in this
projection functionally innervate RA neurons in males, but do not penetrate RA in females
[156;157;158]. Holloway and Clayton (2001)[65] used a brain slice preparation to show not
only that estradiol would masculinize the innervation in female slices — demonstrated
previously — but that simply co-culturing a female brain slice with a male brain slice could
masculinize the HVC to RA projection in the female slice [65]. This strongly implicated a
diffusible factor in masculinization of this song system component. That this factor could be
estradiol was supported by the fact that aromatase inhibitors and estrogen receptor antagonists
prevented masculinization of the projection in male slices [65]. It was strengthened by the fact
that estradiol could be measured in the media of the slices even though they had been cultured
in media essentially free of steroids, and that the media from male slices contained more
estradiol than females [65]. This study also bolstered the possibility that the putative diffusible
masculinizing factor in the gynandromorph was estradiol, emphasizing how neurosteroids
might be essential components in shaping the song control circuit.

The potential for a complex milieu of neurosteroids to impact the juvenile and adult brain and
song system was further demonstrated by a later investigation of male and female brain slices
that contained either the lateral ventricles or the region containing RA, HVC, and its projection
neurons in P20 and adult zebra finches [111]. This study measured the activity levels of four
steroidogenic enzymes in these slices. Consistent with previous studies, no sex differences in
aromatase levels were detected, nor was there a significant difference in aromatase levels
between the two medial-lateral regions studied in either age [111]. Regional, age, and sex
differences were, however, detected for 33-HSD, 5a-reductase, and 5p-reductase. In male but
not female brain slices from both juvenile and adult birds, slices containing HVC and RA
produced more steroids synthesized from a combination of 3p-HSD, 5a-reductase, and 5p-
reductase than the lateral ventricle—containing slices. In juvenile slices only, females had higher
levels of steroid synthesized by coordinated action of 3p-HSD and 5B-reductase than males in
slices containing the lateral ventricle. This study did not measure a neuroanatomical change
within the slices. Thus, it is not possible at this time to directly link the differences in enzyme
activity levels to measures of the song circuit masculinization or cell proliferation, migration,
or differentiation. This study did, however, demonstrate that the brain region surrounding at
least one major component of the male zebra finch song system has a greater capacity to
synthesize neurosteroids than a non-song circuit area (the ventricular region) that in later
development and adulthood shows, at best, a very low capacity for neurosteroidogenesis in
zebra finches. Further, there is indication that enzymes along the P20 female lateral ventricle
and surrounding brain may be acting to produce 5p-reduced androgens more so than in males.
These steroids do not activate the androgen receptor and cannot be aromatized to estrogens.
Therefore, it is possible that a combination of steroidogenic enzymes along the estrogen-
synthetic pathway could work in concert to differentially regulate steroid production in the
juvenile and adult, male and female, songbird brain in spatially distinct ways.

The organization of behaviorally relevant neural circuits persists throughout the life of many
songbirds. Even after the majority of the brain is constructed, neurosteroids can masculinize
song system components in juvenile zebra finches. In adults, steroids clearly promote neural
plasticity, but the evidence that steroids synthesized within the brain impact adult song system
organization is less certain in the zebra finch, though better supported in other songbirds. It
may be that in adult zebra finches, the role of neurosteroids shifts from being primarily
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organizational to largely modulatory of neural circuit function in healthy animals or inducible
when neural plasticity is required after damage.

Core Principle 3: Neurosteroidogenesis and non-traditional modes of action

Background

The capacity for the adult songbird brain to synthesize neurosteroids is not limited to the injured
brain or the ventricular region. In fact, StAR, CYP11A1, 3B-HSD, CYP17, 173-HSD and
aromatase are expressed throughout the adult zebra finch brain (Figure 5). All of the song
control nuclei themselves express at least a subset of these factors [95;101;107;114]. Generally,
the finding of steroidogenic factors within major song nuclei implicate neurosteroids as integral
signals in the modulation of song production or auditory processing; specific predictions of
how neurosteroids impact each nucleus have been presented elsewhere [114] but have yet to
be tested.

Since the most detailed information is currently available for aromatase and estrogen-mediated
actions in songbirds, the focus in this section will be on aromatase and testosterone/estradiol
actions. As discussed above, the distribution of aromatase in the songbird brain is region-

dependent (Figure 5), which suggests that local concentrations of estrogens can be modulated
within circuits involved in complex behaviors such as song, audition, learning and courtship.

Adding to the complexity of how neurosteroids might act on the song system and other brain
areas is the fact that there are regions of the songbird brain that exhibit rich expression of
steroidogenic enzymes, but little or no “classical’ nuclear steroid receptors. Perhaps the most
glaring example is the NCM region, which has abundant aromatase, but a paucity of nuclear
estrogen receptors — though it does express nuclear androgen receptors [[49]]. Similarly, in the
zebra finch HVC, cells that express estrogen receptors are virtually undetectable, restricted
only to a few cells in medial HVC [48;49], but there are detectable levels of aromatase
expression and activity. This appears to reflect the presence of aromatase within presynaptic
terminals, not cell bodies (see below). If the enzymatic activity of aromatase produces estradiol
that acts locally within these brain areas, this strongly suggests the possibility of alternative
mechanisms by which estradiol could act via binding to non-classical estrogen sites (e.g., ion
channels), and requires consideration of the possibility that classical estrogen receptors might
act through alternative, ligand-independent or non-estradiol mediated, mechanisms.
Interestingly, in other songbirds, both aromatase and estrogen receptors are colocalized within
HVC; perhaps the zebra finch has additional or alternative steroid signaling pathways not
utilized in these other birds.

In the traditional mode-of-action, steroids must first bind to intracellular receptors, then
translocate to the nucleus, then regulate gene expression, and finally affect changes in protein
production and regulation. These combined processes take place on the order of hours to days
in most cases. By contrast, the time course of acute changes in steroid levels and steroid
production can occur on the order of seconds to minutes. If the temporal precision of steroid-
encoded information is important in the regulation neural circuits, there must be alternative
‘rapid’ modes of neurosteroid action. Non-traditional (e.g. nongenomic) sites-of-action within
the avian brain are poorly understood, but their existence have been suggested by the acute
behavioral actions of steroids [159;160;161].

Steroid production in synaptic terminals

In mammals, aromatase is found in both soma as well as within synaptic terminals of neurons
specifically within hypothalamus [162] and hippocampus [163]. This cellular
compartmentalization suggests that aromatase could serve different modulatory purposes when
it is active in the neuronal cell body versus at the synapse. In zebra finch brain, aromatase is
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also contained in synaptic terminals of the forebrain including hippocampus, and in the song
system (HVC and NCM) [101]. For biochemical analysis, the subcellular compartments can
be separated via centrifugation into a microsomal fraction (somal aromatase) and a
synaptosomal fraction (synaptic aromatase). Subcellular fractions from avian brain have been
analyzed for biochemical activity of the aromatase enzyme [164]. In adult zebra finches,
aromatase activity within the posterior telencephalon is higher in males than in females, and
this sex difference in aromatase activity is most pronounced in synaptosomes [165]. This sex
difference may solely reflect a previously-described sex difference in fibers that contain
aromatase within NCM [95], but it is intriguing to consider that the sex difference in the
posterior telencephalon could occur within HVC, and therefore relate to the sex difference in
song production.

A subsequent set of biochemistry experiments set out to test the proposed link between singing
and synaptic aromatase [166]. Male zebra finches were individually exposed to females for 30
minutes and were divided into two groups based on their behavior. Males that sang at least one
song bout during the 30-minute trial (‘singers’) had elevated aromatase activity in the posterior
telencephalon as compared to males that did not sing during the 30 minute trial (‘nonsingers’).
This experiment was repeated, and the elevated aromatase activity in singers was localized
specifically to synaptic terminals in the posterior telencephalon [166]. Playback of zebra finch
song vs. white noise did not elicit differential changes in aromatase activity in synaptic
terminals, indicating that the link between song production and aromatase activity is not
exclusively dependent on auditory self-stimulation. It therefore appears that courtship singing
involves an up-regulation of aromatase activity specifically in synaptic terminals (Figure 6).
It remains to be seen whether synaptosomal aromatase is rapidly upregulated during singing
behavior, or is constitutively upregulated only in males that choose to sing (‘prior condition’
hypothesis, see [167]). However, the localization of aromatase to pre-synaptic terminals
suggests a dynamic mode of action for locally-produced estradiol that could be modulated by
rapid events in the neuronal synapse.

The above results for synaptic aromatase are from posterior telencephalon, which contains both
auditory and motor components of the song system. Moreover, the mechanisms for acute
changes in synaptic aromatase activity are unclear. Several classes of modulatory
neurotransmitters are present in the song system, most notably catecholamines [168;169;170;
171]. Synaptic aromatase activity is therefore most likely regulated by acute interactions
between steroids and modulatory neurotransmitters. Aromatase is colocalized with NMDA-
receptors [172] and both aromatase enzyme activity [173] and forebrain estradiol levels (see
below) are acutely regulated by glutamate. The most concrete evidence for acute regulation of
the aromatase protein comes from quail hypothalamic in vitro slices. Changes in aromatase
activity are regulated via rapid Ca++-dependent phosphorylation events in vitro [175] and have
been linked to the expression of copulatory behavior in vivo in Japanese quail [160;174]. It
remains to be seen whether comparable acute mechanisms for steroidogenic enzyme activity
occur in or around the avian song system.

Rapid changes in neurosteroids

Despite the overwhelming evidence for rapid (seconds-to-minutes) effects of estrogens and
other steroids on neuronal and neural circuit activity in vertebrate systems [176;177;178;
179], there is no evidence to date for rapid actions of steroids on neural circuits in the avian
song system. In addition to the work in quail mentioned above, the concentration of
progesterone and the activity of 3-HSD within the diencephalon are both increased in
brooding males versus non-breeding male quail [180] though it is unclear whether this is
mediated over a rapid timescale. Estradiol exerts rapid effects on the biochemical activity of
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steroidogenic enzymes, including 33-HSD, in zebra finch telencephalic tissue [181] but
whether this occurs specifically within the song system is unknown.

The activity of 3p-HSD was shown to be rapidly responsive to stress in the telencephalon of
zebra finches [182]. Baseline 3p-HSD activity was found to be lower in the brain of male versus
female zebra finches, especially within the telencephalon. This sex difference was reversed
following a brief period of stress (10 minutes), such that males showed higher 33-HSD activity
than females following acute stress. Collectively, the time course of these changes in enzyme
activity (< 30 minutes) indicated that local concentrations of steroids can shift in a region-
specific manner over the course of minutes in the songbird brain.

The recent advancement of neurosteroid microdialysis allows unprecedented precision in
determining the local regulation of steroids within specific brain regions in awake animals.
Microdialysis relies on passive diffusion of in vivo neurochemicals across an implanted micro-
membrane into fluid that can then be analyzed for time-dependent changes. Using a recently-
adapted system for neurosteroid microdialysis, it was observed that a forebrain circuit in zebra
finches exhibits acute changes in local steroid concentrations in vivo [183]. The presence of
the neurosteroid estradiol in the brain of males was verified using highly-sensitive gas
chromatography/mass spectrometry. The passive diffusion of steroids across the dialysis
membrane was confirmed using in vitro methods with radiolabelled estradiol. When
microdialyzed males were exposed to females in an adjacent cage for 30 minutes, local estradiol
levels increased two-fold within NCM, while local testosterone levels remained unchanged
(steroid levels were quantified in microdialysates via optimized ELISAS). Males were observed
singing courtship song during these female presentation trials, and local estradiol levels then
returned to baseline immediately during the 30 minute period after the females were removed.
Furthermore, during brief periods of auditory activation, forebrain estradiol levels increased
and testosterone levels decreased within NCM when males were exposed to other males’ song,
but not white noise or female chirps (Table 1). These rapid fluctuations were specific to the
forebrain NCM region, as they occurred independently from peripheral steroid changes. Rapid
changes in steroid levels outside of the forebrain were not measured, but local fluctuations in
forebrain steroids were also exceedingly restricted, as acute neurosteroid changes that occurred
within the auditory NCM region were not observed in adjacent forebrain areas outside the
NCM region [183].

The acute regulation of forebrain steroid levels, as measured by in vivo microdialysis, and
forebrain steroidogenic enzyme activity, together provide a direct impetus to revise our
thinking of how steroids act and are regulated within the brain. Instead of being a passive target
of seasonal or developmental changes in circulating steroids, the avian song system should
now be considered a source of steroids that change on a moment-by-moment basis. Moreover,
these and other findings make it difficult to categorize sex steroids like estradiol as purely
‘masculinizing’ or “feminizing’ agents acting through intranuclear receptors, since they can be
involved in momentary alterations in neural circuit function after gross sex-specific
organization has occurred.

Neurotransmitter regulation of neurosteroids

The proximate mechanisms for acute regulation of steroids within forebrain circuits are poorly
understood, especially in the avian song system. However, the advent of in vivo microdialysis
has provided a means to explore the regulation of local steroid levels by modulatory
neurotransmitters. Neurotransmitters such as glutamate and GABA were delivered via
retrodialysis (reverse delivery through the microdialysis system) to NCM, and subsequent
effects on local steroid levels were monitored [183]. The excitatory amino acid transmitter
glutamate significantly and acutely suppressed the levels of estradiol, while having no
detectable effects on local testosterone levels. Conversely, infusion of inhibitory transmitter
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GABA caused robust increases in local testosterone levels, while having no detectable effects
on local estradiol levels (Table 1). Therefore, there appear to be differential, neurotransmitter-
dependent mechanisms for regulating local steroid levels in the forebrain, and these
mechanisms could allow a good deal of precision in activating local androgen-versus estrogen-
mediated signaling pathways. The divergent control mechanisms of androgens versus
estrogens could be important in light of the observations that, in songbirds, estradiol is
associated with increases in neuronal excitability and song system plasticity, while androgens
are associated with decreased excitability (i.e. 5p-reduced androgens) and ‘crystallization” of
the song system [184;185;186;187]. These effects could be mediated by either classical or non-
classical mechanisms, as there are androgen receptors present in NCM [49].

The increases in local forebrain testosterone levels in response to GABA retrodialysis suggests
two novel mechanisms. GABA could inhibit the activity of local testosterone-metabolizing
enzymes, such as 5a-reductase, and thereby secondarily cause a ‘buildup’ of local testosterone.
Alternatively, GABA could increase the activity of testosterone-synthesizing enzymes, such
as CYP17, which is expressed in the avian song system [107]. Further experiments are required
to distinguish among these possibilities, but it is intriguing to note that testosterone appears to
be a neurosteroid, synthesized by enzymes present and active in the songbird brain [103;104;
105;106;107;109;111;112;113;114;115], not simply a gonadally-synthesized steroid.
Moreover, applying neurosteroid microdialysis to juvenile songbirds during critical song-
learning periods could identify acute, modulatory actions for brain steroids on song pathways,
that might facilitate their functional masculine development.

Conclusions

The brain has traditionally been considered a passive target of steroids synthesized within the
gonads and adrenals. In this paradigm, the primary role for sex steroids was in regulating brain
structures that controlled sex-specific reproductive behaviors. Here, we described how this
view of steroid production is limited, focusing on evidence from the song control circuit and
related brain areas in songbirds.

From this model system, it has become clear that it is difficult to neatly categorize the sources
and actions of steroids into existing “Core Principles” as described in the Introduction.
Investigations with songbirds have shown that the brain itself can synthesize a variety of
steroids independently from the periphery, that the role of steroids is much broader than in the
control of reproduction, that steroid effects on brain morphology are not restricted to
developmental life stages, that steroids can be rapidly synthesized in response to experience,
and that steroids can influence multiple cellular functions by virtue of being synthesized in
different subcellular compartments. It is hard to understate the implications of these findings.
They demonstrate that neurosteroids potentially impact numerous functions of the brain
throughout life, with measurable effects on behavior; neurosteroids in the songbird do not
merely tweak the system, they could shape, re-shape, and modulate it with exquisite specificity.
The greatest advantage to the capacity to synthesize steroids within the brain is the ability to
regulate the mix and concentration of steroids in defined populations of cells at precise times.

Although we are far from a comprehensive understanding how neurosteroids influence the
avian song system, songbirds have provided powerful evidence of how neurosteroid
mechanisms can directly impact the brain, and have paved a path towards understanding the
role of steroids in the brains of all animals.
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A Estrogen receptor

Figure 1.

A schematic sagittal drawing of the songbird brain showing projections of major nuclei in the
song system, and the distribution of steroid receptors. The descending motor pathway (black
and dark gray arrows) controls the production of song. The dark gray arrows indicate inputs
to HVC from the thalamic nucleus Uva and the nidopallial nucleus Nif. The black arrows
indicate the descending projections from HVC in the nidopallium to RA in the arcopallium
and thence to the vocal nucleus nXIlts, the respiratory nucleus RAm, and the laryngeal nucleus
Am in the medulla. The white arrows indicate the anterior forebrain pathway that is essential
for song learning. It indirectly links HVC to RA, via area X in the medial striatum, DLM in
the thalamus, and LMAN in the nidopallium. LMAN also projects to area X. Field L is an
auditory region in the nidopallium that projects to HVC (light grey arrow). Abbreviations: Am,
nucleus ambiguous; DLM, medial portion of the dorsolateral nucleus of the thalamus; LMAN,
lateral portion of the magnocellular nucleus of the anterior nidopallium; NIf, nucleus interface
of the nidopallium; RA, robust nucleus of the arcopallium; RAm, nucleus retroambigualis;
Uva, nucleus uvaeformis; V, ventricle; X, area X; nXIlIts, tracheosyringeal nucleus of the
hypoglossal nerve. Taken from [12].
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Figure 2.

Steroidogenesis pathway: Steroids are in bold; enzymes and cholesterol transport proteins are
in italics. Enzyme abbreviations: cytochrome P450 side-chain cleavage=CYP11A1,
cytochrome P450 17a-hydroxylase/C17,20 lyase=CYP17; 3-hydroxysteroid dehydrogenase/
A5-A4 isomerase=3B-HSD; 173-hydroxysteroid dehydrogenase=173-HSD; cytochrome P450
19A1=CYP19 (“aromatase”). Cholesterol transport protein abbreviations: translocator protein
(previously known as the peripheral-type benzodiazepine receptor)=TSPO; steroidogenic
acute regulatory protein = StAR.
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Figure 3.

StAR, CYP11A1, 3p-HSD, and CYP17 expression along the lateral ventricles in birds at
posthatch day 1. Film images of coronal sections illustrate the intense hybridization of all four
genes overlapping with the major proliferative zone. StAR (A), CYP11A1 (C), 33-HSD (E),
and CYP17 (G) hybridized along the lateral ventricle only with antisense (A,C,E,G) but not
sense (B,D,F,H) configured riboprobes. Arrows point to the intermediate portion of right
hemisphere lateral ventricle. Quantitation of hybridization patterns for all four genes showed
that StAR and CYP11A1 had the most precisely overlapping expression, likely because
CYP11A1 activity is dependent upon cholesterol transporters. Otherwise, each gene had some
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unique patterns of hybridization, suggesting the potential for steroid microenvironments along
the major cell proliferative zone. Scale bar = Imm. Figure from [108].
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Figure 4.

In the adult brain, BrdU-labeled cells can be observed in close juxtaposition with aromatase-
positive cells along the lateral ventricle after injury. The newly-divided cells can be seen in the
same ventricular zone as the aromatase positive (aromatase represented by DAB-brown stain)
cell bodies in (A). Aromatase positive cells morphologically are radial glia. The potential for
the estrogen-producing radial glia to guide newly divided cells from the ventricular zone is
demonstrated in (B-D), where BrdU-labeled cells (black chromagen-stained cell bodies)
appear to migrate along the processes of the glia towards the lesion site (E, F) show aromatase-
and BrdU-immunoreactivity colocalized in cells of undetermined types, possibly in the process
of differentiation. The lateral ventricle is out of view at the bottom of images A-D. Position
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of lesion is out of view at top of images A-D; radial glia are extending towards the site of

lesion, and restricted to the portion of the lateral ventricle proximal to the lesion site. Scale bar
= 20 pum. Figure from [153].
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Figure 5.

Schematic showing StAR, CYP11A1, 3-HSD, CYP17, 17BHSD, and aromatase expression
patterns in and around the adult male zebra finch song control circuit, based on results of
examining somata only (not including projections). Most steroidogenic enzymes and StAR are
expressed within the major telencephalic song nuclei; aromatase is largely expressed in cell
bodies located outside of these areas, but is found within synaptic terminals contained with
song nuclei. These data suggest that neurosteroids could continue to influence the function of
the song control circuit into adulthood, and that each brain area could be impacted by a distinct
mixture of neurosteroids.
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Figure 6.

Synaptosomal aromatase expression and activity in adult zebra finches. Ultraphotomicrograph
in (A) shows aromatase immune-product (arrowhead) expressed in presynaptic terminals (tm;
arrows) of the zebra finch hippocampus (HP). Similar results were obtained in song nuclei,
such as HVC (picture from [92]). Scale bar = 1 um. The biochemical activity of aromatase (B)
specifically within synaptosomes is elevated in males that have been singing vs. nonsingers
after 30 min. Singers have higher synaptic aromatase activity is only within the posterior
telencephalon (containing song and auditory nuclei, see Fig. 5), and not within the anterior
telencephalon (* p = 0.008). Data from [166].
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