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The avian song control system undergoes pronounced seasonal plasticity in response to photoperiod and hormonal cues. The action of
testosterone (T) and its metabolites in the song nucleus HVC is both necessary and sufficient to promote breeding season-like growth of
its efferent nuclei RA (robust nucleus of the arcopallium) and Area X, suggesting that HVC may release a trophic factor such as brain-
derived neurotrophic factor (BDNF) into RA and X. BDNF is involved in many forms of adult neural plasticity in other systems and is
present in the avian song system. We used a combination of in situ hybridization and intracerebral infusions to test whether BDNF plays
a role in the seasonal-like growth of the song system in adult male white-crowned sparrows. BDNF mRNA levels increased in HVC in
response to breeding conditions, and BDNF infusion into RA was sufficient to promote breeding-like changes in somatic area and
neuronal density. Expression of the mRNA for the Trk B receptor of BDNF, however, did not vary with seasonal conditions in either HVC
or RA. Local blockade of BDNF activity in RA via infusion of Trk-Fc fusion proteins inhibited the response to breeding conditions. Our results
indicate that BDNF is sufficient to promote the seasonal plasticity in somatic area and cell density in RA, although NT-3 may also contribute to
this process, and suggest that HVC may be a presynaptic source of increased levels of BDNF in RA of breeding-condition birds.

Introduction
Seasonal plasticity of the avian song system is a model for under-
standing general mechanisms of adult neural plasticity and the
effects of hormones on the brain. Steroid hormones have a robust
influence on neuronal morphology and physiology, both via di-
rect action within a song nucleus and via transsynaptic trophic
effects (Brenowitz, 2004; Meitzen et al., 2007b). The mechanism
underlying these transsynaptic effects is unknown, however.

The song system is a network of discrete nuclei that mediate
song learning and production (supplemental Fig. S1, available at
www.jneurosci.org as supplemental material). Song nuclei, in-
cluding the forebrain areas HVC (used as a proper name), the
robust nucleus of the arcopallium (RA), and Area X, show strik-
ing morphological plasticity in seasonally breeding birds (re-
viewed by Brenowitz, 2004). Long days (LDs) and increased tes-
tosterone (T) levels, typical of breeding birds, promote growth of
song nuclei. T acts on androgen receptors (AR), and also on
estrogen receptors (ER) via aromatization to 17-� estradiol (E2),
on HVC to increase its volume and neuron number, and volume
and neuronal somatic area and density (but not neuron number)
in RA and Area X (Brenowitz, 2004). Spontaneous electrical ac-

tivity in RA also increases (Meitzen et al., 2007a), as does song
stereotypy (Brenowitz, 2004).

HVC exerts a transsynaptic influence on its efferent nuclei RA
and X (reviewed by Brenowitz, 2004; Meitzen et al., 2007b). HVC
responds directly to T or its metabolites and provides permissive
or trophic support of growth to its efferent targets. Such support
might include an anterogradely transported growth factor such as
brain-derived neurotrophic factor (BDNF).

The neurotrophin family of proteins, including BDNF, nerve
growth factor (NGF), NT-3, and NT-4, bind with high affinity to
Trk receptors to initiate several signaling cascades with pro-
nounced effects on neural plasticity in the developing and adult
brain (Patapoutian and Reichardt, 2001). BDNF is released pri-
marily in an activity-dependent manner (Kojima et al., 2001;
Lessmann et al., 2003; Thomas and Davies, 2005) and is linked to
activity-dependent and hormone-dependent changes in synapse
formation/efficacy, as well as neuronal morphology and survival
(Binder and Scharfman, 2004). Although most studies of neuro-
trophins involve retrograde transport and release mechanisms
(Zweifel et al., 2005), the effects of neurotrophins are often me-
diated by anterograde transport and release to target cells (von
Bartheld et al., 2001). Thus, BDNF is a likely candidate for medi-
ating transsynaptic seasonal changes in the song system, either
alone or in conjunction with other growth factors.

Neurotrophins and their receptors are present in song nuclei
and influence both the neural circuitry and song behavior. BDNF
and its cognate receptor TrkB and NT-3 are found in HVC, RA,
and Area X in canaries and/or zebra finches (Rasika, 1998; Wade,
2000; Quagliano and Bottjer, 2004; Chen et al., 2005). BDNF
influences song circuit development (Johnson et al., 1997) and
neurogenesis in adult HVC (Rasika et al., 1999). Systemic E2

treatment upregulates BDNF mRNA in juvenile zebra finches
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(Dittrich et al., 1999), and singing increases its expression in RA-
projecting HVC neurons (Li et al., 2000). Little is known about
the actions of the other neurotrophins in the song system.

Anterograde transport of BDNF from HVC to RA and X could
contribute to the transsynaptic effects of T in seasonally breeding
birds. We focused on the effects of BDNF in RA because the
irregular shape and large size of Area X make it less amenable than
RA to intracerebral infusions that penetrate the entire nucleus.
Here we show that BDNF expression in HVC is regulated by
seasonal-like cues, and that BDNF activity induces growth of RA.
NT-3 may also play a role in the growth of RA in response to
seasonal cues. This is the first study to demonstrate the depen-
dence of adult song system plasticity on neurotrophins.

Materials and Methods
All protocols used in this experiment were approved by the University
of Washington Institutional Animal Care and Use Committee and
were in accordance with the NIH Guidelines for the Care and Use of
Laboratory Animals.

We captured adult male Gambel’s white-crowned sparrows (GWCS)
in eastern Washington state during their postbreeding season migration.
We housed birds indoors in group aviaries for a minimum of 12 weeks on
a short day (SD; 8 h of light) photoperiod to ensure that their reproduc-
tive systems were regressed but sensitive to photoperiod and hormonal
cues typical of the breeding season (i.e., photosensitive).

Experiment 1. BDNF and TrkB in situ hybridization: photoperiod shift
and testosterone treatment. The nature and magnitude of the plasticity
seen in wild birds captured in different seasons can be replicated in the
laboratory by mimicking the increased day length and T levels that are
seen in breeding-condition birds in the wild (Smith et al., 1997b,c;
Tramontin, 2000). At the start of the experiment, we placed birds in one
of four groups (n � 6 each group). We implanted birds in the first group
with an empty subcutaneous 12 mm length of SILASTIC tubing (1.47
mm inner diameter; 1.96 mm outer diameter; VWR) and maintained
them on SD for 7 d (SD group). We implanted birds in the second group
with SILASTIC tubing filled with crystalline T (12 mm length; washed in
ethanol and soaked in saline overnight; Steraloids), shifted them over-
night to an LD (20 h of light) photoperiod, and maintained them on LD
for 3 d (LD�T 3d group). We implanted birds in the third group with T,
shifted them overnight to LD, and maintained them on LD for 7 d
(LD�T 7d group). The T implants are necessary because captive spar-
rows exposed in the laboratory to LD photoperiod alone do not achieve
plasma T levels typical of wild breeding birds (Smith et al., 1995). To test
the effects of photoperiod in the absence of circulating T, we castrated
each male in the fourth group, allowed it to recover for 7 d, shifted it to
LD, and implanted each bird with an empty SILASTIC tube (LD-gonx
group). These birds were maintained on LD for 7 d. We did not include
a SD�T group, because a previous study showed no difference in mor-
phological parameters between LD�T and SD�T groups, whereas LD
alone had a small effect (Smith et al., 1997b). Birds in each group were
housed in individual cages in the same room, with ad libitum access to
food and water.

These procedures were replicated for Experiment 1b below, with the
omission of the LD-gonx treatment group.

Experiment 1a: Song recording. Birds were monitored for song be-
havior for 1 h after subjective dawn (lights on) each day of treatment
and also for 1 h immediately before being killed. Song was recorded
using tie-clip microphones attached to individual cages connected to
a Sony TCD-5M cassette recorder. Recordings were digitized via Syr-
inx software (J. Burt) and songs were counted using customized soft-
ware (Meitzen et al., 2007b).

Experiment 1: Histological procedures. Birds were killed by decapitation
and trunk blood samples were collected to measure plasma T levels.
Brains were removed, rinsed in cold PBS, dipped in M1 Embedding
Compound (Shandon), frozen on dry ice, and stored at �80°C until
sectioning. We sectioned the brains coronally on a cryostat at 12 �m,
thaw-mounted sections onto Superfrost slides in four sets, and stored the
slides in air-tight boxes at �80°C until in situ hybridization.

In preparation for hybridization, sections were fixed in 4% parafor-
maldehyde, pH 7.4, washed in PBS, acetylated in acetic anhydride, and
delipidized in chloroform.

Experiment 1a: BDNF in situ hybridization and quantification. We used
a 600-bp cDNA probe against zebra finch BDNF (a gift from Dr. X.-C. Li,
Louisiana State University, New Orleans, LA) (Li et al., 2000a). After
linearizing the plasmids, we transcribed sense and antisense probes la-
beled with 35S-UTP (PerkinElmer) and purified them via phenol/chlo-
roform extraction. We hybridized the sections for 18 h at 65°C in hybrid-
ization buffer (50% formamide/10% dextran sulfate/1% Denhardt’s
solution/0.3M NaCl/100 mM DTT/10 mM Tris/1 mM EDTA/0.65
mg/ml yeast tRNA) with 0.75 pmol/ml radiolabeled probe. We
washed the sections in a graded series of low- and high-stringency
washes, from 2� SSC at room temperature to 0.1� SSC at 65°C, dried
them, and exposed them to film for 4 d. We then dipped the slides in
NTB-2 emulsion (Kodak), exposed them at room temperature for 6
weeks, developed them in Kodak D-19 developer, and fixed them. We
lightly counterstained sections with cresyl violet. An adjacent set of
sections was fixed in 4% paraformaldehyde and stained more darkly
with thionin for clearer visualization of the song nuclei.

We randomly chose three HVC-containing or RA-containing sections
from each bird for analysis. For each section, we randomly chose a side to
analyze and determined the borders of the song nuclei based on the cresyl
violet stain and the adjacent thionin-stained sections. We placed a grid
over each nucleus and chose three boxes (52 � 50 �m) within and three
boxes over adjacent tissue outside the nucleus for grain-counting. The
first box in each nucleus was chosen randomly within one-third of the
nucleus, and the next two were placed a constant distance away to ensure
even distribution of sampling across the full medial-lateral and dorsal-
ventral extent of the region of interest. At 100� under bright-field optics,
we used a customized macro in NIH Image (W. Rasband, National In-
stitutes of Health, Bethesda, MD) to calibrate the average grain size,
optimize the grain-detection threshold, and count silver grains in each
sampling box. For each section, we also collected three measurements of
background grains in an adjacent area of the slide with no tissue. The
within-nucleus, outside-nucleus, and no-tissue background grain den-
sity (grains/area) measurements for each section were collected under the
same light intensity and threshold parameters. For each nucleus, we sub-
tracted the average no-tissue background grain density both from the
average within-nucleus density and from the average outside-nucleus
density and then expressed the adjusted data as a ratio of the grain density
in the song nucleus over the grain density in the surrounding tissue. We
observed some clustering of grains over heavily labeled cells, but the
amount of scatter and the condition of the tissue did not allow us to do a
rigorous cellular analysis of grain number.

Experiment 1b: TrkB in situ hybridization and quantification. We used
a 2.3-kbp cDNA sequence that partially encodes zebra finch TrkB (a gift
from Dr. A. Arnold, University of California, Los Angeles, Los Angeles,
CA) (Chen et al., 2005). We amplified a 425-bp region of the cDNA near
the N terminus of the kinase domain that is specific to a full-length active
form of TrkB, using as primers 5�-TTGGCCAAGGCATCTCCAGT-3�
and 5�-TTGTGGTGGGCAAACTGGAG-3�. We cloned our fragment
into the PCR4-TOPO plasmid (Invitrogen).

After linearizing the plasmid, we transcribed sense and antisense
probes labeled with 33P-UTP (PerkinElmer) and purified them with
NucAway spin columns (Ambion). We hybridized the sections for 16 h at
55°C in hybridization buffer (62.5% formamide/12.5% dextran sulfate/
0.375 M NaCl/10 mM Tris/1 mM EDTA/0.02% BSA/0.02% Ficoll/0.02%
polyvinylpyrrolidone/1.9 mg/ml tRNA) with 0.05 pmol/ml radiolabeled
probe. After washing the slides in 2� SSC at room temperature, we
treated them with RNase for 30 min. We washed the sections in a graded
series of low- and high-stringency washes, from 2� SSC at room tem-
perature to 0.1� SSC at 65°C, dried them, and dipped the slides in Kodak
NTB-3 emulsion, exposed them at room temperature for 1 week, devel-
oped them in Kodak D-19 developer, and fixed them. As in Experiment
1a, we lightly counterstained sections with cresyl violet and stained an
adjacent set of sections more darkly with thionin for clearer visualization
of the song nuclei.

We randomly chose three RA-containing sections from each bird for
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analysis. Analysis of TrkB in situ tissue was performed using a different
microscope and computer system than the analysis of BDNF in situ tis-
sue. For each section, we randomly chose a side to analyze and deter-
mined the borders of RA based on the cresyl violet stain and the adjacent
thionin-stained sections. We used a customized macro in NIH Image
(developed at the National Institutes of Health and available at http://
rsb.info.nih.gov/nih-image/) to randomly place three boxes (280 � 210
�m) within and three boxes outside RA for sampling. At 40� power
under dark-field optics, we used NIH Image to optimize the grain-
detection threshold and measured the percentage area occupied by
thresholded pixels. We collected within-nucleus, outside-nucleus, and
no-tissue background grain measurements for each section as described
above. As in Experiment 1a, we observed some clustering of grains over
heavily labeled cells, but the amount of scatter and the condition of the
tissue were such that we could not do a cellular analysis of grain number.

Experiment 1. Radioimmunoassay for T levels. Blood samples (�400
�l) were collected from trunk blood at decapitation into heparinized
microcentrifuge tubes. Each blood sample was immediately centrifuged,
and the plasma was removed and stored at 20°C until assay. The Coat-a-
Count Total Testosterone radioimmunoassay kit (Diagnostic Products)
was used to measure plasma concentrations of T. This assay has been
validated for measurement of plasma T levels in birds (Tramontin et al.,
2001). The minimum detectable plasma T concentration was 0.2 ng/ml;

samples with undetectable levels were treated as having concentrations at
the detection limit for statistical purposes. Interassay variability was
3.63 � 0.93%.

Experiment 2: BDNF and Trk-Fc infusion into RA: surgical procedures.
We anesthetized birds with isoflurane and placed them in a stereotaxic
apparatus. We made an incision in the scalp and placed a small hole in the
skull over RA. A 28 gauge cannula (Alzet Brain Infusion Kit II) was
implanted dorsocaudally to RA on one side of the brain (anteroposterior,
2.25 mm; mediolateral, 3.35; depth, 2.35 mm) and held in place with
dental cement. We left the other side of the brain intact to serve as a
within-subjects control. Although there is ample evidence in songbirds
for laterality in the peripheral control of song production, there is no
evidence for laterality in the morphology of forebrain song nuclei (Suth-
ers, 1997), and the lack of direct connectivity between song nuclei across
hemispheres makes unilateral approaches powerful in this system (Wild,
1997). An osmotic pump (Alzet 1002) containing either human recom-
binant BDNF (0.67, 1.0, or 1.5 mg/ml; a gift from Regeneron) or NGF
(1.5 mg/ml; Millipore Bioscience Research Reagents) in 100 �l of vehicle
(PBS), or vehicle alone, was implanted under the skin of the back and
connected to the cannula with tubing. NGF was used as an additional
control for general effects of neurotrophic factors, such as binding to the
p75 receptor; this strategy is common in neurotrophin studies (Galuske
et al., 1999; Lu et al., 2004). After surgery, we housed birds in individual

Figure 1. Dark-field photomicrographs of in situ hybridization showing BDNF mRNA expression in HVC (A) and RA (B) of birds in the four treatment groups. Arrows delineate the borders of the
song nuclei. Boxes indicate area from which pallial measurements were taken. Scale bars, 300 �m. Quantitative analysis of BDNF mRNA expression in HVC (C) and RA (D). Data are expressed as a ratio
of the grain density within the song nucleus versus the surrounding pallial region. Bars are group means�SEM, and each point represents one bird. Letters above bars represent statistically different
groups (Tukey’s HSD p � 0.05).
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cages and monitored weight and general condition daily. We kept birds
on SD for the remainder of the experiment to avoid any stimulating
effects of LD photoperiod.

Surgical procedures for Experiment 2b were identical to Experiment
2a, with the exception that instead of neurotrophins, we infused fusion
proteins consisting of the extracellular portion of the TrkB or TrkC re-
ceptor fused to the Fc portion of the human IgG molecule. These proteins
bind to endogenous neurotrophins and interfere with their biological
activity (Shelton et al., 1995). Pilot studies showed that infusion of TrkB
fusion antibodies (Abs) alone did not block the LD�T induced growth of
RA neurons. Given Bottjer and Quagliano’s observation that NT-3 is
expressed in HVC in juvenile zebra finches (Quagliano and Bottjer,
2004) and previous studies showing coexpression of TrkB and TrkC in
brain areas across phyla (reviewed by von Bartheld and Fritzsch, 2006),
we therefore also infused TrkC fusion Abs alone or with TrkB fusion Abs
to determine whether a combination of neurotrophins might be in-
volved. An osmotic pump (Alzet 1002; Durect) containing 100 �l of
vehicle (PBS; n � 3), TrkB-Fc alone (n � 3), TrkC-Fc alone (n � 3), or a
1:1 combination of TrkB-Fc and TrkC-Fc (a gift from Regeneron; n � 9)
was implanted under the skin of the back and connected to the cannula
with tubing. Pilot studies determined the optimal concentration of each
fusion protein to be 0.5 mg/ml. During the same surgery session, we
implanted birds with a subcutaneous 12-mm-SILASTIC implant filled
with crystalline T, housed them in individual cages and shifted them
overnight to an LD photoperiod (16 h of light) for the duration of the
experiment. We monitored bird weight and general condition daily.

Experiment 2: Histological procedures. Fourteen days after surgery, we
anesthetized birds deeply with metofane and perfused them transcardi-
ally with heparinized saline followed by 4% paraformaldehyde. Brains
were removed and postfixed overnight in 4% paraformaldehyde, embed-
ded in gelatin, cryoprotected in a 20% sucrose/10% formalin solution,
and sectioned coronally at 40 �m on a freezing microtome. We mounted
every third section onto slides and stained them for Nissl with thionin.

To confirm that the infused proteins reached RA and to measure the
extent of spread from the cannula tip, we processed alternate sections
containing HVC, RA, and the region of cannula penetration for immu-
nolabeling for the infused antigen. For Experiment 2a, we labeled sec-
tions with a monoclonal Ab against human recombinant BDNF (hr-
BDNF; GF35 L; Calbiochem). This Ab does not label endogenous BDNF
in GWCS tissue under these protocols, and we did not see labeling in the
hemisphere contralateral to the cannula or in vehicle control tissue (sup-
plemental Fig. S4b, available at www.jneurosci.org as supplemental ma-
terial). Sections were rinsed in 0.1 M PBS, treated with 1% H2O2 in PBS to
quench endogenous peroxidases, rinsed in PBS with 0.1% Triton X-100
(PBS-TX), blocked in 10% normal horse serum (NHS), and incubated
overnight at room temperature with the BDNF Ab (1:1000 with 5% NHS
in PBS-TX). Sections were rinsed in PBS-TX and incubated for 1 h with
biotinylated horse anti-mouse secondary (1/200 in PBS-TX; Vector Lab-
oratories). We washed sections in PBS, incubated in an avidin– biotin
complex (Vector ABC Standard kit), rinsed in 0.1 M Tris buffer (TB) and
visualized with diaminobenzidine chromagen (0.25 mg/ml in TB;
Sigma). For brains infused with NGF, we labeled sections with a poly-
clonal Ab against human NGF (H-20; Santa Cruz Biotechnology). The
procedure was identical to the BDNF staining, except for the primary Ab,
which was used at 1:250. For Experiment 2b, we labeled sections with a
biotinylated Ab against the human IgG molecule, which labels the Fc

portion of the fusion proteins. We did not see labeling in uninfused
or vehicle control tissue (supplemental Fig. S4d, available at www.
jneurosci.org as supplemental material). As above, sections were rinsed
in PBS, treated with 1% H2O2 in PBS, rinsed in PBS-TX, blocked in 10%
NHS, and incubated overnight with the human IgG Ab (1:200 with 5%
NHS in PBS). We washed sections in PBS, incubated in ABC, rinsed in
TB, and visualized with diaminobenzidine.

In addition to the immunostaining, we also tested for the patency of
the cannulae after removing them from the brain by cutting the tubing
leading from the osmotic pumps, applying a small amount of pressure to
the cut ends of the tubing with a syringe and determining whether the
remaining fluid in the tubing flowed ad libitum from the ends of the
cannulae. We then examined the fluid reservoirs of the pumps to ensure
that most of the contents had been discharged. Lack of patency or an
excess of remaining fluid were combined with the results of the immu-
nostaining to identify birds in which obstruction of the cannula may have
compromised the infusion experiment. Data from these birds were re-
moved from the analyses.

We measured the distance from the cannula to the nearest border of RA in
Nissl-stained tissue. Pilot studies showed that infusion of fusion proteins
further than 300 �m from RA was not effective, regardless of the presence of
immunolabeling in RA, so we only included data from birds in which the
cannula was within 300 �m of RA. We did not include data from birds in
which the cannula was placed close enough to damage RA itself.

Experiment 2: Brain morphometry. We traced the perimeters of HVC
and RA on each side of the brain based on Nissl staining from low-power
images of the nuclei in each section. We calculated areas in NIH Image
and estimated the volume of each nucleus by summing the estimated
volumes of the sections between using the formula for a cone frustrum
(Smith et al., 1997a). The areas and densities of neuronal somata in HVC
and RA were analyzed using a random systematic sampling scheme that
yields estimates of neuronal size and density that do not differ from those
obtained using the stereological optical dissector method (Tramontin et
al., 1998). We randomly placed 20 –25 boxes in four to five sections
throughout each side of HVC and RA. Boxes in HVC measured 45.9 by
22.9 �m, and boxes in RA measured 69 by 45.8 �m. In each side of RA,
we measured and counted at least 100 cells, and in each side of HVC, we
measured and counted at least 150 cells; previous studies show that these
sample sizes encompass the full range of variability in somal area and
neuronal density (Brenowitz et al., 1995; Tramontin et al., 1998).
Neurons were distinguished from glia by having one round nucleolus,
a well-defined nuclear envelope, nongranular cytoplasm, and/or an
obvious axon hillock (Goldman and Nottebohm, 1983; Smith et al.,
1995; Smith et al., 1997a,b; Tramontin et al., 1998). We estimated cell
density by dividing the number of cells counted in each sampling box
by the volume of the box (1.27 � 10 �4 mm 3) and averaged across
boxes for each bird.

Statistics. For Experiment 1, the data were not normally distributed, and
we therefore performed Kruskal–Wallis one-way ANOVAs on ranks on the
grain density ratios across groups within HVC and within RA. We used
Tukey’s HSD test for post hoc multiple comparisons when the main effect
was significant. We also performed linear regression analyses on the grain
densities in HVC as a function of plasma T concentration and song rate.

Descending projections from HVC in the song system are largely uni-
lateral, and there is no direct connection between hemispheres at the
telencephalic level (Schmidt et al., 2004). We therefore compared the

Table 1. Grain density ratios for BDNF mRNA in HVC and RA and for TrkB mRNA in RA (mean � SEM)

Treatment
Kruskal–Wallis one-way
ANOVA on ranks

SD LD � T 3d LD � T 7d LD-gonx H p

BDNF grain density ratio
HVC:nidopallium 0.90 � 0.049a 1.60 � 0.25a,b 1.41 � 0.29b 1.00 � 0.05a,b 10.91 0.012
RA:arcopallium 0.71 � 0.049 1.06 � 0.25 0.81 � 0.065 0.721 � 0.047 2.14 0.54
TrkB grain density ratio

RA:arcopallium 0.80 � 0.054 0.99 � 0.12 1.02 � 0.09 n/a 3.80 0.15

n/a, Not applicable.
a,bWithin rows, values with different superscripts differ significantly from each other, Tukey’s HSD, p � 0.05.
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measurements on the side ipsilateral to the infusion versus the uninfused
contralateral side for Experiment 2.

For Experiment 2a, we used two-way repeated measures ANOVAs to
compare measurements on the ipsilateral versus the contralateral sides in
HVC and RA of vehicle control birds with those of birds exposed to
different doses of BDNF. For Experiment 2b, we used a two-way repeated
measures ANOVA to compare measurements on the ipsilateral versus
the contralateral side in RA of vehicle control birds with those of birds
exposed to TrkB&C-Fc, TrkB-Fc alone, and TrkC-Fc alone.

The � level for significance was set at p � 0.05. All statistical tests were
performed in SigmaStat (Systat). We used Tukey’s HSD test for post hoc
comparisons when the main factor was significant.

Results
Experiment 1: BDNF and TrkB gene expression in the song
control system
We investigated the transcription profile of BDNF in HVC, RA,
and Area X in captive white-crowned sparrows exposed to breed-
ing versus nonbreeding conditions. We also looked at levels of
mRNA for TrkB, the main receptor for BDNF, in RA.

Experiment 1a: BDNF mRNA
Plasma T levels were below the detection limit (0.2 ng/ml) in all
SD birds. T levels in the LD�T 3d group were 23.55 � 2.01 ng/ml
(mean � SEM). T levels in the LD�T 7d group were 27.70 � 7.68
ng/ml. T levels in the LD-gonx group were 0.64 � 0.34 ng/ml.
The mean levels in the T-implanted groups were at the high end
of reported levels in wild breeding birds, whereas the levels in the
LD-gonx group were well below reported levels in wild breeding

birds (Wingfield and Farner, 1978; Wing-
field and Moore, 1987; J. C. Wingfield, un-
published observation).

BDNF mRNA was expressed in HVC
(Fig. 1A) and was upregulated by LD and
T (Table 1, Fig. 1C). Seven days of treat-
ment with LD�T significantly increased
grain density ratio over SD controls. LD-
gonx birds and LD�T 3d birds had inter-
mediate grain density ratios. Although it is
possible that grain ratio differences could
be driven by differences in the nidopal-
lium control region, the only group differ-
ence we found in the nidopallium was a
decrease in grain density in the LD-gonx
group compared with the other groups
( p � 0.02) (supplemental Fig. S2a, avail-
able at www.jneurosci.org as supplemental
material). Thus, the main effect of upregu-
lation in the LD�T 7d group is driven by
increased expression in HVC.

HVC grain density ratios across groups
correlated positively with plasma T levels
(r � 0.48; p � 0.018). There were no sig-
nificant correlations between HVC grain
density ratio and T level within the SD-
gonx and LD-gonx groups, as T levels were
undetectable in these birds. There was no
correlation between HVC grain density ra-
tio and T level within the LD�T 7d group.
There was a negative correlation between
HVC grain density ratio and T level within
the LD�T 3d group, but this effect was
driven by one bird with below average T
(but still well within breeding range) and
the highest mRNA expression.

In most birds, BDNF mRNA was not strongly expressed in RA
compared with surrounding arcopallium (Fig. 1B), and levels
were not significantly affected by exposure to LD and T (Table 1,
Fig. 1D). Grain densities in the arcopallium were not significantly
different across groups ( p � 0.76) (supplemental Fig. S2b, avail-
able at www.jneurosci.org as supplemental material). We did ob-
serve high levels of BDNF mRNA in two birds in the LD�T 3d
group (Fig. 1D); although the levels were high in these birds, we
did not exclude them from the analyses.

RA grain density ratios across groups did not significantly
correlate with plasma T levels (r � 0.35; p � 0.12). There were no
significant correlations between RA grain density and T level
within the SD-gonx and LD-gonx groups.

We did not observe any labeling for BDNF mRNA in Area X,
nor elsewhere in the striatum, in any bird (supplemental Fig. S3,
available at www.jneurosci.org as supplemental material).

Birds in the SD-gonx, LD�T 3d, and LD-gonx groups did not
sing during any recording session. Five of six birds in the LD�T
7d group sang at least one song during the last 4 d of recording
(range: 1–20 songs/h), but only one bird sang during multiple
sessions, and only three sang during the final pre-killing session
(range: 9 –19 songs/h). Neither overall song rate nor total number
of songs produced during the final session was correlated with
BDNF mRNA levels in HVC (r � �0.454; p � 0.37 for overall
rate; r � �0.509; p � 0.30 for song number) or RA (r � �0.128;
p � 0.81 for overall rate; r � 0.543; p � 0.27 for song number).

Figure 2. Dark-field photomicrograph (A) and quantitative analysis (B) of TrkB mRNA expression in RA in the different treat-
ment groups. Arrows delineate the borders of RA. Data in B are expressed as a ratio of the grain density within the song nucleus
versus the surrounding pallial region. Bars are group means � SEM, and each point represents one bird.
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The bird that sang the most had a low level of BDNF mRNA
expression in HVC.

Experiment 1b: TrkB mRNA in RA
We observed TrkB mRNA expression in RA and in the surround-
ing arcopallium (Fig. 2A). Grain density ratios did not change
significantly with exposure to LD and T (Table 1, Fig. 2B). Qual-
itatively, TrkB mRNA was expressed widely throughout the tel-
encephalon, including in HVC and Area X.

Experiment 2: Local manipulation of BDNF levels in RA
We tested whether a prolonged increase in BDNF protein levels in
RA in nonbreeding condition birds would lead to morphological
changes similar to those seen in response to LD photoperiod and
systemic testosterone treatment (LD�T). We also locally blocked
the actions of BDNF and/or NT-3 to test whether this would
block the growth of RA neurons normally induced by LD�T
exposure. We accomplished this blockade by interfering with the
binding of the ligands to their receptors using a fusion protein
that links the Trk receptor with the Fc portion of the human IgG
molecule (TrkB-Fc and TrkC-Fc; Cabelli et al., 1997; Xu et al.,
2001; Rex et al., 2006).

Experiment 2a: Confirmation of BDNF infusion of RA
We examined immunolabeled sections in each brain to confirm
that hr-BDNF was located in RA. One bird showed very little
labeling, and had a large amount (	30 �l) of BDNF remaining in
the osmotic pump after sacrifice, implying that there was an ob-
struction in the cannula or tubing that prevented release of
BDNF. Data from this bird were removed from the analyses. In all
other birds at least one-half of RA was labeled on the infused side,
with essentially no staining on the noninfused side (supplemental
Fig. S4a,b, available at www.jneurosci.org as supplemental
material).

BDNF infusion promoted changes in RA somatic area
and density
BDNF infusion increased soma sizes in RA in a dose-dependent
manner in birds maintained on SD (Table 2; Fig. 3A; supplemen-
tal Fig. S5, available at www.jneurosci.org as supplemental mate-
rial). Our analysis showed a significant effect of treatment and a
significant interaction between side and treatment. Post hoc pair-
wise comparisons showed that only the highest BDNF dose
yielded a significant increase in RA somatic area on the ipsilateral

side compared with the contralateral side. This increase is similar
to the increase seen in GWCS exposed to LD and T (Tramontin et
al., 2000).

Intracerebral BDNF infusion decreased neuronal density in
RA in a dose-dependent manner (Table 2; Fig. 3B; supplemental
Fig. S6, available at www.jneurosci.org as supplemental mate-
rial). Our analysis showed a significant effect of hemisphere, with
lower densities on the ipsilateral side across treatment groups,
and a significant interaction between treatment and hemisphere.
Post hoc pairwise comparisons confirmed a significantly lower
neuronal density on the ipsilateral side compared with the con-
tralateral side only in high-dose BDNF birds, although there was
a similar trend in the 1 mg/ml group. Neuron number in RA did
not differ across treatment groups (Table 2). BDNF infusion had
no effect on RA volume (Fig. 3C).

BDNF infusion near RA had no effect on HVC
Infusion of BDNF at the highest dose near RA for 2 weeks had no
effect on the volume of the afferent nucleus HVC (Table 3). In-
fusion of the highest dose (1.5 mg/ml) of BDNF did not signifi-
cantly increase the somatic area of ipsilateral HVC neurons (Ta-
ble 3), though there was a trend in this direction (Fig. 4A;
supplemental S7, available at www.jneurosci.org as supplemental
material). Neuronal density in HVC did not differ significantly
between vehicle controls and high-dose BDNF birds, although
there was a significant main effect of side across doses (Table 3).
Once again we observed a trend toward a decrease in cell density
on the infused side in high-dose BDNF birds (Fig. 4B; supple-
mental Fig. S7, available at www.jneurosci.org as supplemental
material).

Infusion effects were specific to BDNF
To determine whether the effects described above were specific to
BDNF, we infused NGF (1.5 mg � ml) into RA in 2 birds, using the
same methods as for the BDNF infusions. We saw no consistent
effect of NGF infusion on RA neuronal somatic area (ipsilateral,
89.16 and 99.38 �m 2; contralateral, 88.46 and 91.98 �m 2, respec-
tively) or volume (ipsilateral, 0.199 and 0.194 mm 3; contralat-
eral, 0.194 and 0.199 mm 3, respectively) in these birds.

Experiment 2b: Confirmation of Trk-Fc infusion of RA
We examined immunolabeled sections in each Trk-Fc-infused
brain to confirm that the antigen was located in RA as outlined in
adjacent Nissl-stained sections from the infused hemisphere,

Table 2. RA neuronal attributes across hemispheres after infusion with BDNF, comparison among doses (mean � SEM)

Two-way repeated-measures ANOVA

Vehicle controls
BDNF 0.67
mg/ml

BDNF 1.0
mg/ml BDNF 1.5 mg/ml

Treatment Side Interaction

F p F p F p

Somatic area (�m2) 3.92 0.037 4.15 0.064 9.991 0.001
Ipsilateral 101.37 � 6.56 128.94 � 3.22 108.44 � 6.83 132.95 � 10.59
Contralateral 103.72 � 4.61 138.59 � 1.71 101.04 � 7.60 111.63 � 9.16

Density (neurons/mm3) 0.839 0.498 10.23 0.008 6.023 0.01
Ipsilateral 6.07 � 104 �

5.26 � 103
4.83 � 104 �
2.41 � 103

5.06 � 104 �
5.82 � 103

5.12 � 104 �
3.70 � 103

Contralateral 5.94 � 104 �
5.34 � 103

4.86 � 104 �
4.44 � 103

5.55 � 104 �
5.46 � 103

6.43 � 104 �
6.86 � 103

Neuron number 1.934 0.18 0.144 0.71 0.755 0.54
Ipsilateral 1.40 � 104 �

0.61 � 103
1.70 � 104 �
0.20 � 103

1.33 � 104 �
1.60 � 103

1.33 � 104 �
1.50 � 103

Contralateral 1.38 � 104 �
0.53 � 103

1.73 � 104 �
1.71 � 103

1.26 � 104 �
0.41 � 103

1.49 � 104 �
1.82 � 103
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with no labeling on the noninfused side (supplemental Fig. S4c,d,
available at www.jneurosci.org as supplemental material). Two
birds showed very little labeling, and also had 	30 �l of Trk-Fc
remaining in the pump at the end of the experiment, implying a
blockage in the cannula/pump system. Data from these birds
were not included in the analyses.

TrkB&C-Fc reduced the somatic area increase in RA
Infusion of the combined TrkB&C-Fc resulted in significantly
smaller somatic areas of RA neurons on the ipsilateral side
compared with the contralateral side in birds exposed to LD�T
(Table 4; Fig. 5A; supplemental Fig. S8, available at www.

jneurosci.org as supplemental material). The interaction effect in
the two-way ANOVA was marginally significant and post hoc tests
demonstrated that the difference in somatic area across hemi-
spheres in the TrkB&C-FC group ( p � 0.001) accounted for the
main effect of hemisphere, whereas other treatment groups
showed no significant difference across hemispheres ( p � 0.1).

Our analysis showed a similar effect of hemisphere on neuro-
nal density across treatment groups, with higher density on the
ipsilateral side (Fig. 5B; supplemental Fig. S8, available at www.
jneurosci.org as supplemental material). Again, post hoc tests
showed an effect of hemisphere in the TrkB&C-Fc group ( p �
0.059), but we saw no effect of hemisphere in the other groups
( p 	 0.1). Note that the slight difference in mean neuronal den-
sity across sides in the vehicle controls in this study is opposite to
what we saw in controls in the BDNF infusion study. We also saw
a main effect of treatment on neuronal density, with saline birds
showing higher density than TrkB-Fc or TrkB/C-Fc birds, re-
gardless of hemisphere ( p � 0.04). Given that the test result is
marginally significant and has low power (0.43), it is difficult to
draw any firm conclusion from this difference. We believe that
this effect reflects sampling variation and perhaps differences in
tissue processing. We cannot, however, exclude the possibility
that there is some systemic effect of TrkB/C-Fc infusion on neu-
ronal density.

Discussion
We showed that BDNF and TrkB are present in the song system in
white-crowned sparrows, that BDNF expression in HVC in-
creases in response to seasonal cues, that BDNF is sufficient to
promote breeding season-like growth in RA, and that neurotro-
phins in RA are necessary for the breeding-like increase in so-
matic area. These results indicate that endogenous neurotrophins
play an important role in the seasonal plasticity of the song con-
trol system.

Our finding that T increased BDNF mRNA expression in
sparrow HVC is consistent with previous reports. BDNF protein
levels in HVC increase in adult female canaries treated with T
(Rasika et al., 1999). This increase is blocked by inhibition of
estrogen synthesis, suggesting that BDNF transcription may be
regulated by aromatization of T to E2 (Fusani et al., 2003). T
and/or E2 may indirectly increase BDNF mRNA expression in
HVC by acting on hypothalamic regions to increase song produc-
tion and thereby increase neural activity in the song system (Ball
et al., 2004). BDNF expression in HVC correlates positively with
song rate in male canaries (Li et al., 2000). We did not see a
correlation between song rate and BDNF mRNA levels, and our
data show that T can upregulate BDNF mRNA in the absence of
increased song rates. LD�T promotes equivalent growth of the
song system in deafened birds compared with hearing birds that
sing eight times more often (Brenowitz et al., 2007), intracerebral
T can promote song system growth in birds that do not sing
(Brenowitz and Lent, 2002), and song stereotypy continues to
increase in birds shifted to LD�T after HVC has reached its full
breeding-condition size (Tramontin et al., 2000). These results
combined with our findings suggest that T-mediated upregula-
tion of BDNF in HVC could induce growth of the song system
without acting through an increase in song behavior.

T could increase BDNF expression via aromatization to estra-
diol. The BDNF gene contains a putative estrogen response ele-
ment, and BDNF expression is upregulated by steroid hormones
in many parts of the nervous system (Sohrabji et al., 1995; Scharf-
man and Maclusky, 2005). BDNF expression can also be upregu-
lated by increased neural activity (Shieh and Ghosh, 1999;

Figure 3. Comparison of RA somatic area (A), neuronal density (B), and volume (C) in birds
infused with one of four concentrations of BDNF near RA on one side of the brain. Bars are group
means � SEM; numbers inside bars indicate number of birds in each group (each number refers
also to adjoining bar from opposite hemisphere). Value of p from Tukey’s HSD, comparison
between ipsilateral and contralateral side. Symbols above bars represent differences between
ipsilateral and contralateral sides (Tukey’s HSD); *p � 0.001; †p � 0.058.
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Schinder and Poo, 2000). Metabolites of T can modulate GABAA
receptors, either by direct interaction with the receptors (Majew-
ska, 1992) or by changing receptor subunit composition (Nunez
and McCarthy, 2008), either of which could enhance excitability
in HVC. Determining the site of action of steroids in the regula-
tion of BDNF expression is a productive direction for future
research.

We saw little or no expression of BDNF mRNA in RA in most
birds, and in Area X in all birds. These observations suggest that
effects of BDNF on the growth of HVC’s downstream targets are
mediated largely by anterograde axonal transport from HVC. It is
interesting that two birds showed high levels of BDNF expression
in RA. These two birds also had the highest levels of expression in
HVC, which could indicate a positive feedback loop between
RA-projecting HVC neurons and their targets in these birds. For
example, BDNF can act via the mitogen-activated protein kinase
(MAPK) signaling pathway to increase phosphorylation of cAMP
response element-binding protein (CREB) (Lonze and Ginty,
2002), and phosphorylated CREB acts as a transcription factor

that can increase expression of BDNF (Ivanova et al., 2001; West
et al., 2001). It is possible that there is a transient increase in
BDNF expression in RA in response to LD and T, and that we
happened to catch it at the right time in those two birds. We
attempted to replicate these findings by running a BDNF in situ
on some sections containing RA from birds in Experiment 2;
however, we failed to see comparably high levels of labeling in any
sections.

Our finding that TrkB expression, at least in RA, is not sea-
sonally regulated is consistent with previous research by Chen
and colleagues (2005), showing that TrkB mRNA is widely ex-
pressed in the zebra finch telencephalon and suggesting that a sex
difference in expression levels may be genetically rather than hor-
monally regulated. Given that TrkB mRNA appears to be consti-
tutively expressed throughout the telencephalon in GWCS, sea-
sonal regulation of its ligand BDNF likely underlies the induction
and/or modulation of neural plasticity in the song system.

Our findings suggest that BDNF plays a role in the seasonal
growth of the song system. The presence of BDNF mRNA in
HVC, its absence in RA and Area X, and the presence of the TrkB
receptor in the downstream nuclei suggest that BDNF is trans-
ported anterogradely from HVC. Infusing recombinant BDNF
into RA in non-breeding condition birds mimicked the effects of
breeding physiology on neuronal size and density in RA. BDNF,
but not NGF, increased RA neuronal size and decreased neuronal
density without inducing significant changes in HVC. These
changes suggest that BDNF acts directly on RA neurons to induce
breeding season-like growth of this nucleus. In addition, the lack
of effect of NGF suggests that BDNF acts primarily on the TrkB
receptor rather than the p75 receptor, which can also be activated
by NGF (Reichardt, 2006).

The trends toward a neuronal size increase and cell density
decrease in HVC of the birds infused in RA with BDNF suggest
that there may have been some retrograde transport of the in-
fused BDNF. It is possible that retrogradely transported BDNF
within HVC had an indirect effect via some other growth factor
or a change in HVC activity levels to cause the changes seen in RA.
The weakness of the changes seen in HVC compared with those
seen in RA, however, argues against this possibility.

The lack of a change in RA volume might seem surprising
given the changes in neuronal density. Tramontin et al. (2000),
however, showed that while somatic area was fully increased in
RA by 7 d of LD and T treatment, the overall volume did not
change significantly until after 20 d of treatment. Neuronal den-
sity was at an intermediate level at 7 d. It is possible that the
14-day BDNF infusion was not long enough to increase the vol-
ume of RA. Changes in neuronal density and size appear to pre-
cede and contribute considerably to changes in nuclear volume
(Tramontin and Brenowitz, 2000).

Infusing TrkB&C-Fc into RA inhibited the trophic effects of
LDs and T on somatic area and neuronal density in RA. We did
not see a significant effect of infusing TrkB-Fc or TrkC-Fc alone
into RA. It is possible that BDNF and NT-3 play complementary
or redundant roles in the changes in RA somatic area in response

Table 3. HVC attributes across hemispheres, comparison between vehicle controls and high-dose BDNF birds (mean � SEM)

Vehicle controls BDNF 1.5 mg/ml Treatment Hemisphere Interaction

Ipsilateral Contralateral Ipsilateral Contralateral F p F p F p

Somatic area (�m2) 45.39 � 2.21 45.08 � 2.98 49.70 � 5.58 41.50 � 6.13 0.0036 0.95 4.24 0.085 3.65 0.10
Density (neurons/mm3) 2.22 � 105 �

1.49 � 104

2.47 � 105 �
2.14 � 104

2.49 � 105 �
3.79 � 104

2.86 � 105 �
2.82 � 104

0.82 0.40 8.08 0.029 0.26 0.63

Volume (mm3) 0.51 � 0.06 0.47 � 0.03 0.54 � 0.07 0.50 � 0.09 0.113 0.75 3.467 0.11 0.019 0.89

Figure 4. Comparison of HVC somatic area (A) and neuronal density (B) across hemispheres
in birds infused with vehicle or the highest dose of BDNF. Bars are group means � SEM;
numbers inside bars indicate number of birds in each group.
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to seasonal cues, and the activity of either neurotrophin may be
able to compensate for a decrease in the activity of the other. We
focused on BDNF in this study because of previous research
showing that it is regulated by steroids in the song system as well
as other systems. We found no reports of sex steroid regulation
of NT-3, although stress and glucocorticoids can increase
NT-3 levels in the hippocampus (Smith, 1996). It will be im-
portant, however, to investigate the levels of NT-3 and TrkC in
the song nuclei of breeding and nonbreeding condition birds
to better determine their role in seasonal plasticity. Prelimi-
nary data from a cDNA microarray study show that both
BDNF precursor and NT-3 precursor had significantly higher
expression in HVC tissue taken from LD�T birds compared
with SD birds (our unpublished data).

It is also possible that NT-4, another neurotrophin that binds

with high affinity to the TrkB receptor, plays a role in seasonal
plasticity in the song system. NT-4 and BDNF often overlap in
their effects, but not always (Lodovichi et al., 2000), which may be
due to different receptor binding properties (Minichiello et al.,
1998). It would be worthwhile to investigate NT-4 expression in
the song system to determine whether there is any overlap with
BDNF and/or TrkB.

It is unclear why we found a higher neuronal density on the
ipsilateral side across treatment groups in this experiment, al-
though it is possible that local inflammation in response to the
cannula played a role. Such an effect would presumably also oc-
cur in our BDNF infusion study, and yet we saw a decrease in
density on the ipsilateral side, suggesting that the effect of BDNF
on neuron density in RA transcends any local damage-induced
increase in density.

There are several possible mechanisms of BDNF’s effects on
the growth of RA. BDNF acting through TrkB receptors can ac-
tivate the MAPK/ERK (MAPK/extracellular signal-regulated ki-
nase) and PI3 (phosphatidylinositol 3)-kinase-Akt pathways,
which are known to play a role in structural plasticity of neurons
(Wu et al., 2001; Vaillant et al., 2002). Activation of these path-
ways also promotes cAMP response element-binding protein
phosphorylation, which regulates the transcription of many
plasticity-related genes (Lonze and Ginty, 2002). Alternatively,
TrkB can activate PLC-� (phospholipase-C-�) to increase intra-
cellular Ca 2� levels, thereby activating Ca 2�/calmodulin-
dependent kinases II and IV (CaMKII; CaMKIV), which regulate
dendritic growth and spine formation (Dijkhuizen and Ghosh,
2005). In the adult zebra finch, injection of BDNF into RA in-
creases the density of synaptic boutons of HVC axons on RA
neurons (Kittelberger and Mooney, 2005). We did not measure
dendritic branching or spine density in this study, but given the
seasonal changes in these attributes seen in other songbirds (Hill
and DeVoogd, 1991), as well as the effects of BDNF on dendrites
in other systems, such changes may have occurred in our BDNF-
infused birds as well.

The role of endogenous neurotrophins in seasonal growth of
RA is still under investigation. We hypothesize that BDNF serves
as a link between the action of circulating steroid hormones on
HVC and the changes in RA, X, and song behavior that occur in
response to seasonal cues. Although we have shown that BDNF
mRNA increases in HVC in response to seasonal-like cues, it will
be important to determine whether endogenous levels of BDNF
(and/or NT-3) protein increase in RA under breeding-like con-
ditions. If BDNF protein levels do increase seasonally in RA, then
the increase may be due to local production and/or anterograde
transport from HVC and/or from the lateral magnocellular nu-
cleus of the anterior nidopallium (lMAN), both of which are

Table 4. RA neuronal attributes across hemispheres after infusion with Trk-Fc fusion proteins, comparison among treatment groups (mean � SEM)

Two-way repeated-measures ANOVA

Saline TrkB-Fc TrkC-Fc TrkB&C-Fc

Treatment Side Interaction

F p F p F p

Somatic area (�m2)
Ipsilateral 112.36 � 10.67 143.05 � 11.04 103.46 � 5.93 129.75 � 14.88 1.466 0.28 9.70 0.01 3.36 0.059
Contralateral 116.26 � 7.45 142.94 � 1.30 114.88 � 9.37 151.64 � 16.0

Density (neurons/mm3)
Ipsilateral 7.13 � 104 �

1.21 � 104
4.27 � 104 �
4.92 � 103

4.66 � 104 �
6.97 � 103

4.63 � 104 �
5.35 � 103

4.098 0.04 4.944 0.048 0.33 0.81

Contralateral 6.44 � 104 �
5.73 � 103

4.00 � 104 �
4.60 � 103

4.38 � 104 �
6.44 � 103

3.93 � 104 �
3.1 � 103

Figure 5. Comparison of RA somatic area (A) and neuronal density (B) across hemispheres in
birds infused with saline, TrkB-Fc alone, TrkC-Fc alone, or TrkB&C-Fc. Bars are group means �
SEM; numbers inside bars indicate number of birds in each group. *p � 0.059 (Tukey’s HSD),
comparison between ipsilateral and contralateral side.
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afferent to RA. Additional studies are needed to understand the
detailed mechanisms, but the present study suggests that neuro-
trophins play a role in the seasonal plasticity of the song system
and provides insight into the importance of these growth factors
in a model of systems-level changes in the neural structures that
control a learned behavior.
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