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Biological steroids were traditionally thought to be synthesized exclusively by the
adrenal glands and gonads. Recent decades have seen the discovery of neurosteroid
production that acts locally within the central nervous system to affect physiology and
behavior. These actions include, for example, regulation of aggressive behavior, such
as territoriality, and locomotor movement associated with migration. Important ques-
tions then arose as to how and why neurosteroid production evolved and why similar
steroids of peripheral origin do not always fulfill these central roles? Investigations of
free-living vertebrates suggest that synthesis and action of bioactive steroids within the
brain may have evolved to regulate expression of specific behavior in different life history
stages. Synthesis and secretion of these hormones from peripheral glands is broadcast
throughout the organism via the blood stream. While widespread, general actions of
steroids released into the blood might be relevant for regulation of morphological, phys-
iological, and behavioral traits in one life history stage, such hormonal release may not
be appropriate in other stages. Specific and localized production of bioactive steroids
in the brain, but not released into the periphery, could be a way to avoid such conflicts.
Two examples are highlighted. First, we compare the control of territorial aggression of
songbirds in the breeding season under the influence of gonadal steroids with autumnal
(non-breeding) territoriality regulated by sex steroid production in the brain either from
circulating precursors such as dehydroepiandrosterone or local central production of
sex steroids de novo from cholesterol. Second, we outline the production of 7a-hy-
droxypregnenolone within the brain that appears to affect locomotor behavior in several
contexts. Local production of these steroids in the brain may provide specific regulation
of behavioral traits throughout the year and independently of life history stage.

Keywords: territorial aggression, life history
hydroxypregnenolone, locomotor activity, neurosteroid

stages, aromatase, dehydropepiandrosterone, 7a-

INTRODUCTION

The life cycles of animals consist of life history stages such as breeding, migration, molt, and non-
breeding expressed at appropriate times of year and with specific durations matched to seasonal
change [e.g., Ref. (1, 2)]. Each stage has a unique suite of sub-stages in which animals exhibit morpho-
logical, physiological, and behavioral adaptations to changing environmental and social conditions.
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Some traits may be expressed across multiple life history stages.
However, the neuroendocrine and peripheral endocrine regula-
tion of those traits in one stage might be different in another stage.
Examples include the regulation of territorial aggression across
breeding and non-breeding seasons (3-5), the control of locomo-
tor activity in seasonal migration and facultative movements to
avoid perturbations of the environment [e.g., Ref. (6-8)].

There is growing evidence that the neuroendocrine and endo-
crine cascades involved in regulation of morphology, physiology,
and behavior across different life history stages can be altered at
many different levels [e.g., Ref. (9); Figure 1]. Localized regula-
tory mechanisms in one life history stage allow trait modulation
without the effects associated with signals that act throughout
the organism such as hormones secreted into the bloodstream
acting on multiple tissues. Thus, conflict between the need for
the expression of a particular trait that can be regulated by a
particular hormone and the inappropriate co-regulation of other
physiological or behavioral responses to that hormone at the
wrong season can be avoided. These regulatory processes can be
organized into three major categories [see Figure 1 (10, 11)]:

1. Secretion—cascades of hormone secretion [e.g., the hypo-
thalamo-pituitary-gonad (HPG) axis, Figure 2] in which
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FIGURE 1 | There are three components of the action of hormones that can
be regulated in diverse ways. The left-hand part of the figure shows the
triggering of neural, neuroendocrine, and endocrine cascades that result in
production of a highly specific secreted signal. The central part of the figure
shows that after secretion into the blood, many hormones (particularly
steroids, thyroid hormones, and some peptides) are transported by carrier
proteins. Once the hormonal signal reaches the target cell (e.g., a neuron in
the brain), it can act in various ways by binding to membrane or nuclear
receptors that trigger extremely complex actions in a cell. Note that all three
components are sites of regulation that could change daily or seasonally, or
vary among individuals, populations, sex, or in response to unique experience
of the environment. It is possible that this scheme is highly conserved across
vertebrates and that different species modulate different components and still
achieve the same behavioral and physiological end points. See text for more
details. From Wingdfield (10), courtesy of the American Ornithologist’s Union
and Wingfield (11), courtesy of Elsevier.

hormones are broadcast throughout the organism’s blood-
stream and have as many potential targets as cells or tissues
that possess receptors for that hormone.

2. Transport—transport systems by which hormones are trans-
ported in the blood [e.g., corticosteroid-binding globulins
(CBQG)], or are selectively taken up by organs and tissues
via other cellular transport proteins (e.g., the blood-brain
barrier).

3. Response—regulated responses of target cells to, and fine-
tuned synthesis/availability of, paracrine, neuroendocrine,
and endocrine secretions that can facilitate appropriate life
history stage changes. These processes may involve alterations
to receptor expression within a target cell, actions of metabo-
lizing enzymes that can promote or deactivate a hormone (e.g.,
steroid metabolizing enzymes in many tissues that regulate
local substrate availability for endocrine signaling systems),
and a complex system of proteins that can act as enhancers or
inhibitors of gene expression. It is possible to take this further
downstream to protein synthesis, packaging, and actions, but
these are beyond the scope of this paper.

An example of a secretion-transport-response system is the
production and action of sex steroids (Figure 2), in which the
HPG cascade leading to testosterone secretion has multiple levels
of possible regulation. Many species of vertebrates have highly
specific androgen-binding proteins in the blood, including sex
hormone-binding globulin, which is absent in birds, as well as
CBG, which binds both glucocorticoids and sex steroids (12-14).
The CBG gene has recently been identified in birds (15) and will
allow future studies on CBG regulation. Target cell responses can
be regulated in various ways, including the transformation of
testosterone to estradiol and thus activation of a different array
of receptor types [Figure 2 (16, 17)]. Also, testosterone can be
deactivated by 5f-reductase to 5f-dihydrotestosterone that is
generally regarded as inert and does not bind to androgen recep-
tors (ARs) [Figure 2 (18-20)]. Note that peripheral secretion of
sex steroids (left-hand side of Figures 1 and 2) results in broadcast
of hormones to the entire organism through the blood stream,
whereas actions at target cells (right-hand part of the Figures 1
and 2) allows local adjustment of the responses to a hormone.
Steroids produced within the brain also allow paracrine actions
at very localized sites without the additional effects on general
morphological, physiological, and behavioral responses that
occur when the hormone is broadcast through the blood stream
[e.g., Ref. (11)]. These flexible points of regulation allow for the
fine-tuning of trait expression to meet the specific demands of
a stimulus, while keeping the animal within the necessary con-
straints of its current life history stage.

The secretion-transport-response regulatory model allows
for the progressive localization of the effects of blood borne hor-
mones (Figure 2; Figure S1 in Supplementary Material). Secretion
cascades are generally broadcast to the whole organism whereas
transport and especially target cell responses can be tailored to
specific situations, environmental change, and life history stage.
Environmental cues emanating from changing conditions can
have direct effects on the secretion-transport-response system
(e.g., temperature-related changes in hormone metabolism) or,
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FIGURE 2 | Control mechanisms for territorial aggression in birds in spring.
There are three major components to control mechanisms. First, the regulation
of hormone secretion from the hypothalamo—pituitary-gonad axis (left part of
the figure), transport of hormones such as testosterone in the blood (lines in
red), and the mechanisms associated with action of the hormone in the target
cell, in this case a neuron in the brain (central part of the figure). The net result
is regulation of territorial aggression by neural networks (right-hand part of the
figure). This three-part system of control of hormone secretion, transport, and
effects on target organs is an important concept because it offers many points
of potential regulation. The secretion component on the left summarizes how
sensory information, in this case social, in transduced through neurotransmitter,
e.g., glutamate (NMDA), and neuroendocrine secretions such as gonadotropin-
releasing hormone (GnRH) and gonadotropin-inhibiting hormone (GnlH) into
release of gonadotropins luteinizing hormone (LH) and follicle-stimulating
hormone (not shown) from the anterior pituitary into the blood. LH travels to the
gonad where it acts on cells that express steroidogenic enzymes to stimulate
secretion of the sex steroid hormone testosterone (T) that is in turn released
into the blood. Local actions of T in the testis include regulation of
spermatogenesis, but it is also released into the blood in many avian species
during breeding. Among many actions of T are effects on territorial aggression,
and negative feedback on neuroendocrine and pituitary secretions (red lines). In
birds, T circulates bound weakly to corticosteroid-binding globulin before
entering target neurons involved in the expression of territorial aggression
(center of figure). Once T has entered a target neuron, it has four potential
fates. First, it can bind directly to the androgen receptor (AR), a member of the
type 1 genomic receptors that become gene transcription factors once they
are bound to T. Second, T can be converted to estradiol (E2) by the enzyme
aromatase. E2 can then bind to either estrogen receptor alpha (ERa) or
estrogen receptor beta (ERp) both of which are genomic receptors that regulate
gene transcription, but different genes from those regulated by AR. Third, T can
be converted to 5a-dihydrotestosterone that also binds to AR and cannot be
aromatized thus enhancing the AR gene transcription pathway. Fourth, T can
be converted to 5p-dihydrotestosterone that binds to no known receptors and
also cannot be aromatized indicating a deactivation shunt. The possibility of a
rapid acting membrane receptor (non-genomic) should also be considered.

A complex system of co-repressors and co-activators of genomic steroid
receptor action are also known. Furthermore, it is now known that many
neurons in vertebrate brains express all the enzymes required to synthesize T
and E2 de novo from cholesterol or from circulating inert steroid hormone
precursors such as dehydroepiandrosterone, androstenedione, and
progesterone. The end result is regulatory action on neural networks that
regulate expression of territorial aggression. Several neurotransmitters and
neuromodulators such as arginine vasotocin, vasoactive intestinal peptide (VIP),
and serotonin as also involved at this level. Evidence suggests that the basic
secretory, transport, and action mechanisms are conserved across vertebrates.
However, it is also clear that there are very many points at which the expression
of territorial aggression may be affected indicating almost limitless combinations
of possible regulatory mechanisms. From Wingfield (10), courtesy of the
American Ornithologist's Union and Wingfield (11), courtesy of Elsevier.
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more commonly, can be signalized via neural perception and
transduction [Figure S1 in Supplementary Material, see Ref.
(21)]. Mechanisms by which environmental cues can affect
transport mechanisms and specific target cell responses remain
much less well known. For example, it appears that the testes of
zebra finches, Taenopygia guttata, can integrate and respond to
cues of stress directly, rather than relying on a hormonal cascade
initiated by the brain (22, 23), but it is not known exactly why the
brain is bypassed in this instance. The evolutionary origins of the
endocrine axes have seemingly resulted in a remarkable flexibility
of response of different tissues (24).

Neurosteroids in Vertebrate Brains
Sex steroids have multiple peripheral and central actions on
physiological traits. Sex steroids are not only produced solely by
gonads and adrenal glands, but also by the brain [e.g., Ref. (5, 9,
25-31)]. In seasonally breeding vertebrates, neurally derived sex
steroids produced in the non-breeding season do not influence
reproductive traits per se, as very little sex steroid from this source
reaches the blood stream and such neurosteroids are synthesized
and act in a paracrine fashion in localized areas of the brain (32).
Still, neurosteroids can have numerous effects on behavioral traits
such as locomotor activity, aggression, reproduction, body tem-
perature, and blood pressure (9, 29, 33-38). In addition, steroids
in specific brain nuclei show seasonal changes in concentration,
independently of circulating steroids [e.g., Ref. (39)]. These
neurosteroids then act in a variety of brain regions to facilitate
appropriate behavior for each life history stage (3, 28, 30, 40, 41).
The seasonal regulation of neurosteroid expression is not
restricted to sex steroids. In a study on Japanese newts, Cynops
pyrrhogaster, concentrations of pregnenolone and progesterone
in the brain were higher in animals exposed to long spring-like vs.
short winter-like daylengths, whereas experimental manipulation
of environmental temperature had no effect (28). The newt brain
expresses enzymes that synthesize 7a-hydroxypregnenolone
de novo from cholesterol, and this neurosteroid activates locomo-
tor activity associated with spring breeding. Moreover, the effect
of 7a-hydroxypregnenolone on locomotor activity was blocked
by dopamine D2-like receptor antagonists (27).

TWO EXAMPLES OF FLEXIBILITY IN
STEROID MECHANISMS OF ACTION

We will focus next on two examples in which local production
and paracrine actions of steroids in the brain can have major
impacts on control of behavior and potentially avoid evolutionary
costs of peripheral endocrine secretions at the wrong time.

Androgen/Estrogen Control of Avian
Territorial Aggression Across Life History
Stages

Although male territorial aggression was classically thought to
be associated with circulating testosterone, work over the last
30 years suggests that the neural sensitivity to sex steroids, and
the synthesis and action of both androgens and estrogens can
modulate such behavior (32, 38, 42, 43). These are particularly

Frontiers in Endocrinology | www.frontiersin.org

June 2018 | Volume 9 | Article 270


https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive

Wingdfield et al.

Brain Steroids and Life Cycles

important findings with regards to seasonal animals that express
aggression during non-breeding life history stages when high
circulating testosterone levels would likely lead to inappropriately
timed reproductive behavior. For example, the Pacific Northwest
subspecies of the song sparrow (Melospiza melodia morphna)
shows high levels of aggressive territoriality and circulating
testosterone during its breeding life history stage, low levels of
testosterone and aggression during the autumnal molt, and high
levels of aggression, but very low levels of circulating testosterone
during the post-molt, non-breeding period (44). Our three-point
secretion—transport-response regulatory model helps to explain
how such behavioral expression is achieved across these different
life history stages.

Secretion and production of sex steroids that modulate ter-
ritorial aggression in the song sparrow change seasonally. For
example, there is evidence for local production of testosterone
and 17p-estradiol in the brain, both de novo from cholesterol
and from circulating precursors (32, 33, 39). An example of the
latter is dehydroepiandrosterone (DHEA), which is released
by the adrenal glands, liver, and other peripheral organs, taken
up by brain regions, and converted locally to more bioactive
steroids (39). Neural steroid production allows for animals to
retain actions of sex steroids in regions of the brain relevant to
aggression, while avoiding the complication and inappropriate
activation of morphology, physiology, and behavior associated
with reproduction at the wrong time of year (45). Measurement
of circulating DHEA indicates seasonal changes associated with
territorial behavior in different life history stages in some spe-
cies [e.g., Ref. (3, 19)] but not others [e.g., Ref. (46)]. In the song
sparrow, circulating DHEA levels are highest during breeding
and non-breeding when aggression is highest and lower during
the molt, when aggression is also low, suggesting that circulating
DHEA acts to promote life history appropriate aggression in this
species (39).

The peripheral transport of DHEA and its movement into the
brain, especially in birds, is not well characterized. In humans and
some other vertebrates, DHEA travels in a hydrophilic sulfated
form, DHEAS [e.g., Ref. (47)]. However, in birds, including the
song sparrow, DHEA circulates primarily in its non-sulfated
form [e.g., Ref. (39)]. Once DHEA arrives at its targets in the
brain, it is possible that it has direct effects via ERp, sigma-1,
and/or GABAA receptor activation (48-50), though the affinity
of DHEA for these receptors can be very low and more work is
needed to assess the physiological and behavioral relevance of
these possibilities. It is perhaps more likely that DHEA exerts the
bulk of its effects on aggression via local conversion to testoster-
one, 5a-dihydrotestosterone, and 17p-estradiol, and subsequent
activation of androgen and estrogen receptors.

Although circulating DHEA levels are equally high in
breeding and non-breeding song sparrows, its local conversion
to testosterone/estrogen in the brain may be more important
during the non-breeding life history sub-stage (51). The activity
of 3p-hydroxysteroid dehydrogenase/A’-A*-isomerase (3f-
HSD), the enzyme that catalyzes transformation of DHEA to
androstenedione, is higher during non-breeding vs. breeding in
many brain regions that comprise neural networks underlying
social behavior (30). Furthermore, DHEA is rapidly metabolized

in such brain regions in dominant male song sparrows during
aggressive interactions (42). These same interactions do not alter
plasma DHEA levels. Evidence suggests that DHEA is eventually
converted to 17f-estradiol to facilitate non-breeding aggression
in this species.

Fadrozole, an inhibitor of aromatase, the enzyme that
catalyzes the transformation of androgens to estrogens, reduces
non-breeding, but not breeding aggression in song sparrows (20).
That the precursor, DHEA might play a more prominent role in
steroid-dependent, non-breeding aggression makes intuitive
sense, as elevated circulating testosterone likely provides ample
substrate to brain regions modulating aggression during the
breeding period. Furthermore, castration of male song sparrows
had no effect on territorial aggression in autumn suggesting that
gonadal sources of androgen were not essential for expression
of territoriality (52). These findings strengthen the hypothesis
that circulating steroid hormone precursors such as DHEA and/
or local production of sex steroids in the brain are requisite for
expression of aggression in the non-breeding season in some
species.

Estrogen synthesis can also be modified to facilitate appropriate
behavioral responses. Changes in estrogen synthesis can occur in
response to immediate environmental or social cues. For example,
aromatase can be rapidly inactivated via phosphorylation (53),
which may help to quickly alter behavior when an immediate
context warrants it, though much more work is needed to address
the behavioral relevance of these acute changes (16, 54). Estrogen
synthesis can also change seasonally, potentially facilitating life
history stage appropriate responses. In the male song sparrow,
aromatase activity is highest in the ventromedial telencephalon,
home to the medial amygdala, during breeding and non-breeding
life history stages, when aggression is also at its height (3). The
expression of aromatase mRNA also changes seasonally in mul-
tiple brain regions associated with the control of social behavior
in the male song sparrow (5). Aromatase expression in the ven-
tromedial nucleus of the hypothalamus (VMH), a brain region
known to be involved in aggression-seeking behavior in rats (55),
is equally high during breeding and non-breeding, when aggres-
sion is also highest, suggesting that the VMH may also mediate
aggressive responses in birds (5). Aromatase expression in the
preoptic area (POA), a brain region long known to be involved
in the regulation of reproductive behavior and physiology, is
both elevated during breeding and increased by administration
of exogenous DHEA in male song sparrows, suggesting that this
androgen/estrogen precursor may mediate different effects in
different life history stages (56).

Androgen and estrogen receptor sensitivity may also be
modulated to promote life history stage appropriate behavior.
For example, neural AR mRNA expression changes season-
ally in male song sparrows, with higher levels in the POA, the
periventricular nucleus of the medial striatum (pvMSt), and
paraHVC, a region of the song control system, during breeding
(5). Exogenously administered DHEA increases AR expression
in many of the same regions, again suggesting a role for this
hormone in the seasonal modulation of social behaviors in this
species (56). Current evidence suggests that DHEA, its transport
to the brain from peripheral tissues, and its local conversion to
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androgens and estrogens helps promote life history appropri-
ate behaviors, including seasonal aggression, in the male song
sparrow. Adjustments of AR and aromatase gene expression
have also been associated with aggressive responses to simulated
territorial intrusions in dark-eyed juncos, Junco hyemalis (43),
and differences in estrogen receptor alpha (ERa) expression are
associated morph-specific variation in aggressive song in white-
throated sparrows, Zonotrichia albicollis (57). In juncos, there
were no changes in ERa expression, however (58), highlighting
the importance of considering species-specific differences when
assessing steroid responses relating to avian territorial aggression.
Changes in sex steroid receptors in specific areas of the brain
appear to be a widespread mechanism by which the sensitivity of
neural tissue is regulated [e.g., Ref. (59, 60)].

Potential Roles of Neurosteroids on

Animal Movement Including Migration

A second example of how the secretion-transport-response
regulatory model approach informs hypotheses about how
potential conflicts of steroid control of life history stages in
different contexts might be avoided, involves the role of the
neurosteroid 7a-hydroxypregnenolone in regulation of locomo-
tor activity. Regular avian migrations (e.g., spring and autumn)
have well-established endocrine control mechanisms [e.g., Ref.
(7, 61)]. However, control mechanisms associated with specific
environmental cues in one migration life history stage may have
conflicts of action for the other. For example, spring migration
toward a breeding area occurs during increasing day length but
decreasing temperature and trophic resources as animals move
north. By contrast, autumn migration toward a wintering area
occurs during decreasing day length but temperatures tend to
be higher as the animals move south and trophic resources are

good, even increasing [e.g., Ref. (6)]. It is likely that these cues
are differently transduced and integrated across these life history
stages, even though the resulting migratory behaviors are similar
in appearance. Furthermore, other types of animal movements
such as facultative movements in response to local conditions
may be different again (8). Nevertheless, common mechanisms
may exist at fundamental neural levels across life history stages
and facultative contexts, and there is preliminary evidence that
the paracrine actions of 7a-hydroxypregnenolone may play a key
role.

7a-Hydroxypregnenolone has been shown to affect locomo-
tor behavior in newts, fish, and quail [e.g., Ref. (27, 34, 36, 40)].
Prolactin mediates 7a-hydroxypregnenolone action on spring
migration in Japanese newts (62) and during upstream migra-
tion in chum salmon, Oncorhynchus keta, possibly via actions on
dopaminergic neuronsin the magnocellular preoptic nucleus (63).
Therearealsostrongcircadian effects on 7a-hydroxypregnenolone
that are possibly mediated by melatonin (36, 64), setting the stage
for circadian control of locomotor behavior.

To assess the distribution and actions of 7a-hydroxypre-
gnenolone in a migratory songbird, the white-crowned spar-
row, Zonotrichia leucophrys gambelii (see Presentation S1 in
Supplementary Material for methods and details), we collected
brains from photostimulated birds that were in the spring
migratory life history stage and divided them into regions.
Left and right hemispheres were analyzed for differences
in 7oa-hydroxypregnenolone synthesis and concentrations,
respectively. We also collected brains from birds in the non-
migratory stage and analyzed 7a-hydroxypregnenolone synthesis
separately in the cerebrum, diencephalon, mesencephalon,
and cerebellum. There were no significant differences in
7a-hydroxypregnenolone synthesis in any brain region between
the “migratory phase” and “non-migratory phase” (Figure 3).
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FIGURE 3 | Left panel. Synthesis of 7a-hydroxypregnenolone in different brain regions of the white-crowned sparrow, Zonotrichia leucophrys gambelii. Right panel.
Whole brain concentrations of 7a-hydroxypregnenolone in white-crowned sparrows, in migratory and non-migratory life history stages.
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However, 7a-hydroxypregnenolone synthesis in the cerebellum
was higher than those in other brain regions in both males and
females and regardless of migratory and non-migratory states
(Figure 3; Figure S2 in Supplementary Material).

By GC-Ms analysis for 7a-hydroxypregnenolone concentra-
tion, we combined different brain regions (cerebrum + dien-
cephalon + mesencephalon + cerebellum) due to the small
tissue amounts involved. Results from this analysis suggest
that 7a-hydroxypregnenolone concentration during the spring
migratory phase is higher than that during the non-migration
phase (Figure 3, right-hand panel). Note also that white-crowned
sparrows in the vernal migratory stage exhibited very high levels
of nocturnal migratory restlessness (Zugunruhe) compared
with photorefractory birds that were molting and not migrating
(Figure S3 in Supplementary Material). A higher concentration
of 7a-hydroxypregnenolone during the migratory stage may
depend on the amount of its precursor pregnenolone. An analysis
of P450scc producing pregnenolone may be required in order to
fully elucidate the dynamics of 7a-hydroxypregnenolone synthe-
sis during this life history stage.

To determine central behavioral effects of 7a-hydroxypre-
gnenolone infused into the third ventricle of white-crowned
sparrows, birds in the molt life history stage were used, i.e., birds
not showing migratory behavior (Figure S4 in Supplementary
Material). Birds were then video-recorded for 30 min post-
infusion, but most of the effects occurred in the first 10 min.
7a-Hydroxypregnenolone significantly inhibited perch-hopping
behavior at a dose of 200 ng in 2 pl of vehicle in molting birds,
but there was a great deal of variance in the data (top panel of
Figure S4 in Supplementary Material). Overall, there was a
decrease in perch-hops of approximately 30% compared with
activity following saline infusions in the same birds (Figure S4
in Supplementary Material). There was approximately a 90%
decrease in some individuals. In a follow-up study, infusion
of 7a-hydroxypregnenolone at high and low doses into white-
crowned sparrows had no effect on locomotor behavior during
the spring migration life history stage (lower panel, Figure S4 in
Supplementary Material). These data suggest seasonal and state
dependent differences in actions of neurosteroids. Further studies
attempting to block the actions of 7a-hydroxypregnenolone in
spring and autumn migration will be critical.

PERSPECTIVE

The regulation of morphological, physiological, and behavioral
traits specific to life history stages is mediated through endocrine,
neuroendocrine, and paracrine secretions. When a specific trait
may be expressed in more than one life history stage, the potential
for conflict and decreased fitness arises, and the regulation of that
trait may differ across those stages. In other words, hormonal regu-
lation appropriate for one life history stage may not be suitable for
another. As mentioned earlier, sex steroids of gonadal origin that
affect territorial aggression in the breeding season are dependent
on the HPG axis and are broadcast throughout an organism via the
blood stream. In a non-breeding life history stage, such peripheral
secretion of sex steroids would also activate morphological, physi-
ological, and behavioral responses that would be inappropriate for

that life history stage. Instead, local production of sex steroids in
specific areas of the brain regulate territorial aggression during
non-breeding, thereby helping to avoid the costs of action of
gonadal sources of sex steroids in peripheral tissues.

In other cases, production of neurosteroids in localized,
specific, brain regions may regulate behavioral and physiological
traits that are expressed throughout the life cycle, and also on
facultative bases. The role of 7a-hydroxypregnenolone may fit
this scenario, especially in relation to its actions on locomotor
activity. Although 7a-hydroxypregnenolone levels in the brain
were higher in white-crowned sparrows in migratory vs. non-
migratory life history stages (Figure 3), the effects of central
infusion are difficult to interpret (Figure S4 in Supplementary
Material). This may have been because birds were already show-
ing maximum migratory activity, or that other regions of the
brain may be important for regulation of migratory behavior.
Nonetheless, future investigations will be needed to determine
how 7a-hydroxypregnenolone might be important for regulation
of migration, and whether this regulation changes across the two
migratory life history stages (vernal and autumnal migrations) in
the white-crowned sparrow.

Haraguchi etal. (65) have shown that 7a-hydroxyprogesterone
can increase locomotor activity following restraint stress in newts,
and, along with elevated corticosterone, may regulate behavioral
responses to environmental perturbations. The possibility that
this neurosteroid is involved in the rapid regulation of faculta-
tive movements associated with environmental perturbations
during all life history stages is an exciting hypothesis. Facultative
movements could occur at any time as part of the corticosteroid-
induced emergency life history stage, for example, in response
to a storm or increased predator pressure [e.g., Ref. (66, 67)].
Facultative movements would need to cease once suitable alter-
nate habitat is found for the individual to survive the perturba-
tion. 7a-hydroxypregnenolone is one neural paracrine signal
that may be involved in both seasonal and facultative behavioral
changes. It may also play a role in suppressing activity in molting
white-crowned sparrows.

How hormone and neurohormone secretion, transport, and
response are integrated to achieve the appropriate morphological,
physiological, and behavioral response to life history stage and
environmental and social changes requires further integrated
studies. Coordination of the biological actions of these newly
discovered autocrine and paracrine actions in the brain especially
need more investigation in relation to life history stage and other
environmental contexts. Understanding each organism’s physi-
ological and behavioral requirements across life history stages
will allow us to identify the endocrine conflicts each faces as their
requirements change. This has the potential to enlighten us as to
how novel autocrine and paracrine actions within the brain and
other tissues are coordinated and provide insights into the selec-
tion pressures that have driven the evolution of these systems.

AUTHOR CONTRIBUTIONS

JW wrote the original review and all other authors contributed
equally to edits, addition of relevant references, and conceptual
development.

Frontiers in Endocrinology | www.frontiersin.org

June 2018 | Volume 9 | Article 270


https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive

Wingfield et al.

Brain Steroids and Life Cycles

ACKNOWLEDGMENTS

JW is grateful for a series of grant from the National Science
Foundation (IBN-9631350 and IBN-0317141), and a subcon-
tract of NIH grant RO1 MH61994-01, Barney Schlinger PI.
U.C.LA. Wingfield also acknowledges the Endowed Chair in
Physiology, University of California, Davis. All animal pro-
cedures were approved by the University of Washington and

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

Wingfield JC. Organization of vertebrate annual cycles: implications for
control mechanisms. Philos Trans R Soc Lond B Biol Sci (2008) 363:425-41.
doi:10.1098/rstb.2007.2149

Wingfield JC. Comparative endocrinology, environment and global change.
Gen Comp Endocrinol (2008) 157:207-16. doi:10.1016/j.ygcen.2008.04.017
Soma KK, Schlinger BA, Wingfield JC, Saldanha CJ. Brain aromatase, 5
a-reductase, and 5 p-reductase change seasonally in wild male song sparrows:
relationship to aggressive and sexual behavior. ] Neurobiol (2003) 56:209-21.
doi:10.1002/neu.10225

Wacker DW, Schlinger BA, Wingfield JC. Combined effects of DHEA and
fadrozole on aggression and neural VIP immunoreactivity in the non-breed-
ing male song sparrow. Horm Behav (2008) 53:287-94. doi:10.1016/j.
yhbeh.2007.10.008

Wacker DW, Wingfield JC, Davis JE, Meddle SL. Seasonal changes in aro-
matase and androgen receptor, but not estrogen receptor mRNA expression
in the brain of the free-living male song sparrow, Melospiza melodia morphna.
J Comp Neurol (2010) 518:3819-35. d0i:10.1002/cne.22426

Ramenofsky M, Wingfield JC. Regulation of migration. Bioscience (2007)
57:135-43. doi:10.1641/B570208

Ramenofsky M, Wingfield JC. Regulation of complex behavioral transitions:
migration to breeding. Anim Behav (2016) 124:299-306. doi:10.1016/j.
anbehav.2016.09.015

Wingfield JC, Ramenofsky M. Corticosterone and facultative dispersal in
response to unpredictable events. Ardea (1997) 85:155-66.

Schmidt KL, Pradhan DS, Shah AH, Charlier TD, Chin EH, Soma KK.
Neurosteroids, immunosteroids, and the balkanization of endocrinology. Gen
Comp Endocrinol (2008) 157:266-74. doi:10.1016/j.ygcen.2008.03.025
Wingfield JC. Regulatory mechanisms that underlie phenology, behavior, and
coping with environmental perturbations: an alternate look at biodiversity.
Auk (2012) 129:1-7. doi:10.1525/auk.2012.129.1.1

Wingfield JC. Ecophysiological studies of hormone-behavior relations in
birds: future challenges in a changing world. 3rd ed. In: Pfaff DW, Joéls M,
editors. Hormones, Brain and Behavior. (Vol. 2), New York: Academic Press
(2017). p. 321-45.

Charlier TD, Underhill C, Hammond GL, Soma KK. Effects of aggressive
encounters on plasma corticosteroid-binding globulin and its ligands in
white-crowned sparrows. Horm Behav (2009) 56:339-47. doi:10.1016/j.
yhbeh.2009.06.012

Malisch JL, Breuner CW. Steroid-binding proteins and free steroids in birds.
Mol Cell Endocrinol (2010) 316:42-52. doi:10.1016/j.mce.2009.09.019
Schoech SJ, Romero LM, Moore IT, Bonier F. Constraints, concerns
and considerations about the necessity of estimating free glucocorticoid
concentrations for field endocrine studies. Funct Ecol (2013) 27:1100-6.
doi:10.1111/1365-2435.12142

Vaschenko G, Das S, Moon K-M, Rogalski JC, Taves MD, Soma KK, et al.
Identification of avian corticosteroid-binding globulin (SerpinA6) reveals
the molecular basis of evolutionary adaptations in SerpinA6 structure and
function as a steroid-binding protein. ] Biol Chem (2016) 291(21):11300-12.
doi:10.1074/jbc.M116.714378

Charlier TD, Cornil CA, Ball GE Balthazart J. Diversity of mechanisms
involved in aromatase regulation and estrogen action in the brain. Biochim
Biophys Acta (2010) 1800(10):1094-105. doi:10.1016/j.bbagen.2009.12.010
Balthazart ], Choleris E, Remage-Healey L. Steroids and the brain: 50
years of research, conceptual shifts and the ascent of non-classical and

University of California, Davis, Institutional Animal Care and
Use Committees.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at
https://www.frontiersin.org/articles/10.3389/fendo.2018.00270/
full#supplementary-material.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

membrane-initiated actions. Horm Behav (2018) 99:1-8. doi:10.1016/j.
yhbeh.2018.01.002

Hutchison JB, Steimer T. Brain 5B-reductase: a correlate of behavioral sen-
sitivity to androgen. Science (1981) 213:244-6. doi:10.1126/science.7244635
Soma KK, Bindra RK, Gee ], Wingfield ], Schlinger BA. Androgen metaboliz-
ing enzymes show region-specific changes across the breeding season in the
brain of a wild breeding songbird. ] Neurobiol (1999) 41:176-88. d0i:10.1002/
(SICI)1097-4695(19991105)41:2<176::AID-NEU2>3.0.CO;2-2

Soma KK, Sullivan K, Wingfield JC. Combined aromatase inhibitor and
antiandrogen treatment decreases territorial aggression in a wild songbird
during the non-breeding season. Gen Comp Endocrinol (1999) 115:442-53.
doi:10.1006/gcen.1999.7334

Wingfield JC, Mukai M. Endocrine disruption in the context of life cycles:
environmental perturbations, global change and the adrenocortical
response to stress. Gen Comp Endocrinol (2009) 163:92-6. doi:10.1016/j.
ygcen.2009.04.030

Lynn SE, Perfito N, Guardardo D, Bentley GE. Food, stress, and circulating
testosterone: cue integration by the testes, not the brain, in male zebra finches
(Taeniopygia guttata). Gen Comp Endocrinol (2015) 215:1-9. doi:10.1016/].
ygcen.2015.03.010

Ernst DK, Lynn SE, Bentley GE. Differential response of GnIH in the brain
and gonads following acute stress in a songbird. Gen Comp Endocrinol (2016)
227:51-7. doi:10.1016/j.ygcen.2015.05.016

Bentley GE, Wilsterman K, Ernst DK, Lynn SE, Dickens M], Calisi RM, et al.
Neural versus gonadal GnIH: are they independent systems? A mini-review.
Integr Comp Biol (2017) 57:1194-203. doi:10.1093/icb/icx085

Ukena K, Honda Y, Inai Y, Kohchi C, Lea RW, Tsutsui K. Expression and
activity of 3p-hydroxysteroid dehydrogenase/delta5-delta4-isomerase in
different regions of the avian brain. Brain Res (1999) 818:536-42. doi:10.1016/
S0006-8993(98)01296-7

Matsunaga M, Ukena K, Tsutsui K. Expression and localization of cytochrome
P450 17a-hydroxylase/c17,20-lyase in the avian brain. Brain Res (2001)
899:112-22. doi:10.1016/S0006-8993(01)02217-X

Matsunaga M, Ukena K, Baulieu E-E, Tsutsui K. 7a-hydroxypregnenolone
acts as a neuronal activator to stimulate locomotor activity of breeding
newts by means of the dopaminergic system. Proc Natl Acad Sci U S A (2004)
101:17282-7. doi:10.1073/pnas.0407176101

Inai Y, Nagai K, Ukena K, Oishii T, Tsutsui K. Seasonal changes in
neurosteroid concentrations in the amphibian brain and environmental
factors regulating their changes. Brain Res (2003) 959:214-25. doi:10.1016/
S0006-8993(02)03745-9

Do Rego JL, Seong JY, Burel D, Lepronce J, Luu-The V, Tsutsui K, et al.
Neurosteroid biosynthesis: enzymatic pathways and neuroendocrine regula-
tion by neurotransmitters and neuropeptides. Front Neuroendocrinol (2009)
30:259-301. doi:10.1016/j.yfrne.2009.05.006

Pradhan DS, Newman AE, Wacker DW, Wingfield JC, Schlinger BA, Soma
KK. Aggressive interactions rapidly increase androgen synthesis in the brain
during the non-breeding season. Horm Behav (2010) 57:381-9. doi:10.1016/j.
yhbeh.2010.01.008

Tsutsui K, Matsanuga M, Miyabara H, Ukena K. Neurosteroid biosynthesis in
the quail brain: a review. ] Exp Zool (2006) 305A:733-42. doi:10.1002/jez.a.302
Schlinger BA. Steroids in the avian brain: heterogeneity across space and time.
J Ornithol (2015) 156(Suppl 1):5419-24. doi:10.1007/s10336-015-1184-7
Schlinger BA, Arnold AP. Brain is the major site of estrogen synthesis in
a male songbird. Proc Natl Acad Sci U S A (1991) 88:4191-4. doi:10.1073/
pnas.88.10.4191

Frontiers in Endocrinology | www.frontiersin.org

June 2018 | Volume 9 | Article 270


https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive
https://www.frontiersin.org/articles/10.3389/fendo.2018.00270/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2018.00270/full#supplementary-material
https://doi.org/10.1098/rstb.2007.2149
https://doi.org/10.1016/j.ygcen.2008.04.017
https://doi.org/10.1002/neu.10225
https://doi.org/10.1016/j.yhbeh.2007.10.008
https://doi.org/10.1016/j.yhbeh.2007.10.008
https://doi.org/10.1002/cne.22426
https://doi.org/10.1641/B570208
https://doi.org/10.1016/j.anbehav.2016.09.015
https://doi.org/10.1016/j.anbehav.2016.09.015
https://doi.org/10.1016/j.ygcen.2008.03.025
https://doi.org/10.1525/auk.2012.129.1.1
https://doi.org/10.1016/j.yhbeh.2009.06.012
https://doi.org/10.1016/j.yhbeh.2009.06.012
https://doi.org/10.1016/j.mce.2009.09.019
https://doi.org/10.1111/1365-2435.12142
https://doi.org/10.1074/jbc.M116.714378
https://doi.org/10.1016/j.bbagen.2009.12.010
https://doi.org/10.1016/j.yhbeh.2018.01.002
https://doi.org/10.1016/j.yhbeh.2018.01.002
https://doi.org/10.1126/science.7244635
https://doi.org/10.1002/(SICI)1097-4695(19991105)41:2 < 176::AID-NEU2 > 3.0.CO;2-2
https://doi.org/10.1002/(SICI)1097-4695(19991105)41:2 < 176::AID-NEU2 > 3.0.CO;2-2
https://doi.org/10.1006/gcen.1999.7334
https://doi.org/10.1016/j.ygcen.2009.04.030
https://doi.org/10.1016/j.ygcen.2009.04.030
https://doi.org/10.1016/j.ygcen.2015.03.010
https://doi.org/10.1016/j.ygcen.2015.03.010
https://doi.org/10.1016/j.ygcen.2015.05.016
https://doi.org/10.1093/icb/icx085
https://doi.org/10.1016/S0006-8993(98)01296-7
https://doi.org/10.1016/S0006-8993(98)01296-7
https://doi.org/10.1016/S0006-8993(01)02217-X
https://doi.org/10.1073/pnas.0407176101
https://doi.org/10.1016/S0006-8993(02)03745-9
https://doi.org/10.1016/S0006-8993(02)03745-9
https://doi.org/10.1016/j.yfrne.2009.05.006
https://doi.org/10.1016/j.yhbeh.2010.01.008
https://doi.org/10.1016/j.yhbeh.2010.01.008
https://doi.org/10.1002/jez.a.302
https://doi.org/10.1007/s10336-015-1184-7
https://doi.org/10.1073/pnas.88.10.4191
https://doi.org/10.1073/pnas.88.10.4191

Wingfield et al.

Brain Steroids and Life Cycles

34,

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Tsutsui K, Yamazaki T. Avian neurosteroids. 1. Pregnenolone synthesis in the
quail brain. Brain Res (1995) 678:1-9. d0i:10.1016/0006-8993(95)00116-8
Matsunaga M, Ukena K, Tsutsui K. Androgen biosynthesis in the avian brain.
Brain Res (2002) 948:180-5. doi:10.1016/S0006-8993(02)03147-5

Tsutsui K, Inoue K, Miyabara H, Suzuki S, Ogura Y, Haraguchi S.
7a-hydroxypregnenolone mediates melatonin action underlying diur-
nal locomotor rhythms. ] Neurosci (2008) 28:2158-67. doi:10.1523/
JNEUROSCI.3562-07.2008

Schlinger BA, Pradhan DS, Soma KK. 33-HSD activates DHEA in the song-
bird brain. Neurochem Int (2008) 52:611-20. doi:10.1016/j.neuint.2007.05.003
Schlinger BA, Brenowitz EA. Neural and hormonal control of birdsong. In:
Pfaff DW, Arnold AP, Etgen AM, Fahrbach SE, Rubin RT, editors. Hormones,
Brain and Behavior. (Vol. 2), San Diego: Academic Press (2009). p. 897-941.
Soma KK, Wingfield JC. Dehydroepiandrosterone in songbird plasma:
seasonal regulation and relationship to territorial aggression. Gen Comp
Endocrinol (2001) 123:144-55. doi:10.1006/gcen.2001.7657

Tsutsui K, Ukena K, Usui M, Sakamoto H, Takase M. Novel brain function:
biosynthesis and actions of neurosteroids in neurons. Neurosci Res (2000)
36:261-73. d0i:10.1016/50168-0102(99)00132-7

Koibuchi N, Kimura-Kuroda J, Ikeda Y, Tsutsui K. Cerebellum, a target
for hormonal signaling. Cerebellum (2008) 7:499-504. doi:10.1007/
$12311-008-0015-2

Heimovics SA, Prior NH, Ma C, Soma KK. Rapid effects of an aggressive
interaction on dehydroepiandrosterone, testosterone and estradiol levels in
the male song sparrow brain: a seasonal comparison. ] Neuroendocrinol (2016)
28:12345. doi:10.1111/jne.12345

Rosvall KA, Bergeon-Burns CM, Barske ], Goodson ], Schlinger BA,
Sengelaub DR, et al. Neural sensitivity to sex steroids predicts individual
differences in aggression: implications for behavioral evolution. Proc Biol Sci
(2012) 279(1742):3547-55. doi:10.1098/rspb.2012.0442

Wingfield JC, Hahn TP. Testosterone and territorial behaviour in sedentary
and migratory sparrows. Anim Behav (1994) 47(1):77-89. doi:10.1006/
anbe.1994.1009

Wingfield JC, Lynn SE, Soma KK. Avoiding the ‘costs’ of testosterone:
ecological bases of hormone-behavior interactions. Brain Behav Evol (2001)
57(5):239-51. doi:10.1159/000047243

Landys MM, Goymann W, Soma KK, Slagsvold T. Year-round territorial
aggression is independent of plasma DHEA in the European nuthatch Sitta
europaea. Horm Behav (2013) 63:166-72. d0i:10.1016/j.yhbeh.2012.10.002
Labrie F, Belanger A, Simard ], Luu-The V, Labrie C. DHEA and peripheral
androgen and estrogen formation: intracrinology. Ann N Y Acad Sci (1995)
774:16-28. doi:10.1111/j.1749-6632.1995.tb17369.x

Chen F, Knecht K, Birzin E, Fisher J, Wilkinson H, Mojena M, et al. Direct
agonist/antagonist functions of dehydroepiandrosterone. Endocrinology
(2005) 146:4568-76. doi:10.1210/en.2005-0368

Sousa A, Ticku MK. Interactions of the neurosteroid dehydroepiandrosterone
sulfate with the GABA4 receptor complex reveals that it may act via the picro-
toxin site. ] Pharmacol Exp Ther (1997) 282:827-33.

Maurice T, Su TP. The pharmacology of sigma-1 receptors. Pharmacol Ther
(2009) 124:195-206. doi:10.1016/j.pharmthera.2009.07.001

Heimovics SA, Trainor BC, Soma KK. Rapid effects of estradiol on aggression
in birds and mice: the fast and the furious. Integr Comp Biol (2015) 55:281-93.
doi:10.1093/icb/icv048

Wingfield JC. Regulation of territorial behavior in the sedentary song spar-
row, Melospiza melodia morphna. Horm Behav (1994) 28:1-15. doi:10.1006/
hbeh.1994.1001

Ubuka T, Haraguchi S, Tobari Y, Narihiro M, Ishikawa K, Hayashi T, et al.
Hypothalamic inhibition of socio-sexual behavior by increasing neuroestro-
gen synthesis. Nat Commun (2014) 5:3061. doi:10.1038/ncomms4061
Comito D, Pradhan DS, Karleen BJ, Schlinger BA. Region-specific rapid
regulation of aromatase activity in zebra finch brain. J Neurochem (2016)
136(6):1177-85. d0i:10.1111/jnc.13513

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Falkner AL, Grosenick L, Davidson TJ, Deisseroth K, Lin D. Hypothalamic
control of male aggression-seeking behavior. Nat Neurosci (2016) 19(4):596-
604. doi:10.1038/nn.4264

Wacker DW, Khalaj LJ, Jones L], Champion TL, Davis JE, Meddle SL, et al.
Dehydroepiandrosterone heightens aggression and increases androgen
receptor and aromatase mRNA expression in the brain of a male songbird.
J Neuroendocrinol (2016) 28. doi:10.1111/jne.12443

Horton BM, Hudson WH, Ortlund EA, Shirk S, Thomas JW, Young ER, et al.
Estrogen receptor o polymorphism in a species with alternative behavioral
phenotypes. Proc Natl Acad Sci U S A (2014) 111:1443-8. doi:10.1073/pnas.
1317165111

Bergeon-Burns CM, Rosvall KA, Ketterson ED. Neural steroid sensitivity and
aggression: comparing individuals of two songbird sub-species. ] Evol Biol
(2013) 26:820-31. doi:10.1111/jeb.12094

Canoine V, Fusani L, Schlinger B, Hau M. Low sex steroids, high steroid recep-
tors: increasing the sensitivity of the nonreproductive brain. Dev Neurobiol
(2007) 67:57-67. doi:10.1002/dneu.20296

Voigt C, Goymann W. Sex-role reversal is reflected in the brain of African black
coucals (Centropus grillii). Dev Neurobiol (2007) 67:1560-73. doi:10.1002/
dneu.20528

Wingfield JC, Ramenofsky M. Hormone-behavior interrelationships of
birds in response to weather. In: Jane Brockmann H, Roper TJ, Naguib M,
Mitani JC, Simmons LW, editors. Advances in the Study of Behavior. Vol.
43. Burlington: Academic Press (2011). p. 93-188. Elsevier Inc. Academic
Press.

Haraguchi S, Koyama T, Hasanuma I, Vaudry H, Tsutsui K. Prolactin increases
synthesis of 7a-hydroxypregnenolone, a key factor for induction of loco-
motor activity, in breeding male newts. Endocrinology (2010) 151:2211-22.
doi:10.1210/en.2009-1229

Haraguchi S, Yamamoto Y, Suzuki Y, Chang JH, Koyama T, Sato M, et al.
7a-hydroxypregnenolone, a key neuronal modulator of locomotion, stimu-
lates upstream migration by means of the dopaminergic system in salmon. Sci
Rep (2015) 5:12546. doi:10.1038/srep12546

Tsutsui K, Haraguchi S, Inoue K, Miyabara H, Suzuki S, Ubuka T. Control of
circadian activity of birds by the interaction of melatonin with 7a-hydroxy-
pregnenolone, a newly discovered neurosteroid stimulating locomotion.
J Ornithol (2012) 153(Suppl 1):5235-43. doi:10.1007/s10336-011-0795-x
Haraguchi S, Koyama T, Hasunuma I, Okuyama S-I, Ubuka T, Kikuyama S,
et al. Acute stress increases the synthesis of 7a-hydroxypregnenolone, a new
key steroid stimulating locomotor activity, through corticosterone action in
newts. Endocrinology (2012) 153:794-805. doi:10.1210/en.2011-1422
Wingfield JC. The comparative biology of environmental stress: behavioral
endocrinology and variation in ability to cope with novel, changing envi-
ronments. Anim Behav (2013) 85:1127-33. doi:10.1016/j.anbehav.2013.
02.018

Wingfield JC. Ecological processes and the ecology of stress: the
impacts of abiotic environmental factors. Funct Ecol (2013) 27:37-44.
doi:10.1111/1365-2435.12039

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The reviewer WG declared a past co-authorship with the author JW to the handling
Editor.

Copyright © 2018 Wingfield, Wacker, Bentley and Tsutsui. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

June 2018 | Volume 9 | Article 270


https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1016/0006-8993(95)00116-8
https://doi.org/10.1016/S0006-8993(02)03147-5
https://doi.org/10.1523/JNEUROSCI.3562-07.2008
https://doi.org/10.1523/JNEUROSCI.3562-07.2008
https://doi.org/10.1016/j.neuint.2007.05.003
https://doi.org/10.1006/gcen.2001.7657
https://doi.org/10.1016/S0168-0102(99)00132-7
https://doi.org/10.1007/s12311-008-0015-2
https://doi.org/10.1007/s12311-008-0015-2
https://doi.org/10.1111/jne.12345
https://doi.org/10.1098/rspb.2012.0442
https://doi.org/10.1006/anbe.1994.1009
https://doi.org/10.1006/anbe.1994.1009
https://doi.org/10.1159/000047243
https://doi.org/10.1016/j.yhbeh.2012.10.002
https://doi.org/10.1111/j.1749-6632.1995.tb17369.x
https://doi.org/10.1210/en.2005-0368
https://doi.org/10.1016/j.pharmthera.2009.07.001
https://doi.org/10.1093/icb/icv048
https://doi.org/10.1006/hbeh.1994.1001
https://doi.org/10.1006/hbeh.1994.1001
https://doi.org/10.1038/ncomms4061
https://doi.org/10.1111/jnc.13513
https://doi.org/10.1038/nn.4264
https://doi.org/10.1111/jne.12443
https://doi.org/10.1073/pnas.
1317165111
https://doi.org/10.1073/pnas.
1317165111
https://doi.org/10.1111/jeb.12094
https://doi.org/10.1002/dneu.20296
https://doi.org/10.1002/dneu.20528
https://doi.org/10.1002/dneu.20528
https://doi.org/10.1210/en.2009-1229
https://doi.org/10.1038/srep12546
https://doi.org/10.1007/s10336-011-0795-x
https://doi.org/10.1210/en.2011-1422
https://doi.org/10.1016/j.anbehav.2013.02.018
https://doi.org/10.1016/j.anbehav.2013.02.018
https://doi.org/10.1111/1365-2435.12039
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Brain-Derived Steroids, Behavior and Endocrine Conflicts Across Life History Stages in Birds: A Perspective
	Introduction
	Neurosteroids in Vertebrate Brains

	Two Examples of Flexibility in Steroid Mechanisms of Action
	Androgen/Estrogen Control of Avian Territorial Aggression Across Life History Stages
	Potential Roles of Neurosteroids on Animal Movement Including Migration

	Perspective
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


