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Abstract

The avian song control system provides an excellent model for studying transsynaptic trophic
effects of steroid sex hormones. Seasonal changes in systemic testosterone (T) and its metabolites
regulate plasticity of this system. Steroids interact with the neurotrophin brain-derived
neurotrophic factor (BDNF) to influence cellular processes of plasticity in nucleus HVC of adult
birds, including the addition of newborn neurons. This interaction may also occur
transsynpatically; T increases the synthesis of BDNF in HVC, and BDNF protein is then released
by HVC neurons on to postsynaptic cells in nucleus RA where it has trophic effects on activity
and morphology. Androgen action on RA neurons increases their activity and this has a retrograde
trophic effect on the addition of new neurons to HVC. The functional linkage of sex steroids to
BDNF may be of adaptive value in regulating the trophic effects of the neurotrophin and
coordinating circuit function in reproductively relevant contexts.
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Introduction

Seasonal changes of the environment that are critical to survival and reproduction have a
pronounced effect on birds and essentially all other animals. It is therefore not surprising
that seasonal plasticity of the adult brain has been observed in every vertebrate taxon [1].
The avian song control system provides the best model for studying the mechanisms and
functional significance of seasonal plasticity in brain and behavior, with changes that are the
most pronounced yet observed in any vertebrate model. Song is a learned stereotyped
behavior that can be quantitatively analyzed, it is regulated by well-identified neural circuits,
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and testosterone (T) and its androgenic and estrogenic metabolites exert a strong influence
on the morphology and physiology of these neural circuits.

Sex steroids released by the gonads or synthesized in the brain can serve various functions in
the adult nervous system: 1) they activate neurons in sexually dimorphic brain regions to
produce sex-typical behaviors; 2) hormones provide a means of restricting neural activity to
appropriate environmental and physiological conditions, as seen in hormone-regulated
growth of the song control system in birds early in the breeding season; and 3) secretion of
steroids by the gonads and transport to the brain can coordinate neural and behavioral
activation with reproductive physiology. An example of this latter role is the vernal
enhancement of song production by T in male birds to attract and stimulate mates at the time
of year when the reproductive axis is optimized for breeding in both sexes [2]. Steroids may
act directly on neurons to have these effects. Neurons in limbic and other regions of the
brain often have nuclear and/or membrane-bound receptors for different steroids. It has
become clear recently that steroids may also have indirect actions on brain regions through
transsynaptic mechanisms, even if neurons in the target regions lack steroid receptors.
Transsynaptic trophic effects of steroids have been demonstrated most clearly in the context
of seasonal plasticity of the adult avian song system, and that will be the focus of this
review.

The avian song control system

Song is a learned behavior that is widely produced among the 4000 species of oscine
songbirds and in many other avian taxa [3]. Songs have well-defined acoustic structures that
are characteristic of each species. In most species that breed in temperate and high latitude
regions, song is produced largely or only by males. In many tropical species, however,
females also sing and may join with males in producing complex vocal duets. There is
extensive taxonomic diversity in the age when song is learned [4; 5]. In many species,
referred to as age-limited learners, song learning is completed by the onset of sexual
maturity late in the first year of life. Other species, known as open-ended learners, may
continue to learn new songs as adults. Song plays important roles in avian reproduction [3].
In many species, song is used to declare a territory from which other birds are aggressively
excluded. Both males and females may use song in this context. In most songbird species
males also use song to attract females. Females may select among potential mates on the
basis of individual song characteristics. The male’s song may directly stimulate reproductive
behavior in females. In addition to these two main functions, song may be used in other
behavioral contexts. For example, song may be important in mediating dominance behavior
among members of a social group.

Song behavior is regulated by a discrete network of interconnected nuclei that arises in the
pallium, projects to brainstem nuclei that control vocalization and respiration, and receives
input from pallial auditory regions. (Some authors regard the avian pallium as homologous
to mammalian cortex [6; 7].) The song control system is organized into two functional
pathways [for review see 8, Figure 1]. The main pathway for the motor production of song
in adult birds includes projections from HVC to RA in the telencephalon, and from RA to
nXIIts in the medulla, which innervates the muscles of the sound-producing organ, the
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syrinx, and brainstem respiratory pre-motor nuclei. The anterior forebrain pathway (AFP)
includes HVC, area X in the striatum, DLM in the thalamus, LMAN in the pallium, and RA;
it is analogous to the mammalian basal ganglia-thalamocortical circuit [9]. The AFP is
essential for song learning, for the motor production of song in juveniles [10], and for adult
song variability [reviewed in 11].

Steroid sex hormones affect song learning and production, and the juvenile development and
adult plasticity of the song circuits [reviewed in 12]. In those species examined thus far,
nuclear androgen receptors are present in the song nuclei HVC, RA, LMAN, area X, I1Co
(intercollicular nucleus), and nXIIts, as well as in the muscles of the syrinx. Classical
nuclear estrogen receptors are found in HVC and 1Co [Figure 1, reviewed in 12].

Seasonality of breeding and song behavior in birds

Photoperiod is the primary environmental factor that influences activation of the avian
reproductive system. In arctic, temperate, and subtropical birds, breeding is usually
restricted to spring and early summer. Reproduction may also be seasonal in tropical species
in which there are seasonal changes in environmental factors such as rainfall that influence
breeding. Song behavior occurs most often or only in the breeding season in most species.

Seasonal plasticity in the brain

Seasonal changes in brain structure were first reported in the song system of domestic
canaries by Nottebohm [13]. The song control system provides the most pronounced
example of seasonal plasticity in an adult brain, and is the leading model for study of this
process.

Seasonal changes in song behavior are accompanied by changes in the morphology of song
nuclei in essentially every seasonally breeding songbird species that has been examined,
including Rufous-collared Sparrows (Zonotrichia capensis) that breed seasonally in the
foothills of the Andes on the equator [14]. The volumes of HVC, RA, X, and nXIIts increase
by up to 200% during the breeding season in both open-ended and closed-ended song
learners. Cellular attributes of song regions also change [reviewed in 15]. These seasonal
changes can be observed in vivo using fMRI [16]. The spontaneous neurophysiological
activity of RA neurons is greater in breeding White-crowned Sparrows (Zonotrichia
leucophrys) and Song Sparrows (Melospiza melodia) than non-breeding birds [17; 18; 19].

Neuron number in HVC also changes seasonally. In wild-caught Song Sparrows, for
example, neuron number in HVC increases from about 150,000 in the fall to 250,000 during
the breeding season, a 67% increase [20]. This change in neuron number results from
seasonal patterns of cell death and ongoing neurogenesis. At the end of the breeding season,
circulating T levels drop and there is an increase in the death of mature HVC neurons [21;
22]. There is a subsequent increase in the addition of new neurons to HVC in nonbreeding
birds [23; 24]. The death of mature HVC neurons increases the addition of new neurons to
HVC [25; 26], and does so by increasing neural stem cell proliferation in the adjacent
ventricular zone [27].
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Seasonal changes in song behavior

Seasonal changes in various aspects of song behavior accompany plasticity of the song
circuits. In some species of birds, such as the Spotted Towhee (Pipilo maculatus) and Sedge
Warbler (Acrocephal us schoenobaenus), song is produced only during the breeding season
and is absent at other times of year. Other species, such as Song Sparrows, White-crowned
Sparrows, and Canaries, sing throughout most of the year. Even in these year-round singers,
however, song is produced at much higher rates during the breeding season.

Song structure also changes seasonally in year-round singers. Songs typically become more
variable after the breeding season. The morphology of individual song syllables becomes
less stereotyped in species including Canaries, Song Sparrows, and White-crowned
Sparrows [20; 28; 29; 30]. Song Sparrows sing a greater number of variations of specific
song types outside the breeding season [20]. Songs also are shorter in nonbreeding Song
Sparrows, White-Crowned Sparrows, and wild Island Canaries [20; 29; 31]. The stereotypy
of song duration and of the “fee” note of Black-capped Chickadees (Poecile atricapillus) is
greater during the breeding season [32]. Stable song produced during the breeding season,
however, does not change in structure from year to year in closed-ended learners like Song
Sparrows and White-crowned Sparrows [33; 34].

Adaptive value of seasonal plasticity

What is the adaptive value of the extensive seasonal changes observed in the song circuits?
Regrowing the song system each spring must impose an energetic cost. Is the cost of such
yearly growth outweighed by some advantage that is gained? Other hormone sensitive
regions of the avian brain, such as the hippocampus, do not undergo the seasonal regression
and growth characteristic of the song system [35].

One hypothesis of the benefit of seasonal plasticity was presented by Nottebohm [13] in the
original study of this phenomenon in Canaries. Male Canaries develop new song patterns as
adults, and do so in a seasonal manner. Nottebohm proposed that the plasticity associated
with the seasonal changes in the song nuclei provides a neural basis for this adult song
learning. He predicted that seasonal plasticity would be restricted to open-ended song
learning species. Comparable patterns of seasonal changes in the song system, however,
have been observed in essentially every species of seasonally breeding songbird examined
thus far, regardless of whether they are open-ended or age-limited song learners. Thus, while
seasonal plasticity may be necessary for adult song learning, it is not sufficient for such
learning to occur and is therefore unlikely to have evolved explicitly as a mechanism for
learning.

An alternative hypothes is that seasonal plasticity may be an adaptation to reduce the
energetic costs imposed by the song system in the fall and winter. Oustide the breeding
season, there is no need to produce frequent, stereotyped song for mate attraction and
territorial defense. At the same time, birds may experience the energetic stress of feather
molting (i.e., replacement), migration, increased thermoregulatory demands, and decreased
food availability. Songbirds are relatively small animals with large surface area to volume
ratios, and are therefore particularly subject to energetic constraints [36]. Given that the
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brain requires large amounts of energy to maintain signaling activities ([see 37]), regression
of the song system outside the breeding season reduces the energetic costs imposed by the
song nuclei and this is probably advantageous for birds. On balance, the reduced energy
required by a regressed song system throughout the fall and winter may outweigh the energy
required to regrow it the following spring.

Seasonal plasticity of the song control circuits, which appears to be widespread among the
songbirds and is therefore perhaps an ancestral trait, may have served as a preadaptation that
enabled the evolution of adult song learning in some species. In this view, the neural and
behavioral plasticity that occurs with seasonal changes of the song system is necessary but
not sufficient for adults to develop new songs. In ecological contexts where the development
of new songs in adults may be adaptive, as in indicating a male’s relative age to potential
mates, or in allowing birds to match the songs of new territorial neighbors, the plasticity
associated with seasonal changes may be exploited to support the learning of new songs [see
15 for more extensive discussion].

Sex steroid influences on seasonal plasticity

T and its metabolites influence the development of song behavior and the song control
circuits in juvenile birds [38]. These hormones also regulate seasonal plasticity of the song
system. The secretion and metabolism of sex steroids vary with season; plasma T levels in
male birds are high during breeding, and low after breeding. These seasonal changes in
circulating hormone levels modulate song production (most birds sing frequently in the
breeding season, and less or not at all outside of breeding), and are correlated with the
morphological changes in the song control regions (which are fully grown when T levels are
high, and regressed when T is low) [reviewed in 15; 39].

The seasonal changes in the song systems of the sparrow species that we study are primarily
regulated by changes in gonadal T and its metabolites [15]. Smith et al. [40] showed that T
induced volumetric and neuronal growth in HVC, RA, X, and nXIlIts in castrated Gambels’
White-crowned Sparrows housed on either long days (LD) or short days (SD) [see also 41].
Other factors, such as social cues and photoperiod, have been reported to contribute to
seasonal plasticity of the song system [39; 42; 43; 44; 45; 46]. The relative contributions of
these different factors may vary among species. Caution should be used in invoking species
differences, however, given the complex nature of interactions between sex steroids, neural
and muscular function, gene expression, and behavior [see 15, pages 342-344 for
discussion].

An LD photoperiod in the absence of a T implant induced only small increases in neuron
size and spacing in RA. Other studies are consistent with the conclusion that growth of the
song nuclei is due primarily to increased levels of T and its metabolites in breeding birds
[e.g., 41; 47].

The sensitivity of neurons in song nuclei to sex steroids varies seasonally. Androgen
receptor mRNA and protein in HVC are expressed at higher levels in breeding-condition
birds [Figure 2 48; 49; 50]. The expression of ER mRNA by cells in HVC is greater in
breeding canaries [49].
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Both androgenic and estrogenic metabolites of T contribute to seasonal growth of the song
circuits and song production. To measure the relative contributions of androgens and
estrogens to seasonal growth, castrated Gambel’s White-crowned Sparrows with regressed
song nuclei were implanted with either T, the androgenic metabolite 5-a dihyrotestosterone
(DHT), 17 -B estradiol (E»), or a combination of DHT+E; [47]. All three steroid treatments
stimulated growth of HVC, RA, and X, showing that androgen- and estrogen receptor
binding are each sufficient to trigger seasonal growth of the song circuits, and that T’s
effects may depend, in part, upon enzymatic conversion of T to active metabolites. Song
production was highly variable within these treatment groups. Interestingly, birds treated
with E, alone did not sing, whereas most birds implanted with T or DHT sang. Despite the
lack of song in Eo-treated birds, however, this hormone induced substantial growth of the
song nuclei. This observation suggests that growth of the song nuclei and song behavior are
under separate hormonal control.

Additional evidence in support of an estrogenic contribution to seasonal growth of the song
circuits comes from a study of wild male Song Sparrows [51]. Territorial males in both the
breeding and non-breeding seasons were treated with fadrozole, an inhibitor of the
aromatase enzyme which catalyzes the conversion of T to E,. In breeding males, aromatase
inhibition caused the volume of HVC to decrease, and this effect was partially rescued by
concurrent estrogen replacement. It is noteworthy that fadrozole decreased HVC volume
even though plasma T increased in breeding males due to disrupted neuroendocrine
feedback. Fadrozole-treated males sang less than controls in response to song playback and
a live decoy [52]. In nonbreeding males, E, treatment caused HVC and X to grow to
maximal breeding size within two weeks. Fadrozole decreased singing behavior and Ej-
treatment rescued song in the nonbreeding birds [52]. Taken together the results of Soma et
al. [51] and Tramontin et al. [47] strongly suggest that both estrogenic and androgenic
metabolites of gonadal T contribute to seasonal growth of the song circuits and song
production.

Seasonal growth and regression of the song control circuits occur rapidly

and sequentially

Field studies of wild birds show that growth of the song system occurs rapidly once plasma
T levels first start to rise as day length increases in late winter, and precedes full seasonal
reproductive development. [20; 53]. In a laboratory study of captive White-crowned
Sparrows implanted with a systemic T pellet and exposed to a long day photoperiod to
mimic breeding conditions, HVC grew to its full breeding size and neuron number increased
from 90,000 to 150,000, a 67% change, within 7 days. This addition of 60,000 neurons to an
adult brain region within such a short time period is unprecedented. HVC’s efferent targets,
RA and area X, grew more slowly and were not significantly larger until 20 days after T
implant [30]. These studies indicate that the song control circuitry grows rapidly and
sequentially in response to seasonal hormonal cues.

Regression of the song system at the end of the breeding season also occurs rapidly and
sequentially. HVC and RA in the wild Song Sparrows studied by Smith et al. [20] were
already fully regressed in the early fall, just after the prebasic feather molt. We investigated
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the time course of seasonal regression of the song circuits in Gambel’s White-crowned
Sparrows in the laboratory [22]. HVC regressed fully to a nonbreeding size by two days
after withdrawing T. HVC lost over 40% of its neurons by two days as a result of caspase-
mediated apoptosis [22; 54]. RA and X did not fully regress until day 20. These efferent
targets therefore regress more slowly than does HVC.

Site(s) of hormone action

We can ask which nuclei within the song circuits are directly targeted to initiate growth;
steroid receptors or their mMRNA are present in all of the major song nuclei (Figure 1). Some
insight is provided by the observation that HVC grows rapidly and its efferent targets RA
and X change more slowly [22; 30]. This sequential pattern of growth raised the hypothesis
that T initially acts directly on HVC, which subsequently stimulates growth of RA and X
transsynaptically. Several observations support this hypothesis. In one study we lesioned
HVC on one side of the brain in nonbreeding-condition White-crowned Sparrows and
exposed them to breeding T and photoperiod conditions [55]. The unilateral HVC lesions
completely blocked the growth of the ipsilateral RA and X, but the intact contralateral HVC,
RA and X showed normal growth. In a second study we placed small T implants unilaterally
in the brain near HVC or RA in male sparrows in nonbreeding condition [56]. The T implant
near HVC produced significant growth of the ipsilateral (but not contralateral) HVC, RA,
and X, and increased neuronal number in the ipsilateral HVC. The T implant near RA,
however, did not produce growth of the ipsilateral RA, HVC, or X. The failure of this latter
implant to stimulate growth of RA is noteworthy given that this nucleus has abundant AR
[50]. In a third study unilateral intracerebral infusion of DHT + E, adjacent to HVC
produced significant growth of neurons, and increased spontaneous activity, in ipsilateral but
not contralateral RA. Conversely, infusion of antagonists of the androgen receptor
(flutamide) and estrogen receptor (faslodex) near HVC in breeding condition birds
prevented neuronal growth and blocked the increase in spontaneous activity in RA [17].
These results together indicate that T and its metabolites induce seasonal growth by acting
directly on HVC, which in turn provides trophic support of growth to its efferent targets RA
and X. In this case, what function do the abundant ARs in RA serve? Infusion of the AR
antagonist flutamide near RA in breeding condition sparrows with a systemic T implant
blocked the increased size and firing rate of RA neurons [17]. Together with the results of
steroid infusions near HVC described above, this observation suggests a scenario in which T
and its metabolites act on HVC neurons to stimulate them to produce a trophic signal that is
released on to RA neurons, and activation of the AR in RA neurons is permissive for them
to respond the trophic signal coming from HVC.

Interactions between steroid hormones and neurotrophins

Androgens and estrogens may have similar trophic effects on the developing and adult brain
as do neurotrophins such as brain-derived neurotrophic factor (BDNF), and act by common
cellular and molecular mechanisms [57] [58; 59]. These commonalities suggest that steroids
can play an important role in regulating the expression of the genes for BDNF and its
cognate tropomyosin receptor kinase B (trkB), and/or that steroids and BDNF may act by
convergent pathways [57]. Steroids can regulate the expression of BDNF via the hormone
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response element on the promotor region of the BDNF gene [60]. It is unclear whether there
is a hormone response element in the promotor region of the avian gene for BDNF (Luche
and Brenowitz, unpublished observations). The neurotrophic effects of steroids and BDNF
are both mediated by the P13-kinase/AKT signaling pathway [61; 62].

BDNF is an important factor in mediating the trophic effects of T and its metabolites on
HVC and its efferent targets in songbirds, both in the contexts of development and adult
plasticity.

The role of BDNF in development of the song system has been studied, though
incompletely, in the Zebra Finch (Taenopygia guttata), a species with extreme neural and
behavioral sexual dimorphisms. Steroid sex hormones influence the development of several
attributes of the song system, whereas other traits appear to be under direct genetic
regulation [63; 64; 65]. Estrogens, and to a lesser extent androgens, stimulate masculine
growth of the song system when they are injected into very young (1-3 week posthatching)
females (Gurney and Konishi, 1980, 1981; Gurney, 1982). The masculinizing effects of sex
steroids have been confirmed repeatedly. Steroids induce growth of the overall volumes of
HVC, RA, Area X and IMAN, stimulate increases in neuronal size and number, and alter
biochemical properties and connectivity between neurons in these nuclei [66]. Estrogens
may influence masculine growth of the song system by stimulating the synthesis, transport
and secretion of BDNF. BDNF mRNA begins to be expressed in HVC of males but not
females between days 30-35 [67]. Expression of BDNF mRNA could be induced within 24
hr in male HVC by systemic estrogen treatment at days 15 and 20-25 but not at day 10
(Dittrich et al., 1999). This suggests that E2 is naturally responsible for the upregulation of
BDNF seen in HVC of males at this time. E2 appears to act even earlier to establish the
estrogen-dependent increase in BDNF. BDNF in HVC is not upregulated by systemic E2 in
juvenile females, unless they are also treated with E2 shortly after hatching (Dittrich et al.,
1999), at ages when estrogens have their most potent and permanent masculinizing effects
on song system growth (Adkins-Regan et al., 1994). These results show an important
relationship between sex steroids and BDNF, one that may remain important in the adult
brain in species that retain significant neural plasticity throughout life.

Interactions between steroid hormones and BDNF are also important in mediating seasonal
plasticity of the adult song system. In adult male White-crowned Sparrows BDNF is
significantly upregulated in HVC following a transition from nonbreeding to breeding
conditions [68]. In situ hybridization confirms that BDNF mRNA is expressed widely
throughout HVC of sparrows exposed to breeding conditions and that expression increased
over 7 days following initial exposure to systemic T [Figure 3 69].

BDNF supports the addition of newborn neurons to HVC in adult birds. Treatment of adult
female canaries with exogenous T tripled the number of new neurons added to HVC [70;
71]. This effect of T on neuronal addition required BDNF [72]. T treatment increases both
BDNF mRNA and protein in HVC cells [69; 72]. Intracerebral infusion of recombinant
BDNF (rBDNF) into HVC increased the number of new neurons by the same amount as did
T treatment. Infusion of a BDNF blocking antibody prevented the T-induced increase in new
neurons in HVC [72]. In adult male canaries the number of new HVC neurons born during
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the spring decreased by 50% over the next four months [73]. Infusion of rBDNF into HVC
14-20 days after the birth of new neurons increased the number of neurons that survived for
at least 8 months compared with birds that were infused with BDNF either 4-10 or 24-30
days after birth [74]

Steroid hormone interactions with BDNF occur widely in other neural systems [59, see
special issue of Neuroscience (vol. 239, 2013) devoted to these interactions]. Levels of
BDNF gene expression can vary with natural and experimentally induced changes in
circulating steroid hormone levels, in a manner analogous to that seen seasonally in birds. In
gonadally intact female rats, the expression of BDNF mRNA in CA1 and CA 3/4 of the
hippocampus varies with different stages of the estrous cycle [75]. BDNF gene expression is
highest on the morning of diestrus 2, when progesterone levels are highest, and lowest on
the afternoon of pro-estrus, when progesterone levels are lowest. In ovariectomized rats,
BDNF mRNA in the dentate granule cell layer, CAl, and CA 3/4 increases when the
animals are treated with estrogen and progesterone [75].

Anterograde trophic effects

The “classical” model of neurotrophin action is for these proteins to be synthesized by
peripheral targets, taken up by axon terminals, and retrogradely transported to the cell bodies
where signaling cascades that support neuronal survival are activated [76]. This is the mode
of action by which nerve-growth factor (NGF), the first growth factor to be discovered,
stimulates neurite outgrowth from cultured chick sensory ganglia [77]. Recently, however, it
has become clear that neurotrophins may also be synthesized by neurons in the central
nervous system, transported anterogradely, and released by axons to influence the size and
number of their post-synaptic targets [78]. This anterograde mode of action is important in
seasonal growth of the avian song control circuit.

The synthesis and axonal transport of BDNF by HVC neurons likely stimulates seasonal
growth and increased electrical activity of postsynaptic neurons in RA in adults birds.
BDNF mRNA is expressed by cells in HVC but not RA in breeding condition sparrows [69].
Expression of the gene for the cognate tropomyosin receptor kinase B (TrkB) receptor for
BDNF is expressed in RA, but does not vary seasonally [69]. Infusion of rBDNF protein
into RA of nonbreeding condition sparrows stimulates growth of RA neurons [69] and
increases spontaneous activity to breeding-typical levels (Wood et al., unpublished
observation).

T-induced trophic support provided by HVC to its efferent targets requires the release of
BDNF, and the release of and/or response of efferent neurons to BDNF is dependent on the
electrical activity of neurons in these nuclei. It is not yet known whether the release of
BDNF from HVC neurons occurs at axonal terminals following anterograde transport, or by
exocytosis from extrasynaptic sites. Both mechanisms of BDNF release have been observed
in other neural systems [79; 80; 81].

The transsynaptic action of BDNF on RA is activity dependent. Infusion of tetrodotoxin
(TTX) near RA in a breeding-condition White-crowned Sparrow prevents the growth of RA
neurons (Brenowitz and Lent, unpublished observation). TTX blocks voltage-gated Na*
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channels and thus inhibits the electrical activity of HVC axon terminals and RA neurons.
Co-infusing TTX with BDNF alone does not rescue RA neuronal growth from the effects of
TTX. Co-infusing TTX, BDNF, and cAMP, however, does rescue growth of RA neurons
(Brenowitz and Lent, unpublished observations). CAMP facilitates translocation of the TrkB
receptor from the intracellular compartment to the plasma membrane in depolarized neurons
in both retinal ganglion cells and spinal motor neurons in culture [82]. If a similar process of
activity-dependent receptor translocation occurs in postsynaptic RA neurons, then cAMP
may make these neurons responsive to BDNF released from HVC neurons.

These observations suggest the following scenario of interactions between T and BDNF in
the regulation of seasonal plasticity. T acts on HVC to increase the synthesis of BDNF by
neurons [69] as well as by endothelial cells [83]. BDNF acts locally and rapidly to increase
the survival of new neurons added to HVC during seasonal growth of the nucleus. In
addition, BDNF synthesized by HVC neurons is released on to postsynaptic RA neurons
where it binds to TrkB receptors to increase activity and induce neuronal growth. The
release of BDNF from HVC and/or response of RA neurons are activity dependent. Given
the constitutive expression of TrkB mRNA in RA cells, the seasonal growth and increased
activity of RA neurons reflects an increase in synthesis of the BDNF ligand by HVC cells,
rather than increased sensitivity to the protein in RA neurons. A novel component of this
model is that while T increases BDNF synthesis locally in HVC, BDNF exerts its effect on
RA transsynaptically following axonal transport and synaptic release, or by extrasynaptic
release, and binding to receptors on efferent neurons. In this system, therefore, neurons in
the target nucleus RA respond only indirectly to T through the downstream effector BDNF.

[68][69, Woods et al., unpublished observations][84][78] It seems likely that there are also
anterograde trophic effects of steroid hormones during post-natal development of the song
system. Depriving RA and Area X of afferent input from HVC in juvenile Zebra Finches
prevents these nuclei from growing to their normal size in males [85; 86], and blocks the
masculinization of these regions in females caused by early treatment with E2 [87]. As
discussed above, E2 induces growth of HVC, and expression of BDNF mRNA in male HVC
neurons. The transsynaptic release of BDNF from HVC axons may be important for the
growth of RA and Area X in juvenile male finches, though this remains to be tested.

Transsynaptic trophic effects of steroid hormones on neural circuits have been observed in
other systems. Estrogen modulates BDNF mRNA and protein in the adult hippocampus and
cortex of mammals, but there is only sparse co-localization of ERa and BDNF protein, and
no co-localization of ERP and BDNF, in the hypothalamus, amygdala, prelimbic cortex, and
ventral hippocampus [88]. Axons from cortical ERB-expressing inhibitory neurons,
however, terminate on BDNF-immunoreactive pyramidal cells. These observations are
consistent with a transsynaptic model of estrogen regulation of BDNF expression; by
modulating GABAergic interneurons, estrogen may indirectly influence the activity and
expression of BDNF-producing cortical neurons [88].

Anterograde transport and trophic effects of neurotrophins have been reported in other
models [78; 89; 90]. Olfactory sensory neurons in mice express and anterogradely transport
the neurotrophin NT-3 to the olfactory bulb [89]. BDNF and NT-3 are expressed by retinal
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ganglion cells in embryonic chicks and transported anterogradely to the optic tectum [79],
where they increase the number of synapses, vesicle density, and the number and density of
docked vesicles [90]. In mice BDNF and NT-3 are synthesized in cells located in the
cerebral cortex, substantia nigra pars compacta, amygdala, and thalamus and transported
anterogradely to the striatum; medium spiny neurons (MSNs) lack mRNA but show high
levels of protein for these neurotrophins [78]. Midbrain dopaminergic neurons are the main
source of BDNF in the developing striatum. BDNF-TrkB signaling is necessary for the
survival of developing MSNs of the indirect striatal pathway, and NT-3-TrkC signaling is
crucial for the development of MSNs of the direct strial pathway; delection of either BDNF
or NT-3 in dopaminergic neurons leads to selective loss of MSNs in the indirect or direct
pathways, respectively [78].

Retrograde Trophic Effects

T and its metabolites also have retrograde trophic effects in the song control circuit. The
addition of new RA-projecting neurons to HVC of adult White-crowned Sparrows is
influenced by the electrical activity of target neurons in RA. The spontaneous activity of RA
neurons is high in breeding sparrows and low in non-breeding birds [17; 18; 19]. As
discussed above, androgen action on RA neurons is permissive for them to increase their
activity in response to neurotrophins released by HVC neurons. Inhibiting activity in
breeding-condition birds by infusing RA with the GABA receptor agonist muscimol
decreased the number of new neurons in HVC of adult white-crowned sparrows by 56%
[91]. Increasing RA activity in non-breeding condition birds by infusing KCI increased the
number of new HVC neurons by 93% (Figure 4; Larson, Wang, and Brenowitz, unpublished
observations).

The mechanism by which neuronal activity in RA influences neuronal addition to HVC is
not yet known. It seems likely that activity-induced regulation of genes encoding molecules
that promote survival of adult-born HVC neurons, axonal path finding, and/or synapse
formation are important [92; 93]. The retrograde transport of activity-induced trophic factors
produced by target neurons that influence the survival of new RA-projecting neurons in
HVC neurons may be modulated by activity in RA. Microarray analysis of cDNA extracted
from RA showed that the expression of proneurogenic genes, including insulin-like growth
factor 1 and neuromodulin, is increased in RA of breeding-condition birds [68]. In HVC, the
expression of MRNA for sex steroid receptors, which facilitate the retrograde transport
toward the neuronal soma of trophic factors bound to their receptor, also increases during
breeding conditions [50; 94; 95]. Once transported back to the soma, trophic factors likely
activate the PISBK/AKT and other signaling cascades that promote the growth and survival of
new neurons [Brenowitz et al., unpublished observation 96; 97]. Inhibition of neural activity
in RA may result in a failure of new HVC neurons to form synapses on RA neurons and/or a
decreased production of activity-induced trophic factors in RA. The consequence would be a
lack of retrograde transport of the trophic signals and, thus, a decrease in addition of adult-
born neurons to HVC.

Retrograde trophic effects of neurotrophins have been demonstrated in other steroid-
sensitive neural systems. Blocking TrkB receptors in target muscles of the spinal nucleus of
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the bulbocavernosus (SNB) in rats reduces the number of motoneurons that survive during a
sexually dimorphic perinatal period of cell death [reviewed in 98]. Both the SNB
motoneurons and their target muscles contain AR. Application of BDNF (but not CNTF,
GDNF, or NT-4) to axotomized SNB motoneurons prevented a decrease in AR expression,
and T treatment in the absence of exogenous BDNF is insufficient to maintain ARs [99]. In
cultured hippocampal neurons, BDNF signaling at axon terminals induces rapid endocytosis
and retrograde transport of the BDNF-TrkB receptor complex to the cell body of the
presynaptic neuron [100; 101]. Hippocampal neurons express receptors for various steroids
including androgens, estrogens, glucocorticoids, and mineralocorticoids. Steroids may
influence axonal transport mechanisms [102]. It is thus possible that retrograde trophic
effects of steroid hormones may be mediated by tranpsort of target-derived neurotrophins.

Summary and Conclusions

A summary of some of the interactions between photoperiod, hormones, neurotrophins,
neural circuits, and song behavior that characterize seasonal plasticity of the song control
system is presented in Figure 5. As day length increases beyond a threshold level in late
winter, the hypothalamic-pituitary-gonadal axis is stimulated. The testes begin to recrudesce
and secrete increased levels of testosterone into the blood. Testosterone is transported to the
brain, where it acts on cells in HVC. Steroid hormones act on HVC neurons to increase the
synthesis of BDNF. BDNF acts locally within HVC to increase neuron number by
promoting the survival of adult-born neurons. BDNF is also transported anterogradely and
released from HVC neurons to induce the growth and increased electrical activity of
postsynaptic neurons in RA. Increased electrical activity of RA neurons has a retrograde
transsynaptic trophic effect to increase the number of new neurons added to HVC. As the
song circuits grow and the syringeal muscles hypertrophy, songs become longer and more
stereotyped in structure. There is also an increase in the rate of song production, perhaps due
to the action of sex steroids on areas of the brain outside the song system that are associated
with sexual and aggressive motivation [103]. The neural activity associated with increased
singing may reinforce or consolidate the growth of the song circuits by increased expression
of the gene for BDNF in HVC neurons.

The magnitude of seasonal changes in HVC neuron number is quite dramatic. In both
White-crowned Sparrows and Song Sparrows, HVC has ca. 67% more neurons in breeding
than in non-breeding birds [20] [30]. Neuron number in HVC of Eastern Towhees (Pipilo
erythrophthalmus) increases by ca. 62% in breeding compared with non-breeding birds
[104]. These increases in neuron number coincide with the time when song stereotypy
increases. This relationship between neuronal addition to HVC and song quality is consistent
with observations in adult male Zebra Finches that the maintenance of song after deafening
and recovery of song after botox-induced paralysis of the syringeal muscles are positively
correlated with the number of new HVC neurons [105; 106]. Together these observations
suggest that new HVC neurons are essential for the recovery and maintenance of previously
learned song.

Testosterone and its metabolites play an important role in regulating seasonal plasticity of
the adult avian song control system. Both androgenic and estrogenic action are necessary to
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produce the full range of changes in different attributes of the song circuits, including
volume of the song nuclei, cell structure and activity, the addition of new neurons, patterns
of gene expression, and circuit connectivity. Steroids may act directly on cells that contain
classical nuclear receptors to influence expression of genes that encode trophic factors,
neurite extension, vascularization, apoptosis, and electrical activity. Hormones may have
indirect, anterograde effects via the expression and transsynaptic release of neurotrophins
from HVC axons that bind to receptors on the membranes of postsynaptic neurons in RA.
Indirect effects of hormones may also be retrograde, whereby the activity of target neurons
in RA influences the addition of new afferent neurons to HVC.

Transsynaptic trophic effects of steroid hormones and neurotrophins are likely to be
common in neural circuits in other model systems. Good candidates for analysis include
circuits in which steroid-sensitive brain regions project to efferent nuclei that are either
sexually dimorphic in structure or function, or that show plasticity in response to changes in
circulating steroid levels related to reproductive or seasonal cycles. Regions in which
neurotrophin protein levels are high but mRNA is low or absent are also likely to be of
interest [78]. Intracerebral manipulations of steroid action in selected brain regions similar to
those discussed above can be used to probe for transsynaptic effects.

Interactions between steroid hormones and neurotrophins observed in the song system occur
commonly among vertebrates. One can ask why these different classes of molecules came to
be functionally linked with each other through evolution. Steroids serve various functions in
the adult brain: 1) they activate neurons in sexually dimorphic brain regions to produce sex-
typical behaviors; 2) hormones provide a means of restricting neural activity to appropriate
environmental and physiological conditions, as seen in the T-induced growth of the song
system in birds early in the breeding season; 3) secretion of steroids by the gonads and
transport to the brain can coordinate neural and behavioral activation with reproductive
physiology, as with the increase in song production in breeding birds. BDNF has a wide of
range of effects on target cells in the brain, including proliferation, differentiation, survival,
growth of processes, neuronal activation, neurotransmission, and synaptic plasticity. In
neural systems where it would be maladaptive to have constitutive trophic activity, such as
in developmental, sexual, or seasonal contexts, it is important to regulate BDNF expression
and to do so in coordination with other molelcular and physiological processes. Sex steroids
such as the androgens and estrogens are well suited to providing the timing cue to initiate
the trophic activity of BDNF in these contexts. At a circuit level, the production of effective
behavior requires connectivity and coordinated activity of neurons at different levels.
Transsynaptic steroid interactions with neurotrophins provide a mechanism for functional
coordination within distributed neural circuits.
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Figure 1.
Simplified schematic sagittal view of the avian song control system showing the distribution

of steroid receptors. Black arrows connect nuclei in the main descending motor circuit, and
gray arrows connect nuclei in the anterior forebrain circuit. Abbreviations: AM- nucleus
ambiguus; DLM, Dorsolateral nucleus of the medial thalamus; IMAN, lateral portion of the
magnocellular nucleus of the anterior nidopallium; nXllIts, the tracheosyringeal portion of
the hypoglossal nucleus; RA, the robust nucleus of the arcopallium; RAm — nucleus
retroambigualis; syrinx, vocal production organ; V, lateral ventricle; X, area X of the medial
striatum.
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Figure 2.
Seasonal changes in androgen receptor expression in HVC of White-crowned Sparrows.

Bottom panel: AR mRNA is expressed at higher levels in HVC of breeding birds [adapted
from 50]. Scale-bar = 0.5 mm. Top panel: The density and immunostaining intensity of cells
positive for AR-like protein are greater in HVC of breeding sparrows. Note that nonbreeding
birds have fainter staining within cell nuclei [adapted from 48]. Scale bar = 20 um.
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Figure 3.
Dark-field photomicrographs of in situ hybridization showing seasonal change in BDNF

MRNA expression in HVC of White-crowned Sparrows. BDNF is expressed at higher levels
in HVC of breeding birds. Arrows delineate the ventral border of HVC. Scale bar, 300 pum.
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Figure 4.
Postsynaptic activity influences the addition of new RA-projecting neurons to HVC.

Spontaneous activity of neurons in RA was decreased by unilateral infusions of muscimol
[2.8 mg/ml 27] or increased by infusion of KCI (100 mM, n = 5 birds; Larson, Wang, and
Brenowitz, unpublished observation ). Inhibiting activity decreased neuronal addition and
increasing activity increased neurogenesis in HVC.
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Figure 5.
A summary of the main interactions between photoperiod, hormones, neurotrophins, brain,

and behavior that characterize seasonal plasticity of the song system. See text for
explanation. (Figure prepared by T. Larson.)
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