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Abstract

Throughout life, new neurons arise from the ventricular zone of the adult songbird brain and are
recruited to the song control nucleus HVC, from which they extend projections to its target,
nucleus robustus of the arcopallium (RA). This process of ongoing parenchymal neuronal addition
and circuit integration is both triggered and modulated by seasonal surges in systemic testosterone.
Brain aromatase converts circulating testosterone to estradiol, so that HVC is concurrently
exposed to both androgenic and estrogenic stimulation. These two signals cooperate to trigger
HVC endothelial cell division and angiogenesis, by inducing the regionally-restricted expression
of vascular endothelial growth factor (VEGF), its matrix-releasing protease MMP9, and its
endothelial receptor VEGFR2. The expanded HVC microvascular network then secretes the
neurotrophic factor BDNF, which in turn supports the recruitment of newly generated neurons.
This process is striking for its spatial restriction and hence functional specificity. While androgen
receptors are broadly expressed by the nuclei of the vocal control system, estrogen receptor (ERa)
expression is largely restricted to HVC and its adjacent mediocaudal neopallium. The geographic
overlap of these receptor phenotypes in HVC provides the basis for a regionally-defined set of
paracrine interactions between the vascular bed and neuronal progenitor pool, that both
characterize and distinguish this nucleus. These interactions culminate in the focal attraction of
new neurons to the adult HVC, the integration of those neurons into the extant vocal control
circuits, and ultimately the acquisition and elaboration of song.
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Introduction

In the adult songbird forebrain, testosterone induces extensive angiogenesis, gliogenesis, and
neuronal addition within the neopallial Higher VVocal Center (HVC) (Goldman and
Nottebohm, 1983). The HVC, which is situated in the dorsomedial aspect of the caudal
forebrain, is the central vocal control nucleus of oscine songbirds; anatomically, it couples
the two pathways that comprise the song system, the anterior forebrain pathway and the
motor pathway (Figure 1). The anterior pathway is responsible for song learning; it connects
HVC with area X, the dorsolateral anterior thalamic nucleus (DLM), the lateral
magnocellular nucleus of the anterior nidopallium (LMAN), and the robust nucleus of the
arcopallium (RA) (Bottjer et al., 1984, Bottjer et al., 1989, Sohrabyji et al., 1990, Scharff and
Nottebohm, 1991, Vates and Nottebohm, 1995, Vates et al., 1997, Brainard and Doupe,
2000, Andalman and Fee, 2009). In contrast, the motor pathway, controls song production; it
connects the nucleus interfacialis (NIf) to the HVC, and thence to RA, followed by the
tracheosyringeal portion of the XlIth cranial nerve (nXIIts), and its target vocal organ, the
syrinx (Nottebohm et al., 1982, Okuhata and Saito, 1987, Vu et al., 1994, Nottebohm, 2005).

Singing is a male-specific behavior in many oscine songbirds, including both the canary
(Serinus canaria) and zebra finch (Taeniopygia guttata). During the breeding season, males
sing to attract females, which sing rarely if at all. This marked difference in singing behavior
reflects the profound sexual dimorphism of the song control nuclei, which are substantially
larger in males than females (Nottebohm and Arnold, 1976). Yet as long ago as the 1930s, it
was observed that female canaries, once given testosterone, could produce male-like songs
(Leonard, 1939, Herrick and Harris, 1957). Nottebohm and colleagues investigated the
neuroanatomic basis of this observation, and found that the forebrain nuclei HVC and RA
were roughly 90% and 50% larger, respectively, in testosterone-treated female canaries than
in their untreated controls (Nottebohm, 1980). This gross morphological transformation
reflected profound changes at the cellular level. New dendritic growth and synapse
formation resulted in a substantial expansion of both the HVC and RA neuropil (DeVoogd
and Nottebohm, 1981a, DeVVoogd and Nottebohm, 1981b, DeVoogd et al., 1985, Canady et
al., 1988), while new vascular endothelial cells and glia supplemented their cellular
complements (Goldman and Nottebohm, 1983).

Besides the testosterone-stimulated addition of new vascular and glial cells to HVC, new
neurons were also added, in a process of ongoing, gonadal steroid-modulated adult
neurogenesis (Goldman and Nottebohm, 1983, Goldman, 1998). In brief, new neurons are
derived from radial cells residing in the ventricular ependyma lining the lateral
ventricle(Goldman et al., 1996b); these cells divide to generate new neurons in several
geographically discrete regions of the lateral ventricular wall (Alvarez-Buylla et al., 1990,
Alvarez-Buylla and Kirn, 1997). The young neuroblasts leave the ventricular wall and
migrate along fibers extending from the radial cells to their destinations, which include not
only HVC, but a number of other forebrain targets (Alvarez-Buylla and Nottebohm, 1988,
Alvarez-Buylla et al., 1990). Though a variable fraction of these newborn cells die, large
numbers nonetheless survive to maturity. In HVC, these new neurons receive synaptic
inputs (Goldman and Nottebohm, 1983, Burd and Nottebohm, 1985), and become both
anatomically and functionally incorporated into the song control system (Paton and
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Nottebohm, 1984). The newly integrated neurons send axonal projections to their distant
target RA, resulting in a seasonal reconstruction of the HVC to RA efferent pathway (Kirn
et al., 1991). Although the mitogenesis of new neurons is not affected by testosterone, the
survival and incorporation of these newly generated neurons is mediated by testosterone and
its metabolites, in particular 17p-estradiol (Rasika et al., 1994, Hidalgo et al., 1995). This
process of androgenic modulation of neuronal recruitment is enabled by the paracrine
interactions of neuronal, glial and vascular cells in HVC, which result in the local
production of vascular endothelial growth factor (VEGF). The resultant burst of VEGF-
mediated angiogenesis is followed by the HVC microvascular production of brain-derived
neurotrophic factor (BDNF), which in turn directs neuronal recruitment and survival (Rasika
etal., 1999, Louissaint et al., 2002, Goldman and Chen, 2011) (Figure 2)

Gonadal steroid receptivity of the songbird brain

Canonical signaling via gonadal steroids occurs via their specific binding to cognate
cytosolic receptors, which subsequently translocate to the nucleus and activate steroid-
dependent transcription. As such, the testosterone sensitivity of the songbird brain reflects
the distribution not only of androgen receptors (AR), but also of the testosterone-
aromatizing enzyme aromatase and its product 17R3-estradiol, as well as that of estrogen
receptors (ERa and ERp) (Gahr and Metzdorf, 1997). Accordingly, soon after the discovery
of sexual dimorphism in adult songbirds (Nottebohm and Arnold, 1976), the vocal control
nuclei were found to express receptors for androgens or estrogens, or in the case of HVC,
both (Arnold et al., 1976, Arnold and Saltiel, 1979, Brenowitz and Arnold, 1989, 1992). In
addition, brain aromatase was identified and mapped, and its role in estrogen production and
receptor activation elucidated, highlighting the importance of estrogen receptors to the
masculinizing effects of androgens (Walters and Harding, 1988, Gahr et al., 1993, Dittrich et
al., 1999, Fusani et al., 2003, Fusani and Gahr, 2006).

Androgen receptor expression has been intensively investigated in the songbird brain,
including in zebra finches (Balthazart et al., 1992, Gahr and Metzdorf, 1997), canaries
(Balthazart et al., 1992, Nastiuk and Clayton, 1995, Gahr et al., 1996, Gahr and Metzdorf,
1997), sparrows (Smith et al., 1996, Soma et al., 1999), and starlings (Bernard et al., 1999).
These studies revealed that a number of telencephalic song control nuclei are highly
androgen-sensitive; these include HVC, LMAN and RA, among others (Gahr and Metzdorf,
1997, Metzdorf et al., 1999, Gahr, 2004) (Figure 1).

In contrast to the widespread forebrain expression of androgen receptors, ERa is expressed
primarily in the HVC and its adjacent mediocaudal neopallium (MCN), within which ERa
expression extends medially from HVC along the ventricular border of the caudal
neostriatum (Gahr et al., 1993, Hidalgo et al., 1995). The distribution of ER[ has been less
well-studied, but it does not appear to be selectively expressed by any of the vocal areas
(Bernard et al., 1999). Of note, the distribution of ERa varies among oscine songbirds:
whereas ERa is expressed throughout HVC in the canary, it appears only in the
ventromedial HVC in zebra finches (Gahr et al., 1993, Gahr and Metzdorf, 1997), an
observation that may contribute to the marked differences between these species in their
patterns of adult neuronal recruitment and song learning.
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Importantly, ERa and AR do not colocalize to individual neurons in the canary HVC (Gahr,
1990). Thus, distinct pools of androgen receptive and estrogen receptive neurons overlap
and intermingle in the adult HVC, almost uniquely so within the songbird neopallium.
Indeed, neither AR nor ER are expressed in nonlimbic forebrain regions of quails and doves,
representative non-passerine species (Balthazart et al., 1998, Metzdorf et al., 1999, Voigt et
al., 2009). The adult songbird HVC, and that of the canary in particular, is characterized
then by a co-association of androgen and estrogen receptive neurons unusual in the
neopallium, that allows the close apposition and hence cooperative interaction of these
distinct neuronal pools.

Aromatase as modulator of estradiol availability in the songbird brain

In light of the androgen dependence of both song behavior and its neuroanatomic substrate,
the high concentration of estrogen receptors in the male songbird brain once seemed
counterintuitive. Schlinger and Arnold (1991) addressed this issue by asking whether brain
aromatase might generate sufficient estradiol to engage ERa~by locally-generated estradiol.
Studying male zebra finches, they found that forebrain aromatase activity was indeed so
high that the male brain appeared to be the principal source of systemic estradiol (Schlinger
and Arnold, 1991). In these finches, a number of regions were found to contain active
aromatase, including the hypothalamic nuclei, limbic areas, and the major serially connected
nuclei of the song system (X, LMAN, HVC and RA) (Vockel et al., 1990). These results
contrasted to studies in non-songbirds, including doves (Hutchison and Steimer, 1986),
Japanese quail (Schlinger and Callard, 1987, Schumacher and Balthazart, 1987), and
Wilson's phalarope (Schlinger et al., 1989), in which aromatase activity was high in
diencephalic and limbic brain regions, but otherwise low or absent. Thus, high levels of
neopallial aromatase activity appear to be a characteristic feature of oscine songbirds, with
enriched expression in both vocal and auditory neural circuits (Shen et al., 1994, Shen et al.,
1995, Schlinger, 1997, Metzdorf et al., 1999, Saldanha et al., 2000, Silverin et al., 2000). Of
note though, HVC itself expresses little aromatase, which is instead more abundant in the
adjacent parenchyma (Metzdorf et al., 1999, Saldanha et al., 2000).

The effects of testosterone on the songbird brain may be both modulated and delimited by its
aromatization to estradiol, but testosterone may also regulate steroid sensitivity. Although
there are no qualitative differences between the vocal control areas of males and females in
their respective distributions of either the sex hormone receptors or testosterone-
metabolizing enzymes (Perlman et al., 2003, Gahr, 2007), seasonal changes in both
androgen and estrogen receptor expression, as well as in aromatase expression, have been
observed in HVC (Gahr and Metzdorf, 1997, Soma et al., 1999, Fusani et al., 2000). These
changes appear to serve as permissive checkpoints that define the extent to which seasonal
fluctuations in gonadal steroids may effect seasonally-modulated changes in cellular
composition and architecture (Nottebohm et al., 1986, Nottebohm et al., 1987, Smith et al.,
1997). These changes in steroid responsiveness may be subject to both positive and negative
feedback based on gonadal steroid levels; both androgen receptor and aromatase levels may
themselves be modulated by ambient gonadal steroids (Nastiuk and Clayton, 1995, Fusani et
al., 2001, Kim et al., 2004).
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Estrogenic modulation of neuronal addition to the adult HVC

The most actively neurogenic regions of the canary neopallium, the ventricular wall abutting
HVC and its adjacent mediocaudal neopallium (MCN), overlay a layer of estrogen receptive
cells lying directly subjacent to the subependyma (Hidalgo et al., 1995). Intrigued by this
subventricular layer of ERa™ cells in the HVC — which essentially comprise a gatekeeper
through which newly generated cells must pass to enter the brain parenchyma of HVC and
MCN - as well as by the finding that aromatase can locally convert testosterone into
estradiol, Hidalgo and colleagues (1995) asked whether estradiol signaling was necessary
for neuronal recruitment to HVC. To that end, they assessed the effect of ovariectomy on
HVC neuronal production in adult female canaries. They found that the addition of new
neurons to the adult songbird HVC was indeed inhibited by ovariectomy, and rescued by
estradiol replacement. Importantly though, the new neurons themselves never expressed
estrogen receptor immunoreactivity; the ERa* cell population instead comprised a stable
pool of resident subventricular neurons. These observations suggested the possibility that
neuronal addition to HVC might be potentiated by the estrogen-stimulated release of
neurotrophic agents by the ERa subventricular neurons (Hidalgo et al., 1995). Subsequent
studies identified IGF1 as a powerful survival signal for the newly generated neurons, and
established that IGF1 was released by ventricular zone radial cells in response to estradiol
(Jiang et al., 1998). These findings suggested the presence of an intercellular interaction, by
which the engagement of ERa* neurons by aromatase-generated estradiol results in the
production of a paracrine signal triggering radial cell IGF1 production and release, followed
by the IGF1-dependent support of newly generated neuronal migrants. Follow-up studies
determined that this process was associated with an estrogen-triggered initiation of NgCAM-
dependent calcium signaling by the newly generated neurons (Williams et al., 1999), and
that the acquisition of this signal, and its associated increase in cytosolic calcium during
migration, were necessary conditions for neuronal migration and post-migration survival
(Barami et al., 1994, Goldman et al., 1996a).

Testosterone-triggered, VEGF-induced angiogenesis in the adult HVC

The initial discovery of neuronal production in the adult songbird brain was accompanied by
the observation that testosterone-triggered neuronal addition to HVC was preceded by a
burst of endothelial cell division and angiogenesis in HVC. To better understand the cellular
basis for androgen-induced angiogenesis, Louissaint et al. (2002) assessed the relationship
between testosterone treatment and microvascular expansion in the adult canary HVC, with
the goal of identifying any causal relationship of angiogenesis with neuronal addition. To
that end, they focused on the androgenic modulation of the endothelial mitogen VEGF,
which had previously been found to be induced by both androgen and estrogen in carcinoma
cells, as well as in the uterine endometrium (Charnock-Jones et al., 1993, Cullinan-Bove and
Koos, 1993, Jain et al., 1998). Louissaint and colleagues observed that cultured canary HVC
endothelial cells were unresponsive to testosterone, but dramatically increased their rate of
division in response to VEGF, suggesting the possibility that testosterone acted by inducing
local VEGF. This proved to be the case, in that in vivo, HYC VEGF mRNA and protein
were both found to rise sharply in response to testosterone, several days before the onset of
testosterone-induced endothelial proliferation. These findings suggested that androgen-
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induced angiogenesis might require VEGF signaling; accordingly, pharmacological
inhibition of VEGFR?2 tyrosine kinase activity indeed suppressed testosterone-induced HVC
angiogenesis and microvascular expansion, and substantially so.

These observations indicated that VEGF serves as a paracrine mediator of gonadal hormone-
stimulated angiogenesis. Subsequent in situ hybridization and immunolabeling established
that VEGF was produced locally in response to testosterone, by androgen-responsive HVC
neurons; its highest expression occurred during the first week of androgen exposure,
preceding angiogenesis by 2-3 days (Louissaint et al., 2002). Importantly, besides this surge
in VEGF, the HVC expression of its receptor VEGFR2 was up-regulated as well, not by
testosterone, but rather by its aromatase-generated metabolite estradiol. Interestingly, this
finding would seem to explain prior data that estradiol, like testosterone, can potentiate HVC
endothelial mitogenesis (Hidalgo et al., 1995). Together, these observations indicated that
androgen-induced angiogenesis in the adult HVC requires the coordinated induction of
VEGF by testosterone, and that of its receptor VEGFR2 by aromatase-generated estradiol.

Gonadal steroid modulation of VEGF-dependent MMP activity potentiates angiogenesis

Since testosterone-induced, VEGF-mediated angiogenesis was found to precede neuronal
addition to HVC, the time course and cellular mechanisms of testosterone-triggered VEGF
production became a focus on interest. Paradoxically though, Louissaint and colleagues had
observed that testosterone exposure induced endothelial cell proliferation, in a VEGF-
dependent manner, even before significant increases in VEGF mRNA were noted. On that
basis, Kim et al. (2008) asked whether VEGF might be released in HVC in a
transcriptionally-independent manner, through matrix release of bound or sequestered stores
of interstitial VEGF (Kim et al., 2008). To address this issue, these investigators asked
whether testosterone's early actions on angiogenesis might be dependent upon androgen-
stimulated matrix metalloproteinase (MMP) release. The MMPs, and specifically the
gelatinases MMP2 and MMP9, have been found to potentiate angiogenesis during both
development and oncogenesis, in part through mediating the release of sequestered
angiogenic factors from the extracellular matrix (Bergers et al., 2000). Using in situ
zymography, Kim and colleagues asked whether testosterone treatment induced gelatinase
activity in HVC, and if so, by what cells and according to what time course/ They
determined that testosterone stimulated MMP2 enzymatic activity in HVC, in a regionally-
restricted pattern limited to HVC endothelial cells. Interestingly, when canary HVC
endothelial cells were directly challenged in vitro, MMP2 secretion could be triggered by
VEGF, but not by testosterone (Kim et al., 2008). These observations strongly suggested
that androgen-stimulated HVC endothelial MMP2 was induced by VEGF, acting as a
paracrine mediator of androgen signaling.

Testosterone-triggered, VEGF-induced gelatinase activity may promote the breakdown of
the HVC interstitial matrix, and hence facilitate migration of new neurons, as well as the
may ration and remodeling of the HVC neuropil. In addition though, MMP gelatinase
activity act to liberate sequestered growth factors, including VEGF, from bound matrix
stores. Indeed, tumor-derived MMP gelatinase activity has been reported to release matrix-
bound VEGF, and to thereby initiate angiogenesis by tumor vasculature (Bergers et al.,
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2000, Egeblad and Werb, 2002). These observations suggested that MMP2 activity might
then be a critical contributor to testosterone-associated microvascular expansion. To test this
postulate, testosterone-treated canaries were injected with the potent gelatinase inhibitor
SB-3CT, which indeed suppressed testosterone-induced HVC endothelial proliferation, and
ultimately impaired neuronal recruitment as well (Kim et al., 2008). Taken together, these
observations indicated that androgen-induced VEGF and its signaling through endothelial
VEGFR?2, followed by the downstream activation of endothelial MMP2 transcription and
consequent proteolytic release of VEGF from the local matrix, act in a feed-forward manner
to sustain angiogenesis and permit neuronal recruitment in the testosterone-treated HVC.

Endothelial BDNF regulates testosterone-associated neuronal recruitment

A transient burst of angiogenesis in the canary HVC is observed within the first week to 10
days after testosterone treatment, appearing at least two weeks before concurrently-
generated new neurons are incorporated (Goldman and Nottebohm, 1983, Barami et al.,
1995). On this basis, Louissaint and colleagues asked whether this androgenic induction of
angiogenesis was required for neuronal addition to HVC (Louissaint et al., 2002). To that
end, they delivered a systemic VEGFR?2 inhibitor to suppress angiogenesis in testosterone-
treated canaries, and then assessed the incidence of neuronal addition to HVC in the treated
canaries. The treated brains manifested substantially diminished HVC neuronal recruitment,
supporting the hypothesis that angiogenesis is a necessary prerequisite for testosterone-
associated neuronal addition.

This causal relationship between angiogenesis and neuronal recruitment triggered a search
for angiogenesis-associated agents able to promote neuronal recruitment. The neurotrophic
factor BDNF was a strong candidate, since earlier reports had demonstrated that BDNF
supported the survival and recruitment of newly generated neurons arising from both the
subependymal zones of both rodents and humans (Kirschenbaum et al., 1994, Kirschenbaum
and Goldman, 1995, Pincus et al., 1998), and that human brain-derived endothelial cells
were able to produce BDNF at levels sufficient to support this process (Leventhal et al.,
1999). Moreover, Rasika and colleagues had demonstrated that BDNF infusion substantially
increased neuronal recruitment to the canary HVC, while infusion with BDNF antibodies
suppressed testosterone-induced neuronal addition; these data strongly suggested that BDNF
is required for androgen-induced neuronal addition to HVC (Rasika et al., 1999).

Interestingly, both BDNF and its receptor TrkB are expressed in a sexually dimorphic
manner in the songbird HVC — both are expressed at higher levels in males than females
(Dittrich et al., 1999, Rasika et al., 1999). TrkB's sexually dimorphic expression may simply
be a product of its allelic dosage, since its gene is located on the avian Z sex chromosome,
which is doubly represented in male songbirds (ZZ) relative to females (ZW) (Chen et al.,
2005). In contrast, BDNF is not a Z-linked gene; its sexually dimorphic expression is more
likely ascribed to gonadal hormone regulation, as its expression can be stimulated by both
testosterone and estradiol (Dittrich et al., 1999, Rasika et al., 1999). Accordingly, whereas
BDNF expression is decreased by castration (Alvarez-Borda et al., 2004), TrkB expression
is unaffected (Wissman and Brenowitz, 2009).
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On the basis of these observations, Louissaint et al (2002) asked whether BDNF was
specifically generated by microvascular endothelial cells derived from the adult canary
HVC. They found that BDNF production was indeed stimulated by both testosterone and
estradiol in cultured HVC endothelial cells, and furthermore, that BDNF mRNA was
expressed by HVC capillary endothelial cells in vivo, and was sharply upregulated in
response to testosterone (Louissaint et al., 2002). Interestingly, both androgen and estrogen
receptor activation appear necessary for BDNF production. Gahr and colleagues first noted
that the blockade of estradiol production from testosterone, using the aromatase inhibitor
fadrozole, considerably reduced HVC BDNF (Fusani et al., 2003). This observation
suggested that the co-dependence of angiogenesis upon androgen-induced VEGF and
estrogen-induced VEGFR2 expression, coupled with the dependence of BDNF secretion
upon antecedent microvascular expansion, renders HYC BDNF production dependent upon
both androgenic and estrogenic stimulation. As such, BDNF's endothelial origin, its
regionally-restricted regulation by both androgens and estrogens, and its pivotal role in HVC
neuronal recruitment, all suggest its central role in mediating gonadal steroid-mediated
neuronal addition to the adult HVC.

Neuronal recruitment to the adult HVC requires antecedent angiogenesis

When HVC VEGF and BDNF transcription and protein levels were assessed in adult female
canaries as a function of time after testosterone implantation, it was noted that whereas both
VEGF and BDNF were up-regulated in response to androgen, VEGF expression
significantly preceded that of BDNF: Whereas VEGF peaked one week after testosterone
implant, BDNF expression was scarcely apparent at a week, and did not peak until 3 weeks
(Louissaint et al., 2002). In this regard, new neurons appear maximally responsive to BDNF
during a restricted time window at 14-20 days after birth, when they migrate and integrate
into the HVC (Alvarez-Borda et al., 2004), highlighting the importance of timely release of
BDNF from newly expanded microvasculature to HVC neuronal recruitment. Together,
these findings suggested that testosterone-stimulated angiogenesis might be a necessary
antecedent to BDNF-dependent neuronal addition. This postulate was subsequently
confirmed by the suppression of HVC neuronal addition by administration of a VEGFR
tyrosine kinase inhibitor, which not only inhibited HVC angiogenesis, but also substantially
abrogated its recruitment of new neurons (Louissaint et al., 2002).

BDNF rescues VEGFR2 inhibitor-suppressed testosterone-induced song

While endothelial BDNF was found to mediate androgen-induced HVC neuronal
recruitment, the contribution of that process to androgen-stimulated song was unclear. The
extent of BDNF expression predicts the amount of singing in adult songbirds (Li et al.,
2000), while diminished BDNF production in aromatase-inhibited birds altered their song
pattern (Fusani et al., 2003). In addition, the recruitment of new neurons to HVC is
positively correlated with the number of songs (Alvarez-Borda and Nottebohm, 2002), and
is promoted by BDNF (Alvarez-Borda et al., 2004). Together, these studies suggested the
dependence of song acquisition and performance on androgen exposure and its associated
elevations in BDNF; nonetheless, these studies did not establish a causal relationship
between HVC BDNF availability and song learning.
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To better understand the causal relationship of neuronal addition to song development in
adults, Hartog and colleagues treated testosterone-stimulated female canaries with a
VEGFR? inhibitor to suppress angiogenesis, and by so doing to suppress neuronal addition
(Hartog et al., 2009). They found that the blockade of neuronal addition indeed inhibited the
development of male-like song behavior in the androgen-treated females. Furthermore, they
found that the local overexpression of BDNF in HVC was sufficient to rescue VEGFR2
inhibitor-suppressed song development. In particular, BDNF-expressing plasmids delivered
to HVC were sufficient to trigger song by 10 days after transfection, despite sustained
VEGFR? inhibition; birds whose HVCs were transfected with control plasmids failed to
develop song. Thus, the exposure of HVC to BDNF appeared sufficient to permit song
development, downstream of testosterone-triggered VEGF signaling. Interestingly though,
the recruitment of new neurons appeared to follow BDNF-rescued song, so that while
BDNF supported both the incorporation of new neurons and the development of song, the
dependence of song upon neuronal recruitment remained unclear in this study; to the
contrary, neuronal addition appeared to be a consequence rather than a cause of BDNF-
induced song initiation, suggesting a role for neuronal addition in song maintenance and
elaboration rather than acquisition (Hartog et al., 2009).

Androgen-induced HVC BDNF acts distantly upon HVC target nuclei

Besides its local secretion by the HVC microvasculature, BDNF may also act distantly,
following its anterograde transport to RA within HVCga projection neurons (Dittrich et al.,
1999, Li et al., 2000). Both the high-affinity TrkB and low-affinity p75 receptors for BDNF
are expressed by RA magnocellular neurons, suggesting the functional dependence of these
cells upon BDNF production by HVCgra neurons (Johnson et al., 1997, Dittrich et al., 1999).
Intraparenchymal infusions of BDNF into RA induces the hypertrophy of RA magnocellular
neurons, an effect that was blocked by TrkB antibody infusion (Wissman and Brenowitz,
2009). Furthermore, when BDNF-coated beads were injected into RA of adult zebra finches,
juvenile-like song plasticity was elicited, and RA's synaptic density increased (Kittelberger
and Mooney, 2005). This observation recalled the testosterone-stimulated dendritic growth
and synaptogenesis reported in the RA of testosterone-treated female canaries (DeVoogd
and Nottebohm, 1981a, DeVoogd et al., 1985, Canady et al., 1988). Together, these studies
suggest that the androgen-elicited production of BDNF by HVC projection neurons, and its
transport to RA and effects therein on RA magnocellular neurons, may contribute
significantly to song development in adult oscines. Importantly, regardless of the extent to
which testosterone modulates BDNF expression by HVCra projection neurons, such
neuronal BDNF would likely be released in RA rather than in HVC, and would thus be
unlikely to influence HVC neuronal recruitment. Rather, our observations suggest that
endothelial cells are the major contributors to available HVC BDNF, and likely the
dominant source of testosterone-stimulated BDNF accessible to newly generated neurons.

Enriching this story yet further, BDNF-secreting HVCRra projection neurons comprise the
adult-generated population of HVC neurons, at least in adult canaries. One may then
postulate that androgen-induced endothelial BDNF in HVC might permit the addition of
new neurons to HVC in one season, that mature thereafter as HVCra projection neurons
able to provide androgen-stimulated BDNF to RA in the following season. As such, BDNF
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appears to function at multiple timepoints in the life of HVC projection neurons, as well as
at multiple loci within the song control circuit, to enable development of the neural
infrastructure for song acquisition and elaboration.

Conclusion

These studies of the hormonal control of neuronal production and recruitment to neurogenic
regions of the adult songbird brain have yielded considerable insight into tehn cellular
mechanisms and interactions by which new neurons may be added to functional circuits
within the adult brain. Importantly, the implications of these studies extend beyond the
natural history of bird song, to the direction of structural neural repair. The centrality of
BDNF-dependent signaling to neuronal addition in neurogenic regions of both the avian and
mammalian brain suggested that its overexpression in regions with competent neural stem
and neuronal progenitor cells, that were otherwise not associated with neuronal addition,
might be sufficient to elicit heterotopic neuronal recruitment to those regions. Accordingly,
a number of studies have now demonstrated that ectopic BDNF overexpression can induce
neuronal recruitment to the adult mammalian neostriatum, from resident neural stem and
progenitor cells in the striatal ventricular zone (Benraiss et al., 2001, Pencea et al., 2001,
Bedard et al., 2006). The new medium spiny neurons thereby recruited are competent to
extend axons to their appropriate targets in the globus pallidus, thereby recapitulating the
normal development of this circuit (Chmielnicki et al., 2004), in a manner analogous to the
seasonal regrowth of the HVC to RA circuit in canaries. In rodents just as in songbirds,
these BDNF-induced striopallidal neurons become functionally competent as well as
anatomically integrated. Indeed, the BDNF-induced recruitment of new medium spiny
neurons - when potentiated by co-treatment with noggin to suppress gliogenesis — appears to
be sufficient to slow disease progression in a mouse model of Huntington's Disease, by
compensating for the loss of medium spiny neurons with newly generated replacements
(Cho et al., 2007, Benraiss and Goldman, 2011). The clinical implications of this capability
for induced neuronal recruitment and circuit reconstruction from endogenous neural stem
cells are potentially profound, and may be germane to a broad range of neurodegenerative
and traumatic-ischemic disorders characterized by neuronal loss (Goldman, 2005). As such,
the songbird brain, by teaching us the rules by which new neurons may be added to existing
neural circuits, may provide us fundamental insights into both the latent cellular and
structural plasticity of the adult brain, and the means by which that plasticity may be evoked
to achieve cellular replacement and structural repair.
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dorsolateral anterior thalamic nucleus
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vascular endothelial growth factor
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. Androgen Receptive
. Estrogen Receptive

. Aromatase

Figure 1. Schematic diagram of the song system and distribution of steroid hormone receptors
and aromatase in adult songbird brain

Red arrows depict projections within the motor pathway; green arrows illustrate connections
of the anterior forebrain pathway. The nuclei are colored to indicate their expression of
aromatase (green) or gonadal hormone receptors (red, androgen receptor; blue, estrogen
receptor).

Abbreviations: DLM, medial dorsolateral nucleus of the thalamus; HVC, higher vocal
center; LMAN, lateral magnocellular nucleus of the anterior nidopallium; NIF, nucleus
interfacialis of the nidopallium; nXIIts, tracheosyringealis portion of the twelfth cranial
nerve nucleus; RA, robust nucleus of the arcopallium.

Figure adapted from (Gil and Gahr, 2002).
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Figure 2. Schematic overview of gonadal hormone-associated angiogenesis and neuronal
recruitment in the adult songbird HVC

Testosterone-induced neuronal recruitment to the adult songbird vocal control center, HVC,
requires the androgenic induction of VEGF, followed by VEGF-triggered MMP2 expression
and activation, which further augments VEGF concentration by releasing matrix-bound
VEGF and initiates angiogenesis. The expanded microvascular bed acts as a source of
BDNF, which supports the immigration of new neurons derived from neuronal progenitors
in the overlying ventricular zone. This figure is derived and modified from (Goldman and
Chen, 2011). AR, androgen receptor; ER, estrogen receptor; Ncad, N-cadherin; Hu, Hu
protein; IGF-1, insulin growth factor 1.
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