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Abstract

An anatomically discrete system of interconnected brain
nuclei controls production of learned song patterns in adult
male zebra finches (Poephila guttata). The corresponding
nuclei in females, who do not sing, are greatly reduced in
volume. Cells in some telencephalic song-control nuclei ac-
cumulate androgens, and male nuclei contain a much higher
proportion of hormone-concentrating cells than do female
nuclei. The main purpose of this experiment was to examine
the normal ontogeny of the total volume of various telence-
phalic nuclei that have been directly or indirectly implicated
in song learning and behavior in male zebra finches. In
addition, the corresponding nuclei of age-matched females
were examined.

The major findings were as follows: the volumes of the
caudal nucleus of the ventral hyperstriatum (HVc), the robust
nucleus of the archistriatum (RA), and area X increased
sharply in males between 12 and 53 days of age, whereas
brain regions not involved with song control increased much
less. Increases in the size of HVec occurred prior to those in
RA and area X. Previous studies have shown that males are
learning the auditory and motor characteristics of song during
this time. In contrast, the volume of the magnocellular nu-
cleus of the anterior neostriatum (MAN) decreased precipi-
tously in males between 25 and 53 days. Measurements of
neuron density and soma size demonstrated that this de-
creased volume is attributable to a loss of greater than 50%
of the neurons in MAN. We have previously shown that
lesions of MAN during this time completely disrupt song
development. The volumes of HVc and RA were smaller in
females than in males at all ages studied. Between 12 and
25 days the volumes of female HVc and RA increased less
than brain regions not involved with song control. Female
HVc and RA decreased slightly in volume between 25 and 53
days.

These findings suggest the following: (1) the sexual di-
morphism in the song-control system is evident at 12 days
but increases markedly thereafter, primarily due to the
growth of male HVc and RA; (2) the increase in volume in
male HVc leads that in RA and area X, suggesting that
hormones may act directly on HVc to trigger growth, and that
HVc may then exert a trophic influence on RA and area X;
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and (3) MAN is large when birds are learning to produce
song and decreases markedly in size around the time when
the motor pattern of song begins to stabilize. The loss of
neurons from MAN may be attributable to cell death or redif-
ferentiation and migration of some neurons.

Song behavior is a sexually dimorphic activity in many species of
passerine birds. Males learn to produce a species-typical song
during a so-called “critical” or sensitive period of development,
whereas females sing very little or not at all (e.g., see Bottjer and
Arnold, 1985, for a review). In zebra finches (Poephila guttata),
juvenile males must hear the song they will subsequently produce
up until approximately 35 to 40 days of age (Immelmann, 1969).
Zebra finches learn to produce a song pattern which is the same
as, or very similar to, that of their fathers. Juvenile males first begin
to produce song-type vocalizations themselves around 25 days of
age. These initial vocalizations are referred to as “subsong,” and are
extremely variable. The temporal order of song syllables becomes
stereotyped between 50 and 60 days, and the variability in the form
of individual syllables also decreases greatly. After this phase,
production of individual song syllables is perfected (i.e., becomes
highly stereotyped), and the overall pattern of song only changes in
terms of a faster tempo (Arnold, 1975a).

Even though zebra finch song appears highly stereotyped in
terms of syllable morphology and sequence by approximately 75
days of age, deafening birds up to 85 days of age produces
profound disruption of the song pattern (Price, 1979; S. W. Bottjer,
unpublished observations). Zebra finches are considered to be adult
by approximately 90 days of age, and deafening birds after this age
has little or no effect on song production (Price, 1979; Bottjer and
Arnold, 1984). At this juncture, the song is said to be “crystallized.”
The song patterns of adult males usually contain approximately five
or six syllables that are often highly frequency modulated and may
contain many harmonics. These song patterns remain highly ster-
eotyped and do not change throughout adulthood. in contrast to
males, female zebra finches never sing, even when they are admin-
istered testosterone in adulthood.

Neural control of song is vested in an interconnected system of
anatomically discrete brain nuclei (Fig. 1). Neurons in the robust
nucleus of the archistriatum (RA) and the caudal nucleus of the
ventral hyperstriatum (HVc) are directly and indirectly connected,
respectively, with the motor neurons that innervate the vocal organ
(the tracheosyringeal portion of the hypoglossal nucleus (nXlits)).
Neurons of the magnocellular nucleus of the anterior neostriatum
(MAN) project monosynaptically to both HVc and RA (Nottebohm et
al., 1982). Area X is a large nucleus in the parolfactory lobe that
receives a projection from HVc. Little is known of its function,
although Nottebohm et al. (1976) showed that unilateral lesion of
area X has no effect on song production in adult male canaries. It is
(tentatively) included as part of the song-control system because it
receives a major projection from HVc. Lesions in HVc or RA com-
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Figure 1. A schematic diagram depicting a sagittal view of the major
nuclei constituting the song-control system in adult male zebra finches.
Neurons in HVc project directly onto neurons in RA. RA neurons project to
nXllts; these hypoglossal motor neurons innervate the vocal organ (syrinx).
RA also projects to the intercollicular nucleus (/Co). MAN and area X (X) are
two forebrain nuclei that are monosynaptically connected with HVC and/or
RA. Dots indicate nuclei containing androgen-accumulating cells; numbers
are percentages of cells labeled within a given nucleus. See the text for
additional details. This figure is based on data from Nottebohm et al. (1976,
1982), Arnold and Saltiel (1979), and Arnold (1980b).

pletely disrupt song production in adult male songbirds (Nottebohm
et al., 1976). Lesions of MAN disrupt song development in juvenile
zebra finches but have no effect on adult song behavior (Bottjer et
al., 1984).

This neural system is also sexually dimorphic. The volume of song-
control nuclei in males can be up to 5 times greater than that of
corresponding nuclei in females (Nottebohm and Arnold, 1976), and
soma size, number, and dendritic arbor of neurons in RA are
significantly greater in males than in females (DeVoogd and Notte-
bohm, 1981; Gurney, 1981). In addition, cells in many song-control
nuclei concentrate androgens (Fig. 1), and there is a striking sex
difference in terms of such androgen accumutation—HVc and MAN
of adult male zebra finches have a much higher proportion of
androgen-concentrating cells than do those of adult females (Arnold
and Saltiel, 1979; Arnold, 1980a). Song production in adult male
zebra finches is androgen dependent: castration reduces both the
rate of singing and the tempo of song (Prove, 1974; Arnold, 1975b).
Thus, both song behavior and its neural and hormonal bases are
highly sexually dimorphic in adult zebra finches.

Investigations of the song-control system have been largely con-
fined to examination of brain structures in adult birds. Very little is
known about the normal development of song nuclei in young birds.
However, description of the normative events in the ontogeny of the
song system would greatly facilitate the development of hypotheses
concerning neural mechanisms of song learning. Therefore, the
purpose of this experiment was to begin to describe the normal
ontogeny of the neural network that controls song learning and
behavior in zebra finches. We began by measuring the total volume
of various song-control nuclei in male zebra finches at different
stages of song development. In addition, the corresponding nuclei
of age-matched females were examined. By comparing changes in
the volume of male song-control nuclei with changes in song behav-
ior, and by comparing relative changes in male versus female nuclear
volume, we hoped to generate specific hypotheses as to some of
the neuronal events underlying the development of vocal behavior
in males, as well as the sexual dimorphisms between adult males
and females.

Materials and Methods

All zebra finches used in this study were hatched in our breeding colony.
Eighteen males and 12 females ranging in age from 11 to 57 days were
overdosed with anesthetic (Equithesin) and perfused with saline and buffered
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formalin. The brains were removed immediately and postfixed in formalin for
at least 1 week. They were subsequently embedded in gelatin-albumin,
frozen-sectioned in the transverse plane at 25 gym, and stained with thionin.
Alternate sections were examined at X 46 magnification using a micropro-
jector, and the nuclei HVc, RA, MAN, area X, nXlits, and nucleus rotundus
(Rt) were traced in males. The first five nuclei have been directly or indirectly
implicated in the control of song behavior (see above). Rt, a thalamic nucleus
not known to be involved with song control, was included as a control
measure in order to determine whether changes in the volume of brain
regions were restricted to the song system. Rt is involved with processing
of visual information; this nucleus receives a large projection from the optic
tectum and, in turn, projects to a restricted area of the ipsilateral telenceph-
alon (the ectostriatum; see Cohen and Karten, 1974). As an additional
control, the average cross-sectional area of the telencephalon (Tel) at the
level of the anterior commissure was measured. The corresponding regions
were traced in females, with two exceptions: area X cannot be seen in Nissl-
stained female zebra finch brains, and the borders of MAN were too diffuse
to be traced reliably. The total area of each region that was traced was
calculated with the aid of a digitizing tablet interfaced with a microcomputer.
Reconstruction of the total volume of a given brain region was obtained by
summing the areas of that region from all sections traced, dividing this value
by the square of the magnification factor, and multiplying by the sampling
interval (0.05 mm). Neither the age nor the sex of any animal was known by
the experimenters at the time the brain areas were traced or the resuitant
data entered into the computer.

All brains were divided into three age groups with means of 12 (range =
11 to 13; males, n = 5; females, n = 3), 25 (range = 23 to 29; males, n =
7; females, n = 5), and 53 (range = 50 to 57; males, n = 6; females, n = 4)
days. These three ages correspond to the time (a) before production of any
song by males, (b) when song sounds are first produced, and (¢) when the
final song pattern begins to stabilize. Female zebra finches do not sing at
any age.

Resulits

The mean volume of each of the brain regions measured and the
ratios of 25- to 12-day volumes and 53- to 25-day volumes are given
in Table |. Because there were no systematic differences between
the left and right volumes of any nucleus measured, volume recon-
structions correspond to the summed values of the two sides.

The volumes of HVc and RA were smaller in females than in males
at all ages studied, whereas there were no sex differences in the
volumes of Tel and Rt. Thus, the sex difference in volumes of song-
control nuclei seen in adult birds is evident at 12 days of age and
increases thereafter (Table I). The ratio of male to female HVc
increased from 1.92 to 3.85 and 6.20 at 12, 25, and 53 days,
respectively; the corresponding ratios for RA were 1.46, 1.85, and
5.74. The increasing difference in volume between male and female
song-control nuclei is due primarily to a steady increase in size of
male song nuclei during development, and also to a decrease in the
size of corresponding nuclei in females between 25 and 53 days.

A statistical analysis of the data was performed as follows. A four-
way analysis of variance utilized sex and age as between-group
factors and region type (song versus nonsong) and specific region
(RA, HVc, Rt, Tel) as within-group factors; specific region was nested
within region type (i.e., song regions = RA, HVc; nonsong regions
= Rt, Tel). This analysis yielded a highly significant interaction of sex
X age X region type (F (2,24) = 10.99, p = 0.0006). Planned
comparisons were performed to determine whether song regions
(RA and HVc) were significantly different between males and females
at each of the ages studied; the sex difference was not significant
at 12 days (F (1,24) = 2.78, p = 0.10) but was highly significant at
25 and 53 days (F (1,24) = 43.34, p = 0.00001 and F (1,24) =
128.17, p < 0.00001, respectively).

The major findings among females were as follows. Between 12
and 25 days the volumes of female HVc and RA increased by 23%
and 15%, respectively, but Tel increased by 32% and Rt increased
by 18% (Table ). The volume of nXllits almost doubled in size. The
volumes of female HVc and RA decreased by 21% and 43%,
respectively, between 25 and 53 days, and nXllts decreased by
27%. In contrast, Tel did not change during this time, although the
volume on Rt decreased by 15%.
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TABLE |
Volumes *+ SD of various brain regions in 12-, 25-, and 53-day males and females
Region Day 12 Day 25 Day 53 Day 25/12% Day 53/25%
Males Hve 0.165 = 0.057 0.408 + 0.085 0.521 = 0.124 247 1.27
RA 0.155 £ 0.022 0.226 + 0.028 0.402 = 0.101 1.46 1.78
Area X 1.536 + 0.331 2.262 +0.475 1.47
MAN 0.565 + 0.153 0.247 £ 0.050 0.44
nXlits 0.074 + 0.008 0.109 £ 0.017 0.1283 £ 0.024 147 1.13
Rt 1.098 = 0.133 1.166 = 0.111 0.980 = 0.166 1.06 0.84
Tel 0.910 = 0.055 1.151 £ 0.085 1.119+ 0.134 1.26 0.97
Females Hvc 0.086 + 0.018 0.106 = 0.034 0.084 = 0.036 123 0.79
RA 0.106 + 0.022 0.122 + 0.033 0.070 £ 0.024 1.15 0.57
nXlits 0.052 = 0.005 0.100 = 0.022 0.073 = 0.005 1.92 0.73
Rt 1.046 £ 0.128 1.231 £ 0.274 1.049 £ 0.235 1.18 0.85
Tel 0.878 = 0.074 1.159 = 0.111 1172 £ 0.115 1.32 1.01

2 These columns represent the corresponding ratios for each area between 25- and 12-day birds, and 53- and 25-day birds, respectively.

Planned comparisons constituting part of the main statistical
analysis (see above) revealed a significant interaction of age X
region type for females (F (2,24) = 5.19, p = 0.01). However, this
interaction was attributable to the fact that non-song areas (Rt and
Tel) increased significantly more than song areas (RA and HVc)
between 12 and 25 days (F (1,24) = 10.05, p = 0.004). There was
no difference in the degree of change between song and non-song
regions between 25 and 53 days (F < 1); thus, the decrease in
volume of female RA and HVc between 25 and 53 days was not
significant.

Among males, the volumes of HVc and RA increased by 147%
and 46%, respectively, between 12 and 25 days, whereas Tel and
Rt increased by only 26% and 6%, respectively (Table I). The
volume of nXlits increased by 47%. Between 25 and 53 days, male
HVc and RA increased by 27% and 78%, respectively, whereas Tel
and Rt decreased by 3% and 16%. Area X could not be seen in
three of five 12-day males and was well defined enough to be traced
in only one of the remaining two males (the volume of area X for
this one bird was 0.829 mm?®). By 25 days area X had attained a
large volume, which continued to increase (by 47%) between 25
and 53 days. MAN could be seen in all 12-day males, but its borders
were too diffuse to be traced reliably; the volume of MAN at this age
lies somewhere between 0.20 and 0.38 mm®. The most striking
finding of the experiment was that MAN in males had a large volume
at 25 days, which decreased by 59% between 25 and 53 days.
This result was so unexpected that a second, independent observer
traced MAN in 25- and 53-day males (the sex but not the age of
these birds was known to the observer). This second reconstruction
of the volume of MAN vyielded values of 0.638 + 0.088 and 0.259 +
0.065 (means + SD) in 25- and 53-day males, respectively. These
mean values are 13% and 5% greater than the respective values
obtained by the first observer. The greater difference between
observers for the 25-day birds reflects the fact that the borders of
MAN were slightly difficult to discemn even at this age. The important
point remains, however, that both observers judged MAN to be
more than twice as large at 25 days as at 53 days. A graphic
comparison of the volume changes in male HVc, RA, and MAN is
shown in Figure 2.

Planned comparisons were performed to determine whether the
volume increases in male song regions (RA and HVc) were signifi-
cantly greater than the increases in non-song regions (Rt and Tel)
across the three ages measured. There was a highly significant
interaction of age X region type (F (2,24) = 15.10, p = 0.0002),
indicating that the volume of song regions increased significantly
more than that of non-song regions. An additional planned compar-
ison revealed that there was also a significant RA X HVc interaction
(F (2,24) = 7.74, p = 0.003), reflecting the fact that HVc volume
increased more steeply than RA volume between 12 and 25 days
in males, whereas the converse was true between 25 and 53 days.

Another analysis of variance was performed using area X and
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Figure 2. A graphic description of the volume changes in HVc, RA, and
MAN during development in juvenile males. The volume of MAN cannot be
measured reliably in 12-day males. See the text for additional details.

MAN as song regions and Rt and Tel as non-song regions; only
data from 25- and 53-day males were available because MAN and
area X couid not be measured in females or 12-day males (see
above). Planned comparisons revealed significant age X region
interactions for both area X and MAN with non-song regions (F
(1,11) = 19.15, p = 0.0014, and F (1,11) = 9.75, p = 0.0095,
respectively). The former interaction indicates that the volume of
area X was increasing relative to non-song regions, and the latter
indicates that the volume of MAN was decreasing relative to non-
song regions.

The decrease in volume of MAN between 25 and 53 days was
particularly interesting to us, because this interval corresponds to a
restricted period of development when lesions of MAN disrupt song
learning (Bottjer et al., 1984). Lesions in MAN lose their effectiveness
between 50 and 60 days of age, as the motor pattern of song is
established (i.e., as the temporal order of notes stabilizes). In order
to determirie whether the decreased volume of MAN could be
accounted for by a decrease in number of neurons, we measured
the somal area and density of neurons in MAN of each of the 25-
and 53-day males. The sections were viewed at a final magnification
of X 1000, and somas were traced with the aid of a camera lucida.
Totals of 435 and 414 neurons were traced in the 25- and 53-day
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groups, respectively (range = 52 to 82 cells for individual birds).
Neurons were easily distinguishable from glial cells in MAN because
they contained large, pale nuclei with one or two round, darkly
staining nucleoli. Glial cells had very poorly defined nuclei with
several small, irregularly sized nucleoli. There was no difference in
mean somal area of neurons between the two groups (Table Il), or
in the distribution of soma size (Fig. 3). The distributions in Figure 3
indicate that there are two classes of neurons in MAN as defined by
soma size; the first peak occurs between 60 and 90 um? and the
second peak occurs around 210 um?,

Neuronal density was measured with the aid of a 0.01-mm? ocular
grid; the number of neurons in which the nucleolus fell within the
grid was counted in 10 separate locations throughout MAN for each
bird. There was no difference in neuronal density between the two
groups (Table I), although the older birds tended to have slightly
higher densities. The total number of neurons in MAN was estimated
using our measurements of total volume of the nucleus and neuronal
density (Table ll); these data indicate a loss of more than 50% of
the neurons in MAN during this period. Figure 4 shows the cross-
sectional area of MAN for one male from each age group.

Discussion

Several intriguing results have been revealed by examining the
normal developmental course of the neural network that controls
vocal behavior in zebra finches. These results have implications for
mechanisms of both song learning and sexual differentiation of the
brain. As regards song learning, we have seen that brain nuclei
directly involved in song production by adult birds, such as HVc and

TABLE I
Somal area, density, and estimated number of neurons in MAN of 25- and
53-day males (mean = SD)

Age Somal Area Neuron Density Neuron Number
um? um®10%
25 days 161.70 = 73.90  0.070093 + 0.002551 39,603
53 days 159.84 + 70.57 0.077853 + 0.010136 19,230
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RA, are increasing dramatically in size prior to and during the initial
period of song production. Both HVc and RA increase substantially
in size between 12 and 25 days (the latter age being the time when
incipient song sounds are first produced), whereas brain regions not
known to be involved with song control exhibit much more modest
increases. HVc and RA continue to increase in size up until approx-
imtely 53 days, which is around the time when the motor pattern of
song begins to stabilize, whereas non-song regions show no change
in size or slight decreases during this time. Comparison of our results
with those obtained by Arnold (1980b) and Nottebohm and Arnold
(1976) suggests that the volumes of HVc, RA, and area X in our 53-
day birds are comparable to their adult values. We report a slightly
larger value for MAN in 53-day males than the adult value of Amold
(1980); this difference may reflect the hazards of inter-experiment
comparisons, or may indicate that MAN decreases somewhat in
size after 53 days.

Nottebohm (1980, pp. 108-110) discussed unpublished data
showing that HVc and RA grow very rapidly during the period of
subsong in juvenile male canaries. The volume of HVc was still only
50% of its adult value when subsong ended, but the rate of growth
slowed down thereafter. It would be interesting to know how the
later stages of growth in canary HVc and RA correlate with plastic
song (a phase that lasts for several months in canaries) and song
crystallization.

We do not know whether experiential factors contribute to these
volume increases. For example, the experience of hearing a song
model early in development could contribute to volume changes in
HVc, particularly since some HVc neurons have been shown to
respond to playback of conspecific song (McCasland and Konishi,
1981; Margoliash, 1983). Similarly, the experience of producing
incipient song vocalizations (with resultant auditory and perhaps
proprioceptive feedback) might also produce neuronal changes that
contribute to volume increases in central song nuclei. The normative
volume changes we have described here will serve as an important
foundation for future experiments in which the influence of various
experiential factors can be explicitly tested and compared to the
normal ontogeny of the song-control system.

The most exciting finding (to us) is that MAN is large when birds
are first learning to produce song and decreases markedly in size
by the time that the motor pattern of song begins to stabilize. The
decrease in volume of MAN also correlates with the time period
when lesions of MAN disrupt song development—that is, MAN
lesions become largely ineffective between 50 and 60 days, when
the motor pattern of song becomes fairly stereotyped (Bottjer et al.,
1984; Bottjer and Arnold, 1985). We have seen that this decrease
in size is attributable to a loss of more than 50% of the neurons in
MAN between 25 and 53 days (Table Il). One possible interpretation
of this remarkable pattern of findings is that MAN subserves some
important (as yet unidentified) function for vocal learning early in
song development; we have suggested elsewhere that MAN neu-
rons may help to mediate motor learning or auditory-motor integration
of the song pattern (Bottjer et al., 1984). If so, it may be that neurons
are lost from MAN as the motor pattern of song develops—perhaps
neurons involved with control of “erroneous” sounds that are not
included in the final song pattern are not retained in MAN. As the
motor pattern of song stabilizes, MAN lesions become ineffective in
disrupting song development and the volume of MAN would presum-
ably approach its adult value (cell loss would be curtailed). After this
time, the function of MAN is no longer important for song learning
to proceed, and/or functions important for song learning are shifted
to other areas of the brain (such as HVc?). Of course, the validity of
these ideas remains to be subjected to experimental test.®

60 120 180 240 300

soma size (um?)

Figure 3. The distribution of soma size of individual neurons in MAN for
53- and 25-day old males. Values plotted are mean percentage of cells within
a given size class * SE. Cell size is plotted along the abscissa as bins of
30 pm? width.

3 We do not know, for example, whether the number of syllables produced
by juvenile zebra finches decreases as song development proceeds and
MAN decreases in neuron number. However, Marler and Peters (1982a, b)
have demonstrated a marked attrition in the number of syllables produced
by swamp sparrows (Melospiza georgiana) as their song patterns become
stereotyped. It therefore seems possibie that a similar pattern may be seen
during the development of zebra finch song.
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Figure 4. This photomicrograph
shows transverse sections through

MAN for one male from each of the

25- and 53-day groups. Arrows indi-
cate location of MAN.

53-DAY MALE
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We do not know the mechanism of cell loss from MAN, but two
alternatives suggest themselves. One explanation is that there is
massive neuronal death in MAN: This alternative seems exciting,
since neuronal death is normally a feature of embryonic or early
postnatal development and has never been studied in relation to the
development of a learned behavior (see Oppenheim, 1981). An
alternative mechanism would be for some MAN neurons to rediffer-
entiate. That is, some neurons within MAN may change their mor-
phology, their histochemical characteristics, and their function. This
latter hypothesis requires that such cells migrate outside the borders
of MAN, or that only cells in the periphery of MAN undergo such a
change, leaving a “core” of neurons that we see as MAN in older
birds. This outcome also seems unprecedented. Either way, eluci-
dation of the relationship between cell loss from MAN and song
development may greatly increase our understanding of the mech-
anisms of vocal learning.

As regards sexual differentiation, we have seen that there is
already a small difference in the volume of HVc and RA between
males and females at 12 days of age (one that is approaching
statistical significance). This finding concurs with the work of Gurney
and Konishi (1980; Gurney, 1981, 1982; Konishi and Gurney, 1982)
in suggesting that hormones act very early in life (prior to 12 days)
to initiate changes leading to sex differences in brain structures of
zebra finches. They showed that neonatal administration of estrogen
to female zebra finch chicks was particularly effective in masculin-
izing the volume of song-control nuclei—that is, the volumes of HVc
and RA in adult females that had received estrogen at the time of
hatching were significantly larger than those of normal females.
Administration of testosterone or dihydrotestosterone to such estro-
genized females in adulthood induced further increases in nuclear
volume as well as the development of song behavior.

After 12 days, the volumes of male HVc and RA show significant
increases up until 53 days that are specific to the song system. In
contrast, female HVc and RA actually increase less in volume than
do non-song control regions between 12 and 25 days, and they
decrease in size between 25 and 53 days, during which time Tel
does not change (however, this decrease was not statistically
significant). The increase in volume seen in male song-control nuclei
may be accounted for by increases in neuronal soma size or
dendritic arbor, decreases in cell density, andfor an increase in
number of cells. Correspondingly, the slight atrophy of female HVc
and RA may be attributable to decreases in cell size and number,
and increases in cell density. The mechanism responsible for such
atrophy is unknown.

It is tempting to speculate that the relative paucity of androgen-
accumulating cells seen in adult female HVc and RA is causally
related to the decrease in volume (or the absence of an increase)
observed during the development of these nuclei. Nordeen et al.
(1984) have recently demonstrated that estrogen treatment of female
zebra finch chicks greatly increases the proportion of hormone-
accumulating cells seen in HVc and MAN of these birds as adults.
We also know from the work of Gurney and Konishi (1980) that such
estrogen treatment acts to increase the volume of song-control
nuclei (see above). Further study of the exact mechanism whereby
estrogen influences the development of cells that accumulate andro-
gens in adufthood, as well as the relationship between hormone
accumulation and neural development of song-control nuclei, will
greatly increase our understanding of sexual differentiation of the
song system.

One particularly interesting aspect of our results is that the in-
crease in volume in male HVc appears to lead that in RA: HVc
increased much more steeply in size than RA between 12 and 25
days, whereas RA increased in size more sharply than HVc between
25 and 53 days. In adult male zebra finches, HVc contains a higher
proportion of androgen-accumulating cells than does RA, and an-
drogen-labeled cells are not seen in area X (Arnold, 1980a). This
pattern of findings may suggest that hormones act directly in HVc
to trigger growth, and that HVc may induce secondary growth in
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monosynaptically connected nuclei via some trophic influence. This
idea is supported by the fact that the 12-day male with the largest
HVc also had the largest and most well defined area X (see above),
and the next to largest RA. Such a “domino” theory of sexual
differentiation of the brain has been discussed by Arnold (1980a; cf.
Arnold and Gorski, 1984). That is, steroids may act directly to
promote neuronal growth in hormone-sensitive areas such as HVc
and MAN; this enhanced growth could then induce greater growth
and synaptogenesis in regions that receive projections from HVc
and MAN, such as RA and area X. Qur initial results, described
herein, are quite consistent with such a hypothesis.
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