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Adult Female and Male Zebra Finches
Show Distinct Patterns of Spine Deficits
in an Auditory Area and in the Song
System When Reared without Exposure
to Normal Adult Song
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ABSTRACT

Male songbirds typically require exposure to normal adult conspecific song during de-
velopment in order to learn a normal song of their own. Females require exposure to
conspecific song during development in order to select high-quality, learned song over the
incomplete song produced by males reared in isolation. Altering males’ opportunity for song
learning during development affects the neuroanatomy of brain regions involved in song
production (the song system), but in females the neural effects of song learning are unknown.
We raised male and female zebra finches (Taeniopygia guttata) with differing amounts of
exposure to singing males during development. At 120 days, we Golgi-stained their brains
and measured the frequency of dendritic spines in brain areas used in song perception or
production. We found that females reared with little or no exposure to song have 31% fewer
dendritic spines per unit length of dendrite in caudomedial nidopallium (NCM), a brain area
activated by song perception, compared to control females. The deprived females had small
deficits in the frequency of spines in HVC, a region activated by song production in males.
Males with limited exposure to song had a 24% lower spine density in HVC than controls but
only a 10% lower density in NCM. These data support the hypothesis that NCM is important
in auditory learning, while HVC is involved in sensorimotor learning, and that these capac-
ities are differentially emphasized in the two sexes. J. Comp. Neurol. 487:119-126, 2005.
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Male songbirds typically require exposure to adult male
song as juveniles to sing normal song as adults (Marler,
1989) and most species will never produce a complex song
if this does not occur. For example, zebra finch (Taeniopy-
gia guttata) males raised without exposure to normal song
produce a song with fewer notes and simpler frequency
modulations than song produced by males reared with
normal song (Price, 1979).

Males produce song using several brain nuclei (“the
motor song system”) (Fig. 1; reviewed by DeVoogd and
Lauay, 2001). One of these, HVC, is essential to integrat-
ing and producing song. Damaging HVC permanently dis-
rupts singing (Nottebohm et al., 1976), and the immediate
early gene (IEG) ZENK is activated in HVC and other
motor song system nuclei while producing song (Jarvis
and Nottebohm, 1997; Kimpo and Doupe, 1997; Jin and
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Clayton, 1997; Bolhuis and Eda-Fujiwara, 2003). ZENK
expression is closely related to neural activity, and expres-
sion of this IEG has been widely used to identify brain
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Fig. 1. The avian song system. Dashed lines are primarily motor

or integrative projections; solid lines are primarily auditory projec-
tions. Lightly shaded nuclei show immediate early gene activation in
birds that are producing song (the motor song system); darkly shaded
nuclei show immediate early gene activation in birds that are hearing
song (the auditory song system) (adapted from DeVoogd and Lauay
2001; nomenclature from Reiner et al., 2004). S-HVC shelf,
p-paraHVC, c-RAcup.

areas involved in perceiving or producing song (reviewed
by Clayton, 2000).

Adult females of many species assess song quality
and/or distinguish conspecifics based on song, often choos-
ing to mate with males having the most complex songs
(Catchpole, 2000). Female zebra finches prefer the songs
of their mates over the songs of strangers (Miller, 1979a),
the song of their male tutor to an unfamiliar male (Miller,
1979b; Riebel et al., 2002), and the song of a tutored male
(singing a complex song) to the song of an untutored male
(Nowicki et al., 2002; Lauay et al., 2004). Females raised
without exposure to complete adult song no longer prefer
tutored male song over untutored song (Lauay et al.,
2004), suggesting that aspects of these abilities are
learned during development (Riebel, 2003).

Several studies have looked for sites in the brain that
are responsible for song discrimination. Lesioning HVC in
females causes deficits in discrimination (Brenowitz,
1991; Del Negro et al., 1998), although it is difficult to
distinguish effects of damage to HVC from effects of dam-
age to adjacent areas (MacDougall-Shackleton, 1998).
Hearing song causes robust IEG expression in both sexes
within several areas afferent to the motor song system,
here termed the “auditory song system” (Fig. 1) (Mello et
al., 1992; Mello and Clayton, 1994; Jarvis and Nottebohm,
1997). The responses are especially acute within the cau-
domedial portion of the nidopallium (NCM) (Chew et al.,
1996; Mello et al., 1995; Bailey et al., 2002). In female
canaries, IEG responses to categorically distinct features
of song are differentially distributed in NCM (Ribeiro et
al., 1998). Also, songs that are more attractive to female
European starlings induce higher IEG responses in NCM
(Gentner et al., 2001). In addition, neurons within NCM
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show physiological responses to song presentation (Chew
et al., 1996; Stripling et al., 1997; Kruse et al., 2004).
Together, these data suggest a substantial role for NCM in
auditory discrimination.

We tested whether developmental differences in the
opportunity to hear song has neuroanatomical effects that
persist into adulthood. We measured the density of den-
dritic spines, a feature that varies with learning in many
paradigms (Yuste and Bonhoeffer, 2001). We hypothesized
that, since producing song in deafened birds induces IEG
expression in HVC but not NCM (Jarvis and Nottebohm,
1997), and hearing song induces IEG expression in NCM
but not HVC, males deprived of exposure to adult song
would show deficits in the number of spines on neurons
found in HVC and NCM, while females would only show
deficits in the number of spines on neurons found in NCM.

MATERIALS AND METHODS
Animals

Subjects consisted of 44 zebra finches hatched and
raised at Cornell University (Ithaca, NY). At the begin-
ning of the experiment, 8—10 breeding pairs of zebra
finches were housed in each of several wire mesh, free-
flight aviaries (1.8 X 0.8 X 1.0 m) with a light period of
14L:10D. Eight nest boxes were added to each aviary and
nesting material was made available for the duration of
the experiment. A standard lab diet of dry seed, water,
grit, and shell was available ad libitum, supplemented
daily with fresh greens and hard-boiled eggs crushed with
shell. All animal procedures were approved by the Cornell
University Institutional Animal Care and Use Committee
(IACUC) and met all applicable state and federal guide-
lines.

Experimental manipulations

The day that the first chick hatched was designated
Aviary Day 1 for each aviary. The hatch dates of all
offspring were recorded and leg bands color-coded for
hatch date applied when individuals were 10-14 days of
age. Experimental manipulations of all birds in an aviary
were performed on Aviary Days 18 and 50, as described
below (note that many of the individuals in the aviary
were younger than 18 or 50 days of age when these ma-
nipulations were done).

Male and female zebra finches were reared under three
conditions, as described previously (Lauay et. al. 2004).
Group names designate categories of birds present in the
aviary in which subjects were raised, with uppercase let-
ters representing adult birds (M = adult male, F = adult
female) and lowercase letters representing offspring (m =
male offspring, f = female offspring). Chicks in the MFmf
(control) group were raised in multiple nest aviaries by
both parents along with male and female siblings until
perfusion at 120 days of age. Chicks in the Fmf group were
raised in an aviary in a different room, acoustically iso-
lated from the other aviaries. Adult males were removed
on Aviary Day 18 (i.e., when the oldest juvenile was 18
days of age), and well before the sensitive period for song
model acquisition (Immelmann, 1969; Jones et al., 1996).
Male and female juveniles then continued living together
with the adult females until 120 days of age. Chicks in the
Ff and Fm groups also had all adult males removed on
Aviary Day 18. Female and male juveniles continued liv-
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Fig. 2. Golgi-stained neurons
in NCM were classified into four
categories based on thickness and
radius of dendrites and density of
spines. Spine density was mea-
sured at proximal, middle and ter-
minal segments of dendrites from
neuron classes II and III. Scale
bar = 50 pm

ing together until Aviary Day 50, when the emergence of
sexually dimorphic plumage made sexing of the juveniles
possible. At that time, juveniles were removed from the
rearing aviary and housed in same-sex (Fm = all male;
Ff = all female) aviaries (1.8 X 1.8 X 1 m) that were
acoustically isolated from all other aviaries until 120 days
of age. Juveniles that hatched later, and therefore were
too young to show sexually dimorphic plumage when the
oldest bird was 50 days old, remained in the rearing avi-
ary with the adult females until they could be sexed, at
which time they were removed to the appropriate same-
sex aviary.

Thus, females and males in the MFmf group were able
to interact with their fathers (and thus were exposed to
normal adult song) throughout development. Females in
the Fmf group heard other juvenile males acquire isolate
song, while females in the Ff group did not hear any song
other than subsong from males in their hatching cohort.
Males in both the Fmf and Fm groups formed isolate song
and heard other juvenile males doing so.

Tissue processing

At 120 days of age, males and females from each of the
three groups were anesthetized (Chloropent) and perfused
transcardially with heparinized saline followed by 10%
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formalin. The brains were immersed in Golgi-Cox solution
(protocol based on Glaser and Van der Loos, 1981) for ~5
weeks. The tissue was dehydrated and embedded in cel-
loidin, sectioned at 90 pm in the sagittal plane, reacted
with ammonia, mounted on slides, and coverslipped.

Quantification

We selected neurons for quantification in HVC, NCM,
and nucleus rotundus (a visual relay nucleus chosen as a
control site). Because neurons are categorized based on
spine density as well as dendritic length and thickness, it
is possible that large differences in response to treatment
could cause a neuron to shift its morphology such that it
appears to be a member of a different class. To minimize
the impact of such changes, we selected the most spiny
neurons in HVC for measurement These usually resem-
bled TD or thick dendrite cells described in canary HVC
(Nixdorf et al., 1989).

Neurons within NCM have not previously been classi-
fied. We identified at least four types of cells in NCM.
Neurons in the first (class I, Fig. 2) have relatively short
dendrites extending from their cell bodies that branch
extensively. The dendrites contain a high density of
spines, making them virtually impossible to count. Fur-
ther, the spines of class I cells are longer than the spines
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seen in the other cell types. These cells occur regularly in
NCM in these brains, but less frequently than other cell
types.

Class IT (Fig. 2) neurons have longer dendrites than
those in class I, with extensive dendritic branching, such
that the diameter of arborization of these cells is generally
larger than class I neurons. These neurons have spines
that are branched, pedunculated (thin, mushroom-
shaped, and gemmule), sessile (but longer than stubby
spines) as well as varicosities, as described by Fiala and
Harris (1999). These cells, while not as dense with spines
as cells of type I, are moderately to heavily spinous and
occur frequently within NCM.

Neurons in cell class III are quite similar to cell class II
in size, dendritic branching, spine shape, and spine den-
sity (Fig. 2). However, the dendrites of these cells are
noticeably thinner than the dendrites observed on class II
neurons. These cells also occur frequently within NCM.

The neurons in cell class IV in NCM are small relative
to those in classes I and III, with less extensive dendritic
arborization and shorter dendrites (Fig. 2). These neurons
have very delicate dendrites and very few spines. Further,
the spines on these class IV cells are very small and often
take the form of bumps, rather than the longer spines
found in the other three cell classes.

Spine density was quantified for cell classes II and III
due to the similarity of spine features and because well-
stained instances of both cell classes were found through-
out NCM. Neurons were sampled randomly throughout
NCM, the primary criterion for selection being the clarity
of the segment. As the lateral boundary of NCM is not
distinct in Golgi-stained tissue, measurements were re-
stricted to neurons in the three most medial tissue sec-
tions (270 pm), well within the zone characterized as
NCM in connectivity studies (Vates et al., 1996). A few of
the most dorsal measures may have been within the area
medial to HVC that some researchers have named
paraHVC (Kirn et al., 1989; Foster and Bottjer, 1998)

Within each of the three brain sites, spine density was
counted using a 100X oil objective for three 12-pm den-
drite samples that lay parallel to the plane of the section;
a proximal sample (20—-32 pm from the soma), a middle
sample (~60 pm from the soma), and a terminal sample
(the last 12 pm, typically ~120 um from the soma). When-
ever possible, all three samples were taken from the same
dendrite; when this was not possible, additional measures
were taken from other dendrites to increase the number of
samples from each cell. Extensive glial staining about
neuronal somata prevented us from obtaining a complete
set of spine counts on proximal dendritic segments in
NCM.

In each animal, ~10 counts were made from middle
segments and 15 from terminal segments in HVC. Approx-
imately 15 were made from middle and 30 from terminal
segments in NCM. All spines were counted, including
spines that resemble a bump on the dendrite and long thin
projections. The experimenters were blind to sex and to
treatment throughout the quantification.

Statistical analyses

Spine counts at each location on the dendrite were av-
eraged for each neuron. The values at each locus were
then averaged to obtain a proximal, middle, and terminal
mean spine density for each bird. These values were com-
pared across groups using Multivariate General Linear
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Model (GLM), with experimental group, sex, and dendritic
segment as factors, using the SPSS statistical package
(Chicago, IL, v. 10.0.7a). Significant effects in the GLM
were assessed with planned contrasts between the control
group and the two experimental groups, and between the
two experimental groups. About 90% of the NCM mea-
surements were on neurons clearly located in the dorsal or
ventral portions of the region. As some data indicate dif-
ferences in the functions of these areas (Vates et al., 1996;
Ribeiro et al., 1998; Gentner et al., 2001; Terpstra et al.,
2004), follow-up analyses compared values obtained in the
two subdivisions. Finally, the number of days from the
hatch date of each juvenile to the day that the adult males
were removed from the aviary was recorded for the two
experimental groups. For each group, correlations be-
tween the number of days that the chicks spent with adult
males and spine density were tested for significance using
Pearson’s r correlation coefficients.

RESULTS

Analyses of the counts made at the proximal segment of
the dendrite in HVC revealed no significant differences
due to rearing environment (F, 5, = 0.01, P = 0.94) or sex
(Fy 90 = 0.84, P = 0.37) and the interaction between the
two was not significant (F; 5, = 0.12, P = 0.74). Given this
lack of variation and previous data showing that learning
and hormonal manipulations only affect more distal por-
tions of the dendrite (Airey et al., 2000; Wallhausser-
Franke et al., 1995; DeVoogd and Nottebohm, 1981), we
focused our analyses on the middle and terminal segments
of dendrite.

Dendritic spine frequency in HVC differed among rear-
ing conditions (Fy,;, = 3.80, P = 0.04). There were no
significant main effects of the segment of dendrite (F, 5, =
1.61, P = 0.22) or of sex (F; 5, = 0.19, P = 0.67) on spine
frequency (Table 1, Fig. 3). However, the interaction be-
tween rearing condition and segment of dendrite from
which spine counts were taken was significant (Fy 5, =
4.22, P = 0.03). This was due to large deficits in spine
densities in the Fmf groups of both sexes relative to con-
trols at the middle, but not the terminal, dendritic seg-
ment. An analysis contrasting spine density (mean of mid-
dle and terminal values) between control males and the
two groups of experimental males (with the loss of statis-
tical power that this entails), showed an effect of the
experimental treatments (tg 4; = 2.51, P < 0.04), whereas
the equivalent analysis in females only approached signif-
icance (t1715 = 2.00, P < 0.08). When averaged across
both dendritic segments, spine density was 24% lower in
males from the two experimental groups than in controls,
and was 14% lower in females from the two experimental
groups than in controls. The correlations between spine
density in HVC and the number of days raised with adult
males were not significant for either sex in any rearing
condition.

Dendritic spine frequencies in NCM differed between
rearing conditions (Fy 353 = 18.38, P = < 0.0001), sexes
(Fy 35 = 7.32, P = 0.011), and dendrite segments (F; 35 =
218.01, P < 0.001). The interaction between rearing con-
dition and sex was also significant (Fy 33 = 6.145, P =
0.005), due to spine deficits in females from both experi-
mental groups relative to female controls, but in only one
of the male experimental groups relative to male controls.
The interaction between segment and sex approached sig-
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TABLE 1. Dendritic Spines per 12 wm Sample

HVC
Terminal
Rearing (N) Middle dendrite dendrite Means Cvs. E1,E2
Males
MFmf (5) (control) 26.60 + 2.42 22.74 * 2.10 24.67 + 1.82 P < 0.04 24.67
Fmf (8) 20.25 = 2.00 21.11 £ 2.73 20.68 = 2.13 18.82
Fm (6) 17.33 = 1.50 16.60 = 1.81 16.97 = 1.61 24%
Females
MFmf (5) (control) 23.00 + 1.68 21.05 = 0.78 22.03 = 1.18 P < 0.08 22.03
Fmf (4) 16.95 = 1.89 19.01 = 1.81 17.98 + 1.65 18.91
Ff (6) 21.01 = 1.61 18.67 = 2.32 19.84 = 1.82 14%
NCM
Males
MFmf (5) (control) 47.20 + 1.54 38.82 = 2.70 43.01 = 2.04 P <0.10 43.01
Fmf (9) 38.63 + 1.21 32.11 = 1.54 35.37 + 1.31 38.59
Fm (7) 46.32 * 1.52 37.31 £ 0.97 41.82 * 1.17 10%
Females
MFmf (7) (control) 48.34 + 2.90 42.63 = 2.25 45.48 = 2.52 P < 0.001 45.49
Fmf (6) 34.84 £ 1.92 28.29 * 1.60 31.57 £ 1.73 31.26
Ff (5) 33.89 + 2.37 28.00 = 1.74 30.95 = 1.96 31%

!Mean spine density values (+SEM) at middle and terminal sites on dendrites for male and female zebra finches that had been raised in normal colonies (MFmf), colonies from
which adult males were removed in the third week after hatching (Fmf), or colonies in which adult males were removed in the third week after hatching and the opposite sex was
removed in the seventh week after hatching. P values are from ANOVAs contrasting the mean spine density values for control animals with the two experimental groups.
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Fig. 3. In HVC, experimental males (black) (Ffm, Fm) and females

(gray) (Ffm, Ff) have significantly fewer spines per 12 pm of dendrite
(= SEM) (middle and terminal counts averaged) than do normally
reared birds (MFmf) (** P < 0.01), although the magnitude of the
difference is greater in males. In single sex contrasts, values for the
two experimental groups are significantly less than controls in males
and approach significance in females. Circles indicate individual an-
imal values.

nificance (F; 353 = 4.07, P < 0.06) (Table 1, Figs. 4, 5).
Within sexes, an analysis contrasting spine density (mean
of middle and terminal values) in the control males with
the two groups of experimental males (with the loss of
statistical power that this entails) approached significance
(t5 55 = 1.99, P < 0.10). A contrast between the two exper-
imental groups indicates that Fmf males have a lower

Fig. 4. Dendrite segments in NCM typical of control females (A)
and females raised without exposure to adult or juvenile males (B).
Scale bar = 10 pm.

spine density than Fm males (t; , = 14.57, P < 0.002). In
females, a contrast of spine density between controls and
the two experimental groups indicates that dendrites from
experimental animals have lower spine densities than
dendrites from controls (tg ;4 = 5.01, P < 0.001). Across
both dendritic segments and both experimental groups,
males from the two experimental groups had 10% fewer
spines than controls, and females from the two experimen-
tal groups had 31% fewer spines than controls.

Values from neurons in dorsal and ventral NCM were
not differentially related to sex or to rearing group. In both
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Fig. 5. In NCM, experimental females (gray) (Fmf, Ff) have sig-
nificantly fewer spines per 12 pm of dendrite (= SEM) (middle and
terminal counts averaged) than do normally reared females (MFmf)
(single sex statistical contrasts). The same comparison only ap-
proaches significance in males. Males reared with juvenile males and
both adult and juvenile females (Fmf) have significantly lower spine
densities than males reared with other juvenile males only (Fm).
#EP < 0,002

locations, animal means for samples from the middle of
dendrites were highly correlated with animal means for
samples from ends of dendrites (+ = 0.92 and 0.80, respec-
tively). Measures from the middle of dendrites taken in
dorsal NCM were significantly correlated with measures
from the middle of dendrites taken in ventral NCM (r =
0.69, P < 0.001), as were measures from the ends of
dendrites (r = 0.66, P < 0.001).

Among males from the Fm group (fathers removed at
Aviary Day 18 and in all-male aviaries after Day 50), we
observed a significant positive correlation between the
number of days spent with adult males and dendritic
spine density at the middle (» = 0.969, P < 0.001,n = 7)
and terminal (r = 0.757, P < 0.05, n = 7) segments of
NCM dendrites. The correlations between spine density in
NCM and the number of days raised with adult males
were not significant for males in the Fmf (fathers removed
at Aviary Day 18 and in mixed sex aviaries until adult-
hood). In females, the correlations between spine density
in NCM and the number of days raised with adult males
were not significant in either experimental rearing condi-
tion.

Spine density in the visual relay nucleus rotundus did
not differ significantly by sex (F'; ;, = 0.43, P = 0.52) or by
rearing condition (F; ;, = 0.81, P = 0.39) and the inter-
action between the two was not significant (¥, ;, = 0.11,
P = 0.74). This observation in the thalamus does not rule
out the possibility that our rearing manipulations had
some effects that were general in the telencephalon. How-
ever, this observation, the overall similarity in behavioral
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maturation across rearing groups, and the male—female
difference in the location of major anatomical effects indi-
cate that the groups did not differ substantially in brain
structure and function more generally.

DISCUSSION

The present data show that exposure to song during
development affects the adult neuroanatomy of female
zebra finches. Adult females that have been reared with-
out access to adult males and adult song have only about
two-thirds the density of dendritic spines on neurons
found within the auditory region NCM compared with
females reared with adult males and adult song. Lack of
exposure to song has a smaller effect on dendritic spine
densities on neurons in HVC, an integrative area that in
males is important for learning and monitoring song. Fe-
males deprived in this way are also impaired as adults in
selecting learned song over isolate song (Lauay et al.,
2004). These results are the first to show a relation be-
tween opportunity for song learning, adult behavior, and
song system neuroanatomy in female zebra finches.

Female zebra finches undergo auditory but not sensori-
motor learning (Riebel, 2000, 2003; Lauay et al., 2004). As
adults, normally reared females are able to make precise
discriminations based on song (Miller, 1979a,b; Wiley et
al.,, 1991; Cynx and Nottebohm, 1992; Williams et al.,
1993), sometimes more accurately than do males (Searcy
and Brenowitz, 1988). The present data indicating that
the anatomy of NCM varies with varying exposure to song
during development are consistent with the hypothesis
that NCM is involved in auditory song learning as well as
song perception. IEG expression in NCM in response to
song develops at the time that auditory learning begins in
young male zebra finches (Stripling et al., 2001). IEG
expression within NCM habituates with repeated presen-
tation of a song, increasing once again with presentation
of a novel song (Mello et al., 1995). Amount of IEG expres-
sion within NCM of males is significantly correlated with
the number of sound elements copied from a tutor’s song,
although in portions of NCM more lateral than those
assessed in the present research (Bolhuis et al., 2000;
Terpstra et al., 2004).

Given that varying the females’ rearing environment
has much larger effects on dendritic spines in NCM than
in HVC in the present data, it seems likely that NCM
plays a more significant role in auditory learning in fe-
males than does HVC. These results indicate that the
development of neural pathways within NCM is depen-
dent on environmental input in juvenile females. Perhaps
circuitry in NCM that is critical for the processing of song
stimuli during adulthood is fine-tuned during song learn-
ing in a normal rearing environment. Thus, a female de-
nied the opportunity to learn song may have underdevel-
oped or missing neural circuitry, leading to poor
processing of song stimuli and poor discrimination in
adulthood. Further work must be done to assess whether
preventing early learning impairs a female’s ability to
learn to recognize new songs during adulthood and/or
impairs the capacity of NCM to respond to novel songs
immediately (with IEG activation) or with changes in
synaptic morphology. In addition, neural pathways in
NCM may allow females to learn the songs of their father,
siblings, and other male members of the flock and to
maintain the ability to discriminate these familiar songs
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from those of unfamiliar males throughout life. Thus, the
deficits in spine density seen in the song-deprived groups
in our study may reflect either a lower number of songs
learned by the females or reduced capacity for further
auditory learning.

In male zebra finches, limiting exposure to song during
development has somewhat different consequences for
dendritic spine density. Adult males that had been reared
without access to an adult tutor have 24% fewer dendritic
spines on neurons found within HVC compared with
males raised with adult tutors. This is similar to earlier
observations in male marsh wrens (Cistothorus palustris).
Presenting a limited number of song types to male marsh
wrens during rearing results in their learning a song
repertoire that contains a similarly limited number of
song types. These birds also have fewer dendritic spines
on neurons in HVC than males reared hearing (and learn-
ing) a normal number of song types (Airey et al., 2000).
Together, these two sets of results support the hypothesis
that plastic changes in the neurons of HVC are involved in
sensorimotor learning.

Males reared without exposure to song and to song
tutors have much smaller deficits in spine density on
neurons within NCM than do deprived females. Males in
the group reared with adult (mothers) and juvenile fe-
males (Fmf) have significantly lower spine densities in
NCM than males in the group without any contact with
females after Aviary Day 50 (Fm). These somewhat differ-
ent anatomical effects in the two experimental groups
suggest that these two forms of deprivation have different
consequences for the development of the male song sys-
tem. Perhaps negative reactions by the adult females to
the isolate songs practiced by juvenile males affects NCM
connectivity. Or, perhaps the loss of juvenile and adult
females at day 50 in the Fm group led to enhanced song
practice and improvisation, reflected in enhanced num-
bers of spines. Spine density in NCM in this group does
not differ significantly from controls. However, within the
group more contact with fathers prior to day 18 is corre-
lated with greater spine density. If this observation is
replicated, it would suggest that social factors begin to act
on connectivity within this brain area well before the
beginning of the sensitive period for auditory acquisition.
In females, spine density in both NCM and HVC does not
differ between the two experimental groups, suggesting
that these effects of song deprivation on females are de-
pendent solely on the presence (or absence) of adult males
and are not modified by contact with juvenile males.

Spine density at middle and terminal dendrite seg-
ments do not always covary. In HVC, birds of both sexes
raised without fathers but with the other sex had fewer
spines than controls for the middle but not the terminal
segments. In NCM, terminal segments generally had
lower spine densities than middle segments. Further work
would be needed to determine if such differences reflect
differences in the connectivity of different dendritic do-
mains on the same neurons.

Our data do not assess total spine number in males and
females. While density values for HVC are similar in the
two sexes, this does not indicate that the nucleus func-
tions similarly in the two sexes. HVC has perhaps eight
times as many neurons in adult males as in adult females
(Kirn and DeVoogd, 1989) and the neurons that comprise
the structure have much more extensive dendritic fields in
males than in females (Nixdorf et al., 1989).
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The opportunity to learn song during development has
major consequences for zebra finches. Directly or indi-
rectly, it shapes adult behaviors in both sexes. We find
that it also has a major impact on the neuroanatomy of
telencephalic nuclei important in song-related behaviors.
Rearing without exposure to song leads to deficits in den-
dritic spines both in NCM, which is normally activated by
hearing song, and in HVC, which is activated by singing.
The effects of deprivation during rearing appear to be
greater in NCM in females, and in HVC in males, perhaps
indicating differential emphases across the sexes on accu-
rate song perception versus production. Until now, rela-
tively little has been known of song-related neural plas-
ticity in females. These results, showing environmentally
mediated modifications in NCM and HVC in female zebra
finches, may indicate that females experience juvenile
learning that confers the elaborate song discriminations of
which they are capable.
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