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The high vocal center (HVC) controls song production in songbirds
and sends a projection to the robust nucleus of the archistriatum
(RA) of the descending vocal pathway. HVC receives new neurons
in adulthood. Most of the new neurons project to RA and replace
other neurons of the same kind. We show here that singing
enhances mRNA and protein expression of brain-derived neuro-
trophic factor (BDNF) in the HVC of adult male canaries, Serinus
canaria. The increased BDNF expression is proportional to the
number of songs produced per unit time. Singing-induced BDNF
expression in HVC occurs mainly in the RA-projecting neurons.
Neuronal survival was compared among birds that did or did not
sing during days 31-38 after BrdUrd injection. Survival of new HVC
neurons is greater in the singing birds than in the nonsinging birds.
A positive causal link between pathway use, neurotrophin expres-
sion, and new neuron survival may be common among systems
that recruit new neurons in adulthood.

A set of interconnected brain nuclei referred to as the song
system is responsible for song acquisition and production in
songbirds. This system includes the high vocal center (HVC),
which sends projections to two nuclei, the robust nucleus of the
archistriatum (RA), and Area X (Fig. 1). The main motor
pathway for song production runs from HVC to RA; RA in turn
innervates mesencephalic and medullary nuclei that control
respiratory muscles and the bird’s vocal organ, the syrinx (1, 2).
The projection from HVC to Area X is part of a separate
forebrain circuit that is necessary for song learning but not for
the production of learned song (3-6).

HVC continues to receive new neurons in adulthood, and a
majority of these cells project to RA (7-10). The recruitment of
new HVC neurons is part of a replacement process, with peaks
in cell death in August (midsummer) and January (midwinter),
when blood testosterone levels of adult male canaries are low.
These peaks in cell death are followed by peaks in new neuron
incorporation in October and March, when blood testosterone
levels are high (11). Male canaries modify their song in adult-
hood by adding, dropping, and altering song syllables. Most of
these changes occur during the summer and fall, with a second-
ary wave of change in winter. Song stability is maximal in the
spring, when canaries breed and recruitment of new HVC
neurons is at its lowest (12). It has been hypothesized that
neuronal replacement in HVC provides a cellular basis for the
song plasticity observed in adult canaries (11, 13).

The mechanism that regulates neuronal survival and turnover
in HVC has been the focus of two previous studies. These studies
suggested that the survival of new HVC neurons can be regu-
lated by testosterone or a testosterone metabolite (14), and the
testosterone effect is mediated by the brain-derived neurotro-
phic factor (BDNF) (15). Specifically, the increase in the re-
cruitment of new HVC neurons after systemic testosterone
treatment is blocked by infusing an antibody against BDNF into
HVC. Moreover, the effect of testosterone could be mimicked by
infusing BDNF into HVC, which is in line with the observation
that the BDNF receptor TrkB is present in this nucleus (15). The
present study extends these observations in two important ways.
First, we show that the level of BDNF expression in HVC is
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closely related to how much a canary sings. Second, we show that
singing increases the survival of new HVC neurons. Because
testosterone is known to regulate singing in adult canaries
(16-18), our results fit well with the earlier data. We also show
that the changes in BDNF expression occur mostly in the class
of HVC neurons that continue to be replaced in adulthood.
Taken together, the earlier work and the results we report here
suggest that singing and the attendant increase in BDNF ex-
pression help maintain the neural circuits involved in the pro-
duction of learned song.

Materials and Methods

Animals and Song Behavior. Adult male canaries (1-2 years old)
from our colony of Belgian Waterslagers were used in all of the
experiments. These birds were kept under the natural photope-
riod of New York State. Singing experiments for gene expression
analysis were carried out as described (19). Typically, 5-10 birds
were placed in a quiet room and kept silent (by waving a hand
at them when they tried to sing) for at least 2 h before a singing
session began. Birds were stimulated to sing with conspecific
song playbacks. Singing was quantified by counting the number
of songs produced by each bird during a given period. Birds that
sang 40-50 songs during a 1-h period were accepted as singing
birds unless mentioned otherwise. The nonsinging birds natu-
rally did not sing during this time. Singing and nonsinging birds
were obtained from October to June, avoiding the summer
months when canary song is more sporadic. We found no
seasonal differences in BDNF expression in both singing and
nonsinging birds, so the only variable we followed was whether
a bird sang or not, and if it sang, how many songs it produced.

A song was defined by the onset of singing after a period of
a least 5 sec of silence and counted as a single song for however
long the bird continued to sing in an uninterrupted manner. The
average song duration lasted approximately 10 sec (ranging from
5 to 30 sec), regardless of how many songs a bird sang. This was
measured in a group of birds (10-15, housed singly but held
communally in a same room); attention was focused on one bird
at a time for 15 min; during this time, the number of songs
produced by each bird was counted manually and the duration
of each song was measured by using a stopwatch.

In Situ Hybridization and Quantification. A BDNF cDNA fragment
was isolated by screening a zebra finch forebrain cDNA library.
Identity of this fragment (600 bp), as judged from its similarity
to mammalian BDNF, was confirmed by sequence analysis. This
fragment then was used to make sense or antisense riboprobes.
In situ hybridization was carried out as described (19). Briefly,

Abbreviations: HVC, high vocal center; RA, robust nucleus of the archistriatum; BDNF,
brain-derived neurotrophic factor.

*To whom reprint requests should be addressed. E-mail: nottebo@rockvax.rockefeller.edu.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

Article published online before print: Proc. Natl. Acad. Sci. USA, 10.1073/pnas.140222497.
Article and publication date are at www.pnas.org/cgi/doi/10.1073/pnas.140222497



l

Syrinx

Fig. 1. Sagittal diagram showing the relationship of HVC to other song
nuclei mentioned in the text. RA and nXllts are part of the motor pathway that
is necessary for song production. Area X (X) is part of the forebrain pathway
necessary for song learning. The syrinx is the vocal organ of birds. The region
of hippocampus (HP) above HVC was sampled as a nonsong system part of
forebrain.

sections (10 um) were fixed in 3% paraformaldehyde and
hybridized with 10° cpm/section 33S-label BDNF probe at 65°C
for 4 h [50% formamide, 2 X standard saline phosphate/EDTA
(0.18 M NaCl/10 mM phosphate, pH 7.4/1 mM EDTA (SSPE),
400 pg/ml poly(A), 2 mg/ml tRNA, 1 mg/ml BSA, and 100 mM
DTT]. Washing was conducted in 2 X SSPE containing 50%
formamide, twice for 30 min each time, and then in 0.2 X SSPE,
30 min each for two times, all at 65°C. Slides were exposed to
NTB-2 (Kodak) emulsion for 5-6 weeks. After development,
sections were counterstained with cresyl violet and coverslipped.
Images were captured with a charge-coupled device camera
under a X63 objective, and the number of exposed silver grains
(size range of 2 to 8 pixels) was counted by using the National
Institutes of Health IMAGE program. For each sample, three
evenly spaced sagittal sections were quantified. Four non-
overlapping, randomly picked rectangular areas (each included
50-80 cells) were analyzed for HVC. Areas of similar size were
quantified in the hippocampus above HVC. Sense strand probe
was always included in the hybridization reaction, and the
nonspecific binding was subtracted.

Western Blot Analysis. The singing birds sang a minimum of 40-50
songs/h during the first 3 h after lights went on in the morning
and were allowed to sing for an additional 3-5 h before being
killed. The nonsinging birds, for reasons of their own, did not
sing during this time. HVC was punched out from brain sections
with a glass pipette (0.75 mm in diameter) under a dissecting
microscope. Tissues were homogenized (50 mM Tris, pH 7.5/
150 mM NaCl/10% glycerol/1% NP-40/0.1% SDS/mixture of
protease inhibitors, Sigma), incubated for 30 min on ice, and
centrifuged (21,000 X g, 30 min). The supernatant was collected,
and protein concentration was measured. Proteins were resolved
on a 10-20% Tris-glycine/SDS gel. After transferring, the blot
was incubated with an anti-BDNF polyclonal antibody made
against a peptide sequence of recombinant human BDNF (1:500,
Santa Cruz Biotechnology), then with a secondary antibody
(1:2,000) and visualized with the enhanced chemiluminescence
system (Amersham Pharmacia) combined with the ABC kit
(Vector Laboratories). Quantification was done with National
Institutes of Health IMAGE. The levels of BDNF protein found
in the singing birds were expressed as a percentage of that in the
nonsinging ones.

BDNF-Rhodamine Double-Labeling Experiment. Canaries were in-
jected with rhodamine-conjugated beads (Lumafluor, New
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York) into RA (240 nl) of one hemisphere and Area X (360 nl)
of the other, with the right and left sides alternated. Birds were
killed after singing 40—50 songs during a 1-h period. Brains were
processed for in situ hybridization as described except that
digoxigenin-labeled BDNF riboprobe was used and BDNF
signal was detected with the TSA amplification system (NEN).
Briefly, after hybridization sections were blocked (100 mM Tris,
pH 7.5/150 mM NaCl/1% normal goat serum) and incubated
with peroxidase conjugated anti-digoxigenin antibody (1:500,
Boehringer Mannheim) overnight at 4°C. After washing (100
mM Tris, pH 7.5/150 mM NacCl), sections were incubated with
biotinylated tyramide, washed again, and then incubated with
Cy2-conjugated streptavidin (1:200, The Jackson Laboratory).
Images were scanned with a confocal microscope (LSM510), at
585 nm (red) for rhodamine and 510 nm (green) for Cy2 with
2-um photosectioning. The number of rhodamine-labeled cells
and double-labeled cells (both rhodamine and BDNF positive)
were counted by using the criterion that the neuronal soma had
to be well labeled and defined with the markers used.

Neuronal Survival Experiment. Canaries were injected with BrdUrd
(10 mg/ml, in 50 wl of saline, Sigma) twice a day for 5 days in
early October. The “singing experiment” (see Fig. 54) began 25
days after the last injection and went on for 8 days. Birds were
randomly divided into two groups. The singing group (n = 9) was
stimulated to sing by exposing it to three 2-h sessions per day of
conspecific song playbacks (song of a single bird, not related to
experimental birds, singing on and off at its own tempo). The
nonsinging birds (n = 5) were kept under similar conditions
without hearing the playbacks. An investigator sat in the room
where the nonsinging birds were held during the entire daylight
hours of the 8-day period. Every time a bird started to sing, the
investigator waved a hand at it to stop the singing. Birds were
killed at the end of the 8-day period by an overdose of anesthesia
(Nembutal) and perfused with 4% paraformaldehyde.

Brains were sectioned with a freezing microtome into 30-um
serial sagittal sections. Every fourth section (a total of 9-12
sections) containing HVC was processed for BrdUrd immuno-
cytochemistry as described (20). Free-floating sections were
treated with 0.6% H,O,/PBS for 30 min to block endogenous
peroxidase. DNA was denatured by 2-h incubation in 50%
formamide/2X SSC at 65°C, followed by 30-min incubation in 2
M HCI at 37°C, and 10 min in 0.1 M boric acid, pH 8.5. The
sections then were blocked and incubated with anti-BrdUrd
antibody (made in rat, 1:200, in 10% horse serum, 0.25%
Triton/PBS) at 4°C overnight, then with biotinylated anti-rat
secondary antibody at room temperature for 2 h, followed by
standard ABC-diaminobenzidine (Vector Laboratories) stain-
ing. Sections then were incubated with anti-Hu antibody (made
in mouse, 1:200) at 4°C overnight, followed by incubation with
Cy3-conjugated anti-mouse antibody. Cells that were positive for
both BrdUrd and the neuronal marker Hu (21) were identified
and counted. A dark-field condenser was used to delineate the
boundary of HVC, and HVC volume was calculated by multi-
plying the total area by the section thickness and section
intervals. We also measured the nuclear diameters of BrdUrd-
labeled HVC neurons (20 cells/individual) in the singing and
nonsinging birds. The part of hippocampus immediately dorsal
to HVC was sampled for the numbers of BrdUrd-labeled
neurons. Quantification was performed by a person not aware of
the experimental treatment of each group.

Results

Singing Induces BDNF Expression in HVC. BDNF mRNA expression
in the HVC of singing and nonsinging birds was studied by in situ
hybridization. The singing birds (n = 6) had three times the level
of BDNF mRNA expression in HVC as compared with the
nonsinging ones (n = 4), P < 0.0001 (Fig. 2 A and B). BDNF
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Fig. 2. BDNF expression in the HVC of adult male canaries. (A) Dark-field
images of in situ hybridization, showing BDNF mRNA expression in HVC of
singing and nonsinging birds. (Scale bar, 200 um.) (B) Quantitative analysis of
BDNF mRNA expression in the HVC and hippocampus of nonsinging (n = 4)
and singing birds (n = 6), P < 0.0001 for HVC and P = 0.97 for hippocampus,
unpaired ttest. Values are mean = SEM. (C) Western blot analysis showing the
amount of BDNF protein in the HVC of singing birds (n = 7) is 30% higher than
that in the nonsinging birds (n = 6); P < 0.0001, unpaired t test.

mRNA expression also was found in some telencephalic regions
that are not directly related to the song system. As an example
of one of these areas, we quantified BDNF expression in the
hippocampus above HVC, where we found no significant dif-
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Fig. 3. BDNF mRNA expression in HVC is correlated to the number of songs
produced by each bird. (A) A strong and significant correlation was found
between BDNF mRNA expression in HVC and the number of songs sung by
each bird during a 30-min period (n = 31, r = 0.88, regression analysis; P <
0.001, ANOVA test). (B) In situ hybridization autoradiography of two birds
thatsang 25 and 52 songs, respectively. The density of silver grains reflects the
relative level of BDNF mRNA expression.

ference in BDNF expression between birds in the singing and
nonsinging groups, P = 0.97.

We then did Western blot analysis to compare the levels of
BDNF protein in the HVC of singing and nonsinging birds. A
14-kDa BDNF immunoreactive band similar to that of the
recombinant human BDNF was detected in tissue homogenate
made from HVC. The specificity of this band was confirmed by
showing that preabsorption of the antibody with its correspond-
ing peptide antigen completely abolished the antibody’s ability to
detect the 14-kDa band (data not shown). With this antibody, we
show that (Fig. 2C) after birds sang for 6—8 h, BDNF protein
levels in HVC increased by 30% compared with that of non-
singing birds (P < 0.0001, unpaired ¢ test; n = 6 for nonsinging
birds and n = 7 for singing birds). We conclude that singing-
induced BDNF mRNA expression in HVC was followed by a
modest, yet significant increase in BDNF protein in that same
nucleus.

BDNF mRNA Expression in HVC Is Correlated to the Number of Songs
Produced. To determine whether singing-induced BDNF expres-
sion was an all-or-none phenomenon or a graded event, we next
examined the relationship between the number of songs pro-
duced by each bird during a 30-min period and the level of BDNF
expression in HVC. A total of 31 birds was exposed to song
playbacks for 30 min; 12 of these birds remained silent and 19
responded by singing. The number of songs produced by each
singing bird were counted. BDNF mRNA expression in HVC
then was analyzed by in situ hybridization. Fig. 34 shows that a
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Fig.4. BDNFmRNA isinduced primarily in the RA-projecting neuronsin HVC.
(A) RA- and Area X-projecting neurons were retrogradely labeled with injec-
tions of rhodamine beads into the RA or Area X of each bird (n = 4). (B) The
rhodamine signal (red) and the BDNF signal (green) were visualized with
confocal microscope at 2-um photosectioning. (a) Arrows point to neurons
backfilled from RA that showed BDNF expression. (b) Arrows point to neurons
backfilled from Area X that did not express BDNF. Lower-magnification view
of HVC showing the level of BDNF expression was much higher in the singing
birds (c) than in the nonsinging birds (d). (Scale bars: 10 um for a and b; 50 um
for c and d.) See Table 1 for quantification.

strong and significant correlation was found between the number
of songs produced and BDNF mRNA expression. The more
songs a bird sang, the higher the BDNF expression in its HVC
(r = 0.884, P < 0.0001, regression analysis). Fig. 3B shows in situ
hybridization autoradiography of two birds that sang 25 and 52
songs, respectively. The density of exposed silver grains reflects
the relative level of BDNF mRNA expression.

BDNF Expression in HVC Occurs Primarily in the RA-Projecting Neurons.
HVC contains one population of neurons that project to RA and
another one that projects to Area X (Fig. 14). We did a
double-labeling experiment to determine in which population of

these neurons BDNF is induced by singing. In this experiment,
rhodamine (red) beads were injected into RA or Area X to
retrogradely label the projecting neurons (Fig. 44), and BDNF
mRNA was detected by in situ hybridization with the aid of a
fluorescence-conjugated antibody (green). As shown in Fig. 4B,
many of the RA-projecting neurons were positive for BDNF (a),
but only a minority of the Area X-projecting ones were BDNF
positive (b). We quantified the percentage of each projecting
neuron population that expressed BDNF after singing. As shown
in Table 1, 73% = 14% (SD) of the rhodamine-backfilled
R A-projecting neurons were positive for BDNF mRNA expres-
sion, and 11% = 5.7% (SD) of the rhodamine-backfilled Area
X-projecting neurons expressed BDNF mRNA (n = 4, P < 0.05,
Mann-Whitney U test). BDNF expression in the HVC of non-
singing birds was too low to be reliably quantified (compare Fig.
4B ¢ and d). We conclude from this experiment that singing-
induced BDNF mRNA expression in HVC occurs primarily in
the RA-projecting neurons.

Singing-Related Neuronal Survival in HVC. The experimental design
of the neuronal survival study is shown in Fig. 54. Adult male
canaries received BrdUrd injections for 5 days. Twenty-five days
after the last BrdUrd injection, birds were divided into singing
and nonsinging groups and subjected to an 8-day singing exper-
iment (as described in Materials and Methods). We then exam-
ined the volume of HVC, the nuclear diameter of the new
neurons in HVC, and the number of new neurons in the HVC
of the two groups. There was no significant difference in HVC
volume between the singing and nonsinging groups (0.304 = 0.01
mm? for the singing group and 0.299 = 0.018 mm? for the
nonsinging group; P = 0.779, unpaired ¢ test). Similarly, there
was no significant difference in the mean nuclear diameter of
BrdUrd-labeled new neurons between the singing and nonsing-
ing birds (7.9 = 0.09 um vs. 8.2 = 0.37 um, P = 0.34). However,
as shown in Fig. 5B, the number of BrdUrd-labeled neurons in
the HVC of the singing birds was significantly higher than that
of the nonsinging birds (588 = 20 BrdUrd*/Hu™ cells per mm?
in the singing group and 360 = 29 BrdUrd*/Hu™ cells per mm?
in the nonsinging group, P < 0.005, unpaired ¢ test). Besides
HVC, new neurons were found in other forebrain regions, such
as the hippocampus. However, we found no significant differ-
ence in the number of BrdUrd-labeled neurons in the hippocam-
pus between the two groups (626 = 50 BrdUrd"/Hu™ cells per
mm? for the singing group and 583 = 85 BrdUrd " /Hu™ cells per
mm? for the nonsinging group; P = 0.736, unpaired  test). Fig.
5C shows an example of a BrdUrd*/Hu* double-labeled neuron
in HVC at high magnification.

Discussion

BDNF has been shown to play diverse roles in modulating the
structure and function of the mammalian central nervous system
during development and in adulthood (22-24). BDNF can
function as an autocrine-paracrine survival factor in the central
nervous system (25-27), regulates dendritic and axonal mor-

Table 1. Rhodamine-labeled projection neurons that express BDNF mRNA after singing

RA-projecting cells

Area X-projecting cells

Double- Rhodamine- Double- Rhodamine-
Birds labeled cells labeled cells % labeled cells labeled cell %
Bird 1 28 45 62 2 34 6
Bird 2 43 74 58 4 55 7
Bird 3 79 99 80 4 28 14
Bird 4 64 73 88 7 38 18
Total 214 291 73* 17 155 11*

*This is an average of all four birds. P < 0.05 for both groups, Mann-Whitney test.
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Fig. 5. Singing enhances the survival of new HVC neurons. (4) All birds
received BrdUrd injections for 5 days and were free to sing from days 6 to 30.
The singing group was stimulated to sing and the nonsinging group was
prevented from singing from days 31 to 38. All birds were killed on day 38. (B)
The number of BrdUrd-labeled neurons in the HVC of the singing group (n =
9) is significantly higher than that of the nonsinging group (n = 5), P < 0.005.
No difference was found in the number of BrdUrd-labeled neurons in the
hippocampus of the two groups, P = 0.736. Values correspond to mean + SEM.
(C) A confocal image showing neurons are labeled with the neuronal marker
Hu (red), a neuron born during the 5-day injection period is labeled with
BrdUrd (green in nucleus). (Scale bar: 10 um.)

phology (28-30), and affects synaptogenesis (31) and synaptic
efficacy (32-35). In turn, BDNF gene expression is regulated by
neural activities (36-39). These studies suggest that BDNF may
provide a link between neural activity and the structural and
functional plasticity of the nervous system. Here we report that
singing enhances BDNF expression in the song nucleus HVC and
the level of BDNF expression is closely related to the behavioral
state of the birds. The more the birds sing, the higher the BDNF
expression. The singing-induced BDNF expression occurs mostly
in the kind of neurons that are necessary for song production and
that continue to be replaced in adulthood.
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Singing does not induce BDNF expression in hippocampus.
This is not surprising because there is no evidence that hip-
pocampus is involved in song behavior. HVC, however, is
necessary for the production of learned song (1, 2), and there is
a strong increase in neuronal firing in the HVC of birds when
they sing (40, 41). BDNF expression is known to be regulated by
neuronal depolarization (42, 43). It is likely that BDNF expres-
sion in HVC results from neuronal firing associated with song
production. The singing bird also heard its own song. How do we
know that the change in BDNF expression that accompanies
singing results from the motor activity and not from hearing
song? HVC neurons show little responses to playbacks of
conspecific song in awake birds (44). Moreover, the expression
of three activity-dependent genes (cFos, ZENK, and BDNF)
does not increase in the HVC of birds that heard song but did
not sing, and there is no difference in gene expression in the
HVC of intact vs. deaf singing birds (refs. 19 and 45 and X.-C.L.,
unpublished results). These observations suggest that the in-
crease in BDNF expression in the HVC of singing canaries
resulted not from hearing song, but from song production.

Singing induced a 30% increase in BDNF protein in HVC.
Although this increase seems modest when compared with the
3-fold increase in BDNF mRNA, a few caveats are in order. First,
we do not know when the singing-induced rise in BDNF protein
levels peaked in HVC. These levels were not significantly
different from those in nonsinging birds 2—-4 h after onset of
singing (data not shown) but were significantly higher at 6-8 h
and might have risen further. Second, BDNF protein has a
relatively long half-life (46). We do not know whether BDNF
protein produced during previous days contributed to the basal
level seen in our nonsinging birds. Finally, and perhaps most
importantly, it is known that much of the BDNF protein
produced in one site can be carried away by anterograde
transport (47, 48). If part of the BDNF protein produced in HVC
was transported to RA or Area X, then the amount left in HVC
would grossly underestimate the amount produced. Although
the overall 30% increase in BDNF protein in HVC is modest, it
can be considerably higher at a local, microanatomical level,
which could have a significant impact on a specific set of neurons
or synapses.

Singing enhanced the number of BrdUrd-labeled neurons in
HVC, but, as for BDNF expression, there was no such effect in
hippocampus. The hippocampus was chosen for this comparison
because it shows adult neurogenesis (49), it is not known to be
involved in song behavior, and at least in mammals, its neuro-
genesis is known to be sensitive to stress (50, 51). The absence
of a difference in new neuron numbers in the hippocampus of
singing vs. nonsinging birds suggests that our method of pre-
venting canaries from singing (waving a hand at a bird that
started to sing) did not induce systemic physiological changes
that affected the number of new neurons in general. Rather, the
effect of singing on new HVC neurons was functional and circuit
specific, and probably related to the neuronal firing in HVC that
accompanies song production.

The effect of singing on new HVC neuron numbers probably
resulted from an effect on cell survival. The new neurons were
born 25-30 days before the birds were separated into singing and
nonsinging groups. Birds in the two groups received different
treatment during the last 8 days of their life, from days 31 to 38
after the first BrdUrd injection. By that time probably all of the
BrdUrd-labeled neurons had reached their destination, adopted
a postmigratory phenotype, and were in the process of estab-
lishing connections (10). Recent work shows that, for reasons
unknown, half of new HVC neurons born in adulthood disappear
between their second and third week of life (10). Now we know
that even after that initial wave of death, survival of the
remaining new neurons is not guaranteed, but is probably
activity-dependent.

Lietal.



Experience-dependent enhancement of new neuron numbers
has been reported in other systems. For example, the number of
new hippocampal neurons in the blackcapped chickadee (Parus
atricapillus) is higher in free-ranging than in captive individuals;
in the former, the abundance of these new cells is correlated with
seasonal peaks in food caching (49). This work, however, did not
discriminate between the effects of experience on production,
migration, and survival of new neurons. Experiments in rodents
have shown that training rats on learned tasks that require
hippocampal participation enhances the survival of newly
formed hippocampal cells (52); mice placed in an enriched
environment and rats that ran in a running wheel also showed
greater survival of new hippocampal neurons (53, 54). Our
results with canaries extend the experience-dependent regula-
tion of new neuron survival to another behavioral modality,
singing. Our results are unique in that they show a relationship
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