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Abstract
New neurons formed in the adult brain are incorporated into existing circuits. However, the number
of new neurons recruited into a given brain region varies widely depending on the experience of the
animal. An emerging general principle is that recruitment and early neuronal survival may be
correlated with activity or use of the brain region. Here we show that use-dependent neuronal survival
also occurs in the higher order auditory processing region of the songbird caudomedial nidopallium
(NCM). We suggest that retention of young neurons may in part be influenced by use of the system
without an increased demand for learning or behavioral plasticity.
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INTRODUCTION
In the adult vertebrate, particular neural populations are continually replaced throughout
adulthood whereas other neuron types presumably persist more or less for the lifespan of the
organism [12]. In some brain regions, the number of incoming neurons compensates for the
number of "replaceable" neurons that die [23,24,36,51]. In other systems, or under different
conditions, neuron addition need not balance neuron death [51,58]. Regulatory mechanisms
underlying neuronal incorporation are not well understood, although evidence increasingly
suggests that functional activity of the circuitry that incorporates new neurons may contribute
to the survival of young incoming neurons. For instance, hippocampal-dependent learning is
correlated with an increase in the incorporation and survival of new neurons in the dentate
gyrus of the hippocampus [17,54,64]. In addition, olfactory deprivation results in diminished
new neuron incorporation of the granule cells of the olfactory bulb [11,30,41,65] and olfactory
enrichment results in increased survival of these neurons [49]. Use of a brain region and lifespan
of newly recruited neurons also appear to be correlated in the songbird nucleus HVC, part of
the motor pathway for song production. Singing is a behavioral measure of the firing activity
of HVC neurons that project to the premotor Robust Nucleus of the Archistriatum (RA) [18]
and singing rate is correlated with increased survival of new HVC-RA projection neurons [4,
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26]. Singing also upregulates brain-derived neurotrophic factor (BDNF), which may mediate
the survival of young HVC-RA neurons [26,47].

Here we further test the relationship between use of a brain region and the survival of new
neurons within that brain region using the avian caudomedial nidopallium (NCM). NCM is a
target of subdivisions of the primary auditory region Field L, which receives thalamic input
from the auditory nucleus ovoidalis. NCM contains at least 2 subtypes of GABAergic neurons,
based on calbindin expression and soma size, as well as excitatory neurons [44,45]. It is not
known which neuron types are replaceable or whether new neuron incorporation is balanced
by neuron death. Activity in NCM corresponds specifically to perceptual processing and
memory of conspecific vocalizations, as measured by electrophysiology [8,9,42,59],
expression of the immediate early gene zenk [6,7,20,48] and behavioral recognition tasks
[16].

New neuron survival in NCM is influenced by the bird's experience as well as neuron age and
position within NCM. Birds that are introduced into large social groups of unfamiliar
individuals maintain more young neurons than birds that are placed with a single other
individual or housed alone [1,5,27]. Although there are numerous potentially relevant variables
associated with complex social housing, a compelling difference between the housing groups
in these studies was the amount of exposure to novel conspecific songs [2], suggesting use-
based retention of young neurons in NCM.

To determine whether the survival of young neurons in NCM is influenced by NCM usage in
the absence of exposure to novel songs, we compared NCM neuron incorporation between
hearing and deafened adult male zebra finches kept in stable social groups. We found a striking
decrease in 1 month old neurons incorporated into the NCM of deaf birds compared to hearing
birds, which was concentrated in the medial region of NCM. These findings are consistent with
the idea that use of NCM may be a key component in regulating young neuron survival in this
population.

MATERIALS AND METHODS
Experimental design

All procedures were approved by the Queens College Institutional Animal Care and Use
Committee. Sixteen male zebra finches were raised in individual family cages in our breeding
colony until birds reached adulthood (>90 days old). At this time, young adults were assigned
to 1 of 2 large group cages (8 per cage), matched for age, with brothers split between the 2
groups to balance potential genetic differences in neurogenesis [21].

The 2 group cages were housed together in a room without other zebra finches, separated
visually and acoustically by sound attenuation chambers throughout the experiment. In this
way, we controlled for social complexity, prevented social change, and prevented hearing birds
from exposure to novel songs. This was done as a first step toward assessing whether the use
of NCM, in the absence of demands for new learning, impacts new neuron survival.

At 4–5 months of age, the birds received intramuscular injections of bromodeoxyuridine
(BrdU; 80 μl of a 10 mg/ml solution in 0.1 M tris buffered saline, pH= 7.4; Boehringer
Mannheim, Indianapolis, IN) 3 times/day for 4 consecutive days to label mitotically active
cells. Two to three days after the last BrdU injection, experimental birds were deafened by
bilateral surgical removal of the cochlea [25]. Deafening was done after cell birth dating so
that we could attribute any effects on new neurons to post mitotic events. Birds were
anesthetized with ketamine (0.03–0.05 mg ketamine/g weight of bird) and xylazine (0.06 mg
xylazine/g). A skin incision was made caudal to the external auditory meatus and muscle was
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retracted. A patch of outer skull was removed with fine forceps and a hole was bored into the
bony cochlear casing thereby exposing the cochlea. The cochlea was then removed with a small
wire hook and the hole sealed with cyanoacrylate. The muscles were replaced and skin sutured.
Control birds received sham surgeries in which the skull patch was removed but the cochlea
was not exposed. After recovery, birds were placed back in their respective preoperative cages.

Histology
Twenty eight days after deafening (30–31 days after the final BrdU injection), birds were
deeply anesthetized and perfused transcardially with 0.1M PBS followed by 4%
paraformaldehyde. The brains were post fixed for 1 h in 4% paraformaldehyde, rinsed in PBS
for 3 hrs, and then dehydrated in increasing concentrations of ethanol and embedded in
polyethylene glycol (PEG; Polysciences, Warrington, PA). Six-μm sagittal sections were cut
on a rotary microtome. Care was taken to orient the brain with the midline parallel to the blade
edge. The first complete section through the telencephalon was saved and subsequently every
eighth section was mounted onto Superfrost + + slides, air dried overnight, and stored at −20º
C. Three series of tissue, each series offset by 1 section, were produced and all series were
processed for immunocytochemistry.

Immunocytochemistry
To label BrdU and Hu, sections were brought to room temperature in PBS, then exposed to
citrate buffer at 95°C for 10 min, followed by a 5 min wash in phosphate buffer (PB), 3 min
in 2.5% pepsin in 0.1N HCl at 37°C, and three 3 min washes in PB. Sections were then blocked
with 10% normal donkey serum (Jackson ImmunoResearch, West Grove, PA) and 0.3% Triton
X-100 in PB for 1 hr at room temperature, followed by overnight exposure to sheep anti-BrdU
(12.5 μg/ml at 4°C; Capralogics, Hardwick, MA). After three 10 min PB washes, sections were
processed with an avidin–biotin blocking kit (Vector Laboratories, Burlingame, CA), followed
by a 2 hr incubation in biotin-conjugated donkey anti-sheep IgG (1:200, Chemicon
International, Temecula, CA). After three 10 min PB washes in the dark, streptavidin
conjugated to Alexa 488 (1.25 μg/ml, Molecular Probes, Eugene, OR) was applied for 1 hr in
the dark for visualization of BrdU. This was followed by three 10 min washes in PB, 1 hr in
blocking solution in the dark, and overnight exposure to mouse anti-Hu primary antibody (10
μg/ml in blocking solution) (Hu MAB16A11, Molecular Probes) at 4°C. After three 10 min
PB washes at room temperature in the dark, tissue was exposed to donkey anti-mouse IgG
conjugated to Cy-3 (6.25 μg/ml, Jackson ImmunoResearch) for 1 hr in the dark to visualize
labeling of the cytoplasmic neuron-specific Hu protein. Sections were then washed, dehydrated
in ethanols, immersed briefly in xylenes, and cover slipped with Krystalon.

Mapping NCM
Data were collected without knowledge of bird identity. Area measurements and cell counts
were performed using a computer-yoked fluorescence microscope and mapping software
(Olympus BX51; Lucivid microprojection, Neurolucida, MicroBrightField, Inc., Colchester,
VT). The caudoventral boundary of NCM was defined by the caudal and ventral edges of the
brain and/or the lateral ventricle [32]. The rostral border of NCM in medial sections was defined
by the caudal medial mesopallium (CMM, previously called caudal medial hyperstriatum
ventrale, CMHV). In lateral sections, the rostral border of NCM was determined in relation to
the Field L Complex subdivision L2, which was identified using dark field optics and appeared
as a diffuse bright band of densely packed cells rich in neuropil [14]. The rostral border of
NCM was traced conservatively approximately 300μm caudal to the Field L subdivison L2 to
avoid the intervening subdivision L, which cannot be identified by differences in optical density
that are apparent with dark field microscopy.
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NCM Subregions
The contours of NCM were outlined in 20 parasagittal sections from approximately 170–986
μm lateral to the midline. Within this medial-lateral range, brain sections were divided into
medial (170–410 μm) and lateral (746–986 μm) subregions prior to cell counting to determine
whether there was a difference in new neuron incorporation between these regions (Figure 1A).
We based our divisions on patterns of zenk expression in response to playback of novel songs
which shows highest levels in NCM from the midline to approximately 500 μm lateral to the
midline. More laterally, zenk is still expressed, but is less dense, and less consistently
distributed [34]. Although there is no discrete cytoarchitechtural lateral boundary for NCM,
studies of connectivity, electrophysiology, and zenk expression suggest that functionally, NCM
is likely contained within 1.2 mm of the midline (Mello, pers. comm.; comparative summary
of NCM sampling regions provided by [60]).

After tracing the contours of NCM, each tracing was divided into dorsal and ventral regions
using Neurolucida (Figure 1B–D). Labeled cells in 10 sections were counted per medial-lateral
division per bird. We compared labeled cell numbers between medial and lateral NCM, and
between dorsal and ventral NCM.

Mapping control regions: nidopallium lateral to NCM, hippocampus, medial striatum caudal
to Area X

To test for specificity of potential effects of deafening on neuron incorporation, we also counted
new neurons in caudal nidopallium (NC) lateral to NCM, the hippocampus, and a region of
the medial striatum (MSt, previously lobus parolfactorius) medial and caudal to Area X. These
areas were selected because they are regions of high neuron incorporation yet are outside of
the song system, which may be functionally affected by deafening. We traced 10 sections of
the control region in NC lateral to NCM, within the range of about 1322–1562 μm from the
midline. In tracing NC, we maintained an approximate continuation of our NCM tracings by
using the caudal and ventral edge of the brain, and/or the lateral ventricle as the caudoventral
boundary of our control NC region. The dorsal boundary of NC was defined by the lateral
ventricle, the ventral boundary of lateral NC was the dorsal arcopallial lamina (LAD), and the
rostral boundary was traced approximately 300 μm caudal to the Field L subdivison L2. We
then traced 10 sections of the hippocampus distributed approximately 500 μm-1250 μm lateral
to the midline, roughly corresponding to sagittal plates 2–5 in the stereotaxic atlas of the zebra
finch brain [38]. Hippocampal areas were bounded by the lateral ventricle and caudal and dorsal
edge of the brain. The rostral boundary of the hippocampus was drawn 1 mm from the caudal
extent of the brain. To sample a region of the medial striatum medial and caudal to Area X,
we outlined a circular template 0.75 mm in diameter and placed this on 10 sections distributed
approximately 200μm - 986 μm lateral from the midline, corresponding roughly to sagittal
plates 1–6 in the stereotaxic atlas of the zebra finch brain [38]. The template was placed ventral
to the pallio-subpallialis lamina (LPS) (Figure 2).

Cell Quantification
BrdU-labeled cells were identified with a fluorescein isothiocyanate (FITC) filter and Hu-
labeled cells were identified with a rhodamine filter. Double-labeled cells were identified by
alternating between these two filters and also using a dual FITC-rhodamine filter (Figure 3).

Volume sampled
Areas were multiplied by section thickness and summed to calculate the volumes of regions
sampled. Cell densities per mm3 were calculated by dividing the number of cells in each label
category (BrdU+/Hu+ and BrdU+/Hu-) by the volume sampled.
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Statistical analysis
We tested differences between hearing and deaf groups using a 2 factor ANOVA with repeated
measures of the 3 NCM/NC regions in the medial-lateral dimension. A 2 factor ANOVA was
also conducted with the repeated measures of 2 NCM regions in the dorsal-ventral dimension.
Post-hoc Tukey's tests were used for pair wise comparisons. Differences between hearing and
deaf groups in control regions were analyzed with ANOVA. Data are shown as means + SEM.

RESULTS
We found an overall difference in the density of new neurons in NCM (BrdU+Hu+ cells per
mm3) between hearing and deaf birds (Figure 4, 2-factor ANOVA, main effect of treatment
(deafening); F=39.4, p<0.0001). Because our tracings and cell counts in control NC were
designed to be compared directly to medial and lateral NCM, we compared these 3 regions
simultaneously using a 2-factor ANOVA. There was no difference in new neuron density
among medial NCM, lateral NCM, and NC regions when birds in both hearing and deaf groups
were combined (main effect of medial-lateral position; F=0.74, p=0.486). However, there was
a significant interaction between treatment and medial-lateral position, indicating an effect of
deafening within particular regions along the medial-lateral axis (F 18.72, p<0.001). Tukey's
post-tests identified significant differences between hearing and deaf birds in the density of
new neurons in medial NCM, but not lateral NCM or NC (Figure 5, medial NCM t = 6.422,
p<0.05; lateral NCM t=0.127, p>0.05; NC t= 2.428, p>0.05).

We then examined differences in new neuron density across regions within the hearing birds
and found significantly higher new neuron densities in medial NCM compared with lateral
NCM and NC. There was no difference in new neuron density between lateral NCM and NC
(Tukey's post-test, medial NCM v. lateral NCM t=3.68, p<0.05; medial NCM v. NC t=5.33,
p<0.05; lateral NCM v. NC t=1.67, p>0.05). Comparisons across medial-lateral regions within
the deaf group identified a significantly lower new neuron density in medial NCM compared
with NC (Tukey's post-test, t=3.52, p<0.05). New neuron density in lateral NCM did not differ
from that of medial NCM or NC (Tukey's post-test, lateral v. medial, t=2.88, p>0.05; lateral
v. NC, t=0.63, p>0.05).

There was a significantly higher density of new neurons in dorsal NCM compared with ventral
NCM when deaf and hearing birds were combined, (Figure 6, main effect of region, F=9.38,
p=0.220). There was no interaction between treatment group and region, indicating that
deafening did not differentially decrease dorsal or ventral neuron density (F=0.06, p=0.81).
Within the small age range of birds used, there was no correlation between bird age and new
neuron density in either the deaf or hearing groups (p>0.05). There was no difference in BrdU
+Hu- cell counts between hearing and deaf birds overall, with all regions combined (mean
density mm3 ± SEM, Hearing = 300±91.5, Deaf = 291±50; p>0.05).

We did not find a difference in new neuron density between hearing and deaf birds in the
hippocampus or medial striatum (Figure 7, p>0.05). There was also no difference between
BrdU+Hu- cells between hearing and deaf birds in the hippocampus or medial striatum
(p>0.05).

DISCUSSION
We found that blocking auditory input into NCM in adulthood decreased new neuron survival
in NCM in a place-dependent manner. In normally hearing birds, the incorporation of new
neurons was not homogeneous throughout our sampling of NCM. The highest density of new
neurons per mm3 was seen in medial NCM, which was significantly greater than new neuron
incorporation in lateral NCM and our control NC region outside of NCM. Surgical deafening
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by cochlea removal resulted in a significant decrease in new neuron incorporation when both
medial and lateral regions of NCM were combined. However, this effect seemed to be due to
a large and significant decrease in new neurons in medial NCM of deaf birds as there was no
statistical difference between deaf and hearing birds in lateral NCM when examined separately
in post-hoc analyses. Within the deafened group, neuron incorporation in medial NCM was
significantly lower than in lateral NCM -- the reverse pattern from that of the hearing birds.
Neuron incorporation in lateral NCM of deaf birds did not differ significantly from either
medial NCM or NC. We also compared new neuron density between dorsal and ventral NCM.
We found a significantly greater density of new neurons in dorsal NCM than in ventral NCM
when hearing and deaf birds were combined. When examined separately, both hearing and
deaf birds showed a similar trend for higher density of new neurons in dorsal NCM than ventral
NCM and there was no evidence that deafening differentially affected dorsal or ventral neuron
incorporation. We found no effect of deafening on new neuron incorporation in the control
regions of the hippocampus or medial striatum caudal and medial to the song system nucleus
Area X. These results suggest that the observed decrease in new neurons in NCM was not due
to a general effect of deafening such as a systemic change in testosterone or neuronal growth
factor such as BDNF [46,47]. The data are consistent with the hypothesis that decreased
functional activity in a higher order sensory region resulted in decreased survival of new
neurons formed in the adult brain. While differential rates of neuronal incorporation in different
regions of NCM have not yet been associated with functional specializations, the findings
underscore the observation by Barnea et al. [5] and Adar et al. [1], that precise locations within
brain regions should be considered in assessing the role of experience-dependent neuronal
recruitment.

It is intriguing that the pattern of neuron addition across subdivisions of NCM in our control
animals mirrors reports of differential levels of zenk expression in response to acoustic stimuli.
The zenk response to conspecific songs is consistently more robust in medial and dorsal NCM,
regions of higher neuron incorporation, than in lateral and ventral NCM (e.g., 15,50,60]. Zenk
expression has been suggested to be possible indicator of cellular learning and memory [32]
and thus it is tempting to speculate there may be a functional correlation between a substrate
rich in young neurons and the encoding of new songs. Moreover, zenk selectivity in medial
NCM, but not lateral NCM, is modulated by estradiol [50], which may subserve seasonal
plasticity in females’ selectivity for male song [31]. In addition, playback of a bird’s tutor song
results in a significant correlation between the density of zenk-positive cells in lateral NCM,
but not medial NCM, and the percentage of song elements a bird has copied from his tutor
[60]. This again suggests that differential neuron addition may be related to functional
subdomains in NCM. In this case, decreased neuron addition in lateral NCM may be potentially
associated with the long-term acoustic memory of the tutor’s song, and perhaps decreased
neuron incorporation in this region is related to the stability of a long-term memory.

NCM is part of the auditory pathway
Bilateral cochlea extraction removes afferent innervation of the spiral ganglion cells which
project to the cochlear nucleus. Neurons of the cochlear nucleus send information to the
midbrain dorsal lateral nucleus of the mesencephalon (MLd) by direct projections and also
indirectly via the superior olive and lateral lemniscus. From here, the MLd projects to the
ovoidalis nucleus of the thalamus which relays input to the primary auditory area Field L in
the nidopallium, which is composed of 4 interconnected subregions [61,63,66]. Two of these
subregions, Field L2a and L3, send axons to the NCM. NCM also receives input from the
auditory region of the caudal medial mesopallium (CMM) which is interconnected with Field
L, and receives a direct projection from the shell of the ovoidalis, which bypasses Field L
[63]. Surgical deafening therefore may impact NCM function not only by blocking direct
ascending information but also via numerous interconnected pathways between NCM and Field

Pytte et al. Page 6

Behav Brain Res. Author manuscript; available in PMC 2011 August 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



L as well as the caudal medial and lateral mesopallium (CMM and CLM) auditory processing
regions. Projections from NCM are less well understood and a direct pathway from NCM into
the song system has not been identified [61].

NCM functions in conspecific song processing
Immediate early gene (IEG) expression and electrophysiological recordings have shown that
NCM neurons respond differentially to familiar and novel conspecific songs, suggesting that
NCM may play a role in song discrimination [8,32,33]. IEG expression is greatest for songs
with higher behavioral salience [34] and this has been confirmed by fMRI data [62]. NCM
neurons also display experience-dependent plasticity, supporting the idea that NCM may
function in learning and remembering conspecific songs [8,9,33,55]. NCM neurons of adults
have been shown to retain a long-term memory of song learned from tutors during juvenile
song development [6,7,16,42]. To our knowledge, electrophysiological recordings in deaf
NCM have not been published. Therefore, we cannot speculate on neuronal activity in deaf
birds, although deafening blocks NCM from functional auditory processing.

Experience-dependent and independent neuron incorporation in NCM—Neuron
incorporation in NCM has been shown to be influenced by conditions of social housing. Adult
male zebra finches placed in a large social group had more new neurons in NC (not restricted
to medial NC) than birds housed singly or in male-female pairs [1,5,27]. This effect was not
driven by increased singing in large groups and Adar et al. [2] suggested that new neuron
survival in NCM may reflect auditory exposure to conspecific songs. Moreover, a higher
number of novel cage mates promoted the survival of younger (1 month old) neurons while
less social novelty promoted the survival of older neurons (3 month old). Adar et al. [1]
proposed that differential survival of young and old neurons may correspond to information
load and demand for plasticity placed on NCM. They suggested that perhaps the task of learning
new songs led to preferential retention of recently incorporated neurons, whereas a social
context encouraging the retention of familiar songs led to the preservation of older neurons.
Younger neurons have been shown to display membrane properties that differ from those of
older neurons and which result in a lower threshold for the induction of long-term potentiation
and synaptic plasticity [37,52]. The idea that younger neurons may be required for plasticity
that exceeds the range or type provided by older neurons was proposed by Nottebohm [39,
40] and remains a strong hypothesis in our understanding of neuron replacement across systems
[54].

Our findings are consistent with this idea, and yet add the observation that retention of young
neurons also occurs simply in the presence of NCM activity without the requirement of learning
new information. Here we are assuming that the hearing birds, housed in a constant social and
auditory environment, did not learn or form new memories of novel songs. However, a type
of learning may have occurred in the act of maintaining song memories of familiar individuals,
perhaps in a manner analogous to the proposal of engrainment of the song motor pattern with
use of the song motor pathway [28]. Nevertheless, whereas young neurons may be permissive
for learning new information and may provide a substrate for increased plasticity, an immediate
demand for learning new information does not seem to be a requirement for neuron
incorporation and early survival -- at least not in the population of neurons we identified. In
this case, young neurons may serve to preserve a healthy neuronal population, or accurate firing
patterns, in order to maintain preexisting information.

We were surprised at the high rate of new neuron incorporation even in deaf birds, with
presumably no functional NCM activity. This suggests that to some extent, there may exist an
endogenous program for neuronal incorporation in the absence of experience-based survival.

Pytte et al. Page 7

Behav Brain Res. Author manuscript; available in PMC 2011 August 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In addition to this (perhaps baseline) rate of incorporation, increased use of NCM in hearing
birds resulted in increased incorporation.

Several scenarios are consistent with our results. We may be seeing decreased neuron
incorporation in deaf birds because older neurons are living longer in the absence of activity,
precluding opportunities for new neuron incorporation [51]. Alternatively, decreased neuron
incorporation may reflect a shorter lifespan of young neurons which require activity to survive
regardless of the behavior of older neurons. In addition, both of these very different potential
outcomes of activity deprivation may act in combination and the effect of activity deprivation
on neuronal lifespan may depend on the age of the neuron in a manner consistent with Adar et
al. [1]. Perhaps activity promotes the survival of young neurons while shortening the lifespan
of older neurons by contributing to their deterioration. Finally, there may be decreased survival
in both young and older neurons in the absence of auditory activity. If so, NCM total neuron
number would be diminishing in deaf birds as has been shown in the mammalian olfactory
bulb following olfactory deprivation [30].

Activity-based survival of new neurons may be a general property of adult
neuronal incorporation—A correlation between use of the circuitry (and/or use of newly
incorporated neurons) and new neuron survival, independent of novel information processing,
is also evident in the song motor pathway. The rate of song production in adults was found to
be positively correlated with survival of new neurons in HVC of the song motor pathway [4,
26]. Activity-dependent survival of new neurons occurs in the mammalian hippocampus as
well [17,56,57]. However, the distinction between hippocampal activity and hippocampal-
dependent learning is unclear [3,10,22,54]. A more informative comparison may be with
neuron survival in the mammalian main olfactory bulb. This is the first relay in the olfactory
sensory pathway and receives projections from the olfactory sensory neurons in the olfactory
epithelium, which undergo neuronal turnover as well. Incoming neuroblasts differentiate into
GABAergic granular and periglomerular interneurons. Unilateral olfactory deprivation via
nares occlusion [11,19,30,65], unilateral axotomy of the olfactory receptor neurons [29], and
transgenic anosmic mice [41] have been used to demonstrate decreased incorporation of
granule neurons following olfactory sensory deprivation. Although consistent with a use-based
model of neuronal incorporation, these studies of olfactory bulb neuron survival did not directly
control for novel sensory experiences which may have stimulated learning. A specific test of
usage-dependent neuron incorporation independent of learning was conducted by systemic
administration of diazepam, which reduced overall neuronal activity [13]. Two weeks of
treatment resulted in a significant decrease in olfactory granule cells between ages 14–28 days
post cell birth dating [65]. Thus in the olfactory bulb, neural activity seems to contribute to
new neuron survival. Neuronal activity has also been shown to prolong neuronal survival
during development and in vitro [35,53] although the mechanism by which this occurs has yet
to be identified.

SUMMARY
Here we show that sensory deprivation of auditory information by bilateral cochlea removal
in adulthood results in decreased survival of new neurons in the higher order avian auditory
region of the caudomedial nidopallium (NCM). In order to assess the role of the use of a brain
region while minimizing the potential for learning novel information, we compared new neuron
incorporation between deaf birds and hearing birds that were prevented from exposure to novel
songs. Consistent with other findings of use-dependent incorporation and neuron survival, we
suggest that the number of new neurons incorporated into the system increases with increasing
activity of the local circuitry, perhaps including new neurons. In addition, we found relatively
high levels of neuron incorporation in deaf birds, suggesting a baseline source of potentially
experience-independent new neurons. Thus while newly recruited neurons may be permissive
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for increased plasticity, an immediate demand for learning novel information, or exposure to
novel experience, is not a requirement for the retention and early survival of new neurons.
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Figure 1.
Labeled cells were compared in medial and lateral divisions of NCM, each containing 240
μm of tissue along the medial-lateral axis, separated by 336μm (A). A representative section
in each division is shown as an outline drawn in Neurolucida using Lucivid: (B) Medial (~170–
410 μm from midline), (C) Lateral (~746–986 μm from midline), (D) NC lateral to NCM
(~1322–1562 from midline). Each tracing in NCM was divided into dorsal and ventral regions,
approximately parallel to the dorsal and ventral edges of the brain and perpendicular to the
caudal edge (dashed lines). Stippled areas indicate traced regions in which cells were counted.
Anatomical landmarks: hippocampus (HP), caudal medial mesopallium (CMM), mesopallium
(M), dorsal arcopallial lamina (LAD) arcopallium (A). Nucleus HVC and Field L2 are
described in the text.
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Figure 2.
Darkfield rostroventral section showing the circular template (0.75 mm in diameter, black
circle outline in figure) used to sample a control region of medial striatum (MSt) on 10 sections
distributed approximately 200 μm-986 μm lateral from the midline. The template was placed
ventral to the pallio-subpallialis lamina (LPS) and caudal to the area where Area X would
emerge in more lateral sections. Field L is seen as a light band in the caudal region of the brain.
NCM is caudal to Field L.
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Figure 3.
BrdU-labeled cells were identified with a fluorescein isothiocyanate (FITC) filter (A) and Hu-
labeled cells were identified with a rhodamine filter (B). Double-labeled cells were identified
by alternating between these two filters and also using a dual FITC-rhodamine filter (C). Scale
bar = 20 μm
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Figure 4.
Deaf birds had a significantly lower density of new neurons in NCM than hearing birds.
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Figure 5.
Deafening resulted in a significant decrease in new neuron density in medial NCM compared
with hearing birds. There was no difference between deaf and hearing birds in new neuron
density in lateral NCM or in caudomedial nidopallium (NC) lateral to NCM. Within the hearing
group, the density of new neurons in the medial NCM was significantly higher than that in
both the lateral NCM and NC. There was no difference in new neuron density between lateral
NCM and NC in the hearing birds. Within the deaf group, new neuron density between the
medial and lateral divisions was significantly different. Neither medial NCM nor lateral NCM
were different from NC in the deaf birds. Removal of the 3 outliers (asterisks) did not change
the results. Bars indicate means for each region within a treatment group, n=8 for each region
within a treatment group.
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Figure 6.
We found a significantly higher density of new neurons in dorsal NCM compared with ventral
NCM when all birds were combined. The differences between dorsal and ventral NCM new
neuron densities were not significant in either control or experimental groups considered
separately, although the trend was similar in both groups.
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Figure 7.
There was no difference in new neuron density in the medial striatum (MSt) or hippocampus
between hearing and deaf birds.
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