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Genesis and Death of Vocal Control Neurons During Sexual

Differentiation in the Zebra Finch

John R. Kirn and Timothy J. DeVoogd
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Several song-related regions in the adult zebra finch brain
have substantially more neurons in males than in females.
Such differences appear to arise from sex differences in
circulating steroids during early posthatch life. In the present
study, developmental mechanisms involved in the produc-
tion of sex differences are explored by examinations of the
normal time course of posthatch neurogenesis and cell death
in vocal control circuits. As a first step toward determining
whether rates of neuron production may be different in males
and females, tritiated thymidine, a marker of cell division,
was administered to zebra finches at various times during
the first month after hatching. Birds were sacrificed at 60 d.
The number of cells formed after hatching and present at
60 d was then evaluated in 3 vocal control regions—HVc
(hyperstriatum ventralis pars caudalis) and its 2 principal
targets, RA (robust nucleus of the archistriatum) and Area
X. Cell death was quantified by counts of normal and pyk-
notic, degenerating cells made in these nuclei in additional,
untreated birds of both sexes at 5 d intervals from 5 to 45 d
of age.

The combined results of these experiments suggest that
differential cell death is a major factor in the development
of sex differences in the song control system and provide
the first direct evidence for sex differences in cell death in
the developing telencephalon. Although developmental time
tables differ among the 3 brain areas examined, at specific
ages significantly higher numbers of pyknotic cells were
observed in HVc, RA, and presumptive Area X in females
compared to males. Peak levels of cell death in RA occur
4-6 weeks after hatching. This is about 3 weeks after the
onset of sex differences in steroid levels that, in turn, lead
to differential organization of song system nuclei. This pat-
tern of results suggests that designation for death and actual
cell loss are temporally dissociated in this system.

Neuron proliferation for HVc and Area X, but not RA, con-
tinues throughout the first 30 d after hatching, and a signif-
icant sex difference was found in the number of cells present
in HVc at 60 d that were formed after hatching. Comparisons
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of the timing of cell death and cell incorporation suggest
that this difference may be best accounted for by differential
survival of neurons formed after hatching rather than differ-
ential rates of neuron production.

Neither differential neurogenesis nor differential neuron
death can fully account for the apparent extreme sexual
dimorphism in the number of neurons in Area X. We suggest
that sex differences in Area X may involve sex-specific pat-
terns of differentiation for similar numbers of neurons. Such
differential specification in males and females could result
in Area X being apparent in mature males but not in mature
females. Thus, the results suggest that complementary
mechanisms operate during the development of sex differ-
ences in gross morphology among multiple, anatomically
and functionally interconnected brain areas.

Neuron incorporation and death continue into the second
month after hatching in male zebra finches. Much of song
learning occurs during the second month. The contiguity
between song acquisition and elaboration of song system
structures suggests that factors such as the recruitment of
new neurons and their survival/death should be considered
as possible mediators of functional change.

Sex differences in neuron number have been documented within
specialized regions of all major divisions of the CNS in a variety
of vertebrates (reviewed in Arnold and Gorski, 1984; Arnold
and Breedlove, 1985; DeVoogd, 1986; Kelley, 1988). Adult sex-
ual dimorphisms are believed to result from the presence of sex
differences in circulating steroids during development. For many
of these systems, the sex differences are reduced or erased if
hormone levels in early life are experimentally altered in one
sex to approximate those characteristic of the other sex. How
might these effects on neuron number arise? In principle, hor-
mone effects on adult neuron number could be mediated by 3
sorts of processes: hormonal modulation of neurogenesis, of cell
survival, or of the specification of cell type (see Arnold and
Gorski, 1984).

The present study investigates the development of dimorphic
structures in the avian song system. This system is comprised
of several discrete, interconnected brain nuclei (Nottebohm et
al., 1976; for reviews see Konishi, 1985; DeVoogd, 1986). The
vocal control system provides an especially intriguing model in
which to study the formation of neural sex differences, as the
sex differences occur in multiple interconnected brain areas that
have staggered developmental timetables, and which therefore
may use different mechanisms in the creation of the dimor-
phisms. The 3 largest nuclei in the song system are the hyper-
striatum ventralis pars caudalis (HV<¢) in the telencephalon and



its 2 principal targets, the robust nucleus of the archistriatum
(RA) and Area X in the lobus parolfactorius (Nottebohm et al.,
1976). In aduit zebra finches, the volumes of HVc and RA are
several times larger in males than in females (Nottebohm and
Arnold, 1976), primarily a result of these nuclei having many
more neurons in males than in females (Gurney, 1981; Konishi
and Akutagawa, 1985; Nordeen et al., 1987). Area X is the
largest nucleus in the male song system. This nucleus is also the
most dimorphic in the zebra finch song system—it cannot be
distinguished in adult females (Nottebohm and Arnold, 1976;
Ryan and Arnold, 1981). Sex differences in neuroanatomy are
associated with sex differences in behavior: male zebra finches
sing, normal females do not (Immelmann, 1969; Gurney, 1982).

In the zebra finch song system, as in many other dimorphic
neural systems, the presence or absence of gonadal steroids early
in development initiates the formation of neural dimorphisms.
Adult female zebra finches that were exposed to testosterone
(T) or estradiol (E2) soon after hatching have song control nuclei
that are more male-like than nuclei in untreated females (Gur-
ney, 1981, 1982; Nordeen et al., 1987). HVc and RA are much
larger and have many more neurons in these treated birds than
in normal females and Area X can readily be distinguished.
Moreover, when the early hormone treatment is followed by
adult T treatments, females begin to sing (Gurney, 1982; Pohl-
Apel and Sossinka, 1984).

The early development of HVc and RA is similar in male
and female zebra finches (Bottjer et al., 1985; Konishi and Aku-
tagawa, 1985). HVc then becomes dimorphic in the third week
after hatching as the number of neurons found in the nucleus
in males increases while the number in females quickly reaches
a plateau (Nordeen and Nordeen, 1988b). In RA, dimorphisms
develop as cell size, dendritic field volume and cell spacing
increase in males (Konishi and Akutagawa, 1985; DeVoogd et
al., 1986), while the number of neurons, the dendritic field vol-
ume and the apparent size of the nucleus decrease in females
(Bottjer et al., 1985; Konishi and Akutagawa, 1985; DeVoogd
et al., 1986).

Area X has never been identified in female zebra finches, In
males, it can first be seen at about 12 d after hatching and has
reached most of its adult size by about day 25 (Bottjer et al.,
1985). Area X is especially interesting because, in contrast to
HVc and RA, none of its neurons appear to concentrate andro-
gens and few if any concentrate estrogens (Arnold et al., 1976,
Arnold, 1980; Gahr et al., 1987; Walters et al., 1988). Thus,
while steroids may act directly on HVc, their effects on Area X
are likely to be indirect.

The present research was designed to better understand factors
contributing to the development of dimorphisms in the song
system. The time course of neurogenesis over the first 30 d after
hatching was determined for HV¢, RA, and Area X in male and
female zebra finches using *H-thymidine and a long survival
time. This was to show whether neurogenesis overlaps with
differentiation in these brain regions, and whether development
in males and females involves differential incorporation of neu-
rons produced in the first month after hatching. In a second
experiment, the incidence of both normal and pyknotic, degen-
erating cells was measured in each of these brain regions in
order to evaluate the role of cell death in the formation of brain
dimorphisms. The combined results of the 2 experiments shed
light on the developmental mechanisms operating in the sexual
differentiation of a complex neural circuit controlling a learned
behavior.

The Journal of Neuroscience, September 1989, 9(9) 3177

Materials and Methods

Neurogenesis: animal treatment and histology. A total of 20 male and
female zebra finches obtained from our breeding colony received 3
subcutaneous injections of *H-thymidine (2.5 uCi/gm body weight; spe-
cific activity, 20 Ci/mm; New England Nuclear). These were given 48
hr apart during one of the following intervals: posthatch days 2-6, 8~
12, 14-18, 20-24, or 26-30, thereby labeling cells undergoing mitosis
during these intervals. Each injection group consisted of 2 males and 2
females. All injections were administered between 3:30 and 5:00 p.m.
to control for possible circadian rhythms in the length of the cell mitotic
cycle. At 60 d of age (range, 59-62), subjects were deeply anesthetized
and perfused intracardially with 0.9% saline followed by fixation in 20%
isopropyl alcohol, 4% paraformaldehyde (Perfix, Fisher). Brains were
embedded in paraffin and sectioned coronally at 10 um on a rotary
microtome. Sections were processed for conventional autoradiography
(slides were dipped in Kodak NBT-2 photographic emulsion, exposed
at 4°C for 3-8 weeks, and developed in Kodak D-19). Sections were
then stained with cresylecht violet, dehydrated, and coverslipped from
xylene.

Neurogenesis: data collection. RA and HV¢ were analyzed for labeled
neurons unilaterally at 750 x magnification in 3 equally spaced sections,
one each from the rostral, middle, and caudal portions of the nuclei.
Neurons were distinguished from glia based on cell size and staining
characteristics. Cells with a large, pale nucleus, 1-2 distinct nucleoli and
a darkly staining cytoplasm were counted as neurons. Neurons were
classified as being labeled if the number of silver grains over the nucleus
was at least 10 times background density (Fig. 1). In all 3 brain regions,
many small, lightly stained cells were labeled that were not counted as
they are probably not neurons (Fig. 1D). With the aid of an ocular
microscope grid, neuron density in HVc, Area X, and RA was estimated
by counting the number of neurons present in 20-100% of the cross-
sectional area of the nucleus within each of the 3 sections measured and
dividing by the area sampled. (The reduced sampling area was possible
as neuron densities based on samples of 20% of the cross-sectional area
of a nucleus did not differ by more than 11% from densities derived
from larger samples.) The unit of count for neurons was based on cell
nuclei. Density measures were corrected for the overestimation that
would be caused by nuclei split between tissue sections using the cor-
rection formula of Abercrombie (1946). The borders of the song-related
nuclei were traced using the projection microscope in sections spaced
120 pm apart. The total volume of a nucleus was determined with the
aid of a computerized digitizing tablet and was multiplied by neuron
density to yield an estimate of total neuron number.

It is not possible to compare males and females on the number of
neurons in Area X because this nucleus is not differentiated in adult
females. Therefore, a method was devised to compare the frequencies
of labeled neurons in Area X in males to the analogous region in females.
The position of Area X in male dorsolateral LPO was first reconstructed,
and this information was used to find and sample the geometrically
equivalent brain region in females. Three sections were chosen for this
inferential analysis in males and females. The sections were equally
spaced between the most rostral section containing LPO and the most
rostral section containing ectostriatum, landmarks chosen because they
are unambiguous, reliably encompass Area X in males and occupy
positions near Area X, thus reducing reconstruction errors that might
result from variation in the plane of sectioning. Arbitrary boundaries
encompassing Area X in dorsolateral LPO of males were created from
microprojector tracings in the following manner (Fig. 2). A line parallel
to the ventricular zone and at 20% of the total distance from the ven-
tricular zone to the lateral extent of LPO subdivided LPO into medial
and lateral components. A second line perpendicular to the first and at
30% of the distance from the ventral surface of the section to the dorsal
extreme of LPO further subdivided LPO into dorsal and ventral com-
ponents. The dorsolateral quadrant of LPO (DL-LPO), as delineated
with this procedure, reliably encompassed Area X in males. This pro-
cedure was repeated in females, providing an equivalent site at which
to compare the sexes on neuron incorporation. With this method, den-
sity of labeled cells (expressed as labeled cells/1000 cells) was obtained
in both sexes. For all analyses, slides were coded so that the experimenter
was blind to the sex and age of the subjects.

Cell death: histology. At 5 d intervals (+1.5 d) covering posthatch
days 5-45 (hatch day = day 1), 3 zebra finches of each sex (54 birds
total) were anesthetized and perfused with 0.9% saline followed by
Perfix. Following overnight storage in fixative, brains were dehydrated
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Figure 1. Photomicrographs of representative labeled neurons in HVc¢ (4), Area X (B), and RA (C), of males following posthatch tritium injections.
Relatively few labeled cells with clear neuronal morphology were found in RA after posthatch *H injections. (D), Example of labeled non-neural
cells in RA. Scale bar, 10 ym.

and embedded in paraffin. Ten micron coronal sections were cut on a 3 equally spaced sections, one each from the rostral, middle, and caudal
rotary microtome and stained with cresylecht violet. portions of the brain region at 750 x as described for measures of *H-

Cell death: data collection. Neuron densities in HVc, DL-LPO, and labeled cells. At 80 um intervals, the area of HVc and RA was deter-
RA were calculated in 20-100% of the nucleus cross-sectional area in ~ mined with the aid of a computerized digitizing tablet and multiplied



by the sampling interval to estimate nucleus volume. Measures of neu-
ron density were then multiplied by total nucleus volume to derive
estimates of total neuron number.

Pyknotic, degenerating cells can be identified by their shrunken, darkly
staining, liquified appearance (Chu-Wang and Oppenheim, 1978; Wong
and Hughes, 1987). Each brain region in cross-section was completely
scanned for pyknotic cells in 5-6 equally spaced tissue sections. Ex-
amples of typical degenerating cells in HV¢ are illustrated in Figures 3,
A, B. Generally, pyknosis obscures cellular phenotype. However, cells
that appeared to be in early stages of degeneration often had features
characteristic of neurons (Fig. 3, C, D). Tissue was deliberately stained
lightly in order to be able to resolve intracellular detail when using high
magnification and illumination. Under these conditions, it was possible
to discriminate reliably between pyknotic cells (in which intracellular
structure is breaking down) and other darkly staining profiles such as
blood cells. Often multiple pyknotic fragments in close proximity were
found (Fig. 3B). Unless separated by at least one cell diameter, these
fragments were counted together as one degenerating cell. Although
these precautions may underestimate the actual number of degenerating
cells, they provide a standardized method for uncovering relative sex
and age differences in cell death.

Indices of cell death were calculated in 2 ways for HVc and RA.
Estimates of total pyknotic cell number were derived by multiplying
the number of pyknotic cell profiles per area sampled by total nucleus
volume. The amount of cell death was also calculated as a function of
the number of normal neurons present (pyknotic cell/1000 neurons).
Although these 2 measures often covary, they provide different sorts of
information (see Finlay et al., 1986, for a more detailed appraisal of
different methods for quantifying cell death). Counts of total pyknotic
cells can reveal the developmental time course of cell death and can
serve as a relative index of the total number of cells dying at a particular
age. Cell death ratios provide an index of the proportion of cells that
are dying at a particular age. Each method has advantages and disad-
vantages. Pyknotic cell ratios are a more sensitive measure of cell death
than are estimates of total pyknotic cell number (Wong and Hughes,
1987). However, pyknotic cell ratios suffer the criticism that they may
change during development as a result of changes in the denominator
(normal cell number), as well as in the numerator (pyknotic cell number),
of the ratio. Apparent increases in cell death ratios over time might, in
fact, reflect cell “loss” associated with factors other than death, such as
the dedifferentiation or emigration of normal cells.

Area X per se can be delineated and analyzed only in males. As in
the neurogenesis experiment, the sexes were compared by analyzing a
dorsolateral zone in lobus parolfactorius (DL-LPO) that was defined in
the same way for males and females and that included Area X in males.
This region was scanned completely in cross-section for pyknotic cells
in 5-6 equally spaced tissue sections from males and females between
5 d of age (considerably before the age at which X can be distinguished
in males) and 30 d of age (the age by which Area X has an adult shape
and appearance in males). Pyknotic cell counts in DL-LPO were ex-
pressed as cell death ratios (pyknotic cells/1000 neurons). Cell death
ratios were also calculated for medial LPO. This region is interposed
between DL-LPO and the ventricular zone where cells destined for DL-
LPO are created (Tsai et al., 1981b). This measure, therefore, provides
a first indication of whether differential death occurs among cells that
may be migrating toward Area X from the ventricular zone. For all
analyses, the experimenter was unaware of the age and sex of the sub-
jects.

Statistical analyses. For descriptive purposes data have been pre-
sented in the form of means + SE. Two-way analysis of variance has
been used to compare sexes and ages. Previous work suggests that sexual
differentiation of song nuclei occurs during much of the first month after
hatching (Gurney, 1981; Pohl-Apel and Sossinka, 1984; Nordeen et al.,
1987). Thus, the present experiment was designed to evaluate devel-
opment of song system nuclei across multiple ages, with relatively few
animals used in each age group. With this design, statistically powerful
comparisons can be made of main effects related to sex and of overall
trends across multiple ages but not between specific ages.

Results

Posthatch neurogenesis

Neurogenesis values must be interpreted carefully as labeled
neurons were counted in birds killed a month or more after the
last 3H-thymidine injection. Thus, differences between injection
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Figure 2. Schematic representation of the way in which LPO was
subdivided in order to measure the frequency of labeled neurons in
comparable regions of the brain in males (where Area X is clearly
delineated) and in females (where Area X cannot be resolved).

groups or between males and females could be caused by dif-
ferential migration or cell death during the intervening time, as
well as by differences in neurogenesis. These values, therefore,
can be used to demonstrate the existence of neurogenesis but
not its absolute magnitude.

About 2% of the neurons in HVc¢ at 60 d of age are labeled
in males by thymidine injections given at different intervals
during the first 30 d. This number does not differ significantly
with age [Fig. 44; F(4,10) = 0.677, p > 0.10]. There are sub-
stantial sex differences in the total number of labeled neurons
found in HVc at 60 d of age [F(1,10) = 19.605, p < 0.001].
This is seen for each of the injection groups (Fig. 44), resulting
on average in males having 6 times as many labeled cells as
females.

Averaging across all thymidine injection groups, about 4% of
the neurons in DL-LPO are labeled in males. As in HVc, the
number of cells labeled does not differ with age [Fig. 4B; F(4,10)
= 0.947, p > 0.10]. In contrast to HVc, this labeling does not
appear to differ between sexes. Although about 1.3 times as
many labeled neurons occur across all injection groups in males
as in females (41 £ 4.6 labeled cells/1000 in males and 32 =+
4.0/1000 in females), this does not result either in a significant
overall sex difference [F(1,10) = 2.460; p > 0.10] or in a sig-
nificant sex x age interaction [F(4,10) = 2.069, p > 0.10].

In RA, the number of cells labeled differs with age, in contrast
to HVc or presumptive Area X [Fig. 4C; F(4,10) = 7.939, p <
0.005]. This occurs as far more labeled neurons are found in
RA after thymidine injections during days 2-6 than during the
later ages [182 + 11 for days 2-6 vs. 27 + 9 for days 8-30;
F(1,10) = 29.236, p < 0.001]. In RA, as in HVc¢, there are large
sex differences in labeling [overall sex effect: F(1,10) = 5.402,
p < 0.05]. The largest sex difference occurs following *H-thy-
midine injections on days 2-6 when the number of labeled
neurons found is relatively high in both sexes. Males also have
more labeled neurons after *H-thymidine injections at later ages.
Across all injection groups, males have 3 times as many labeled
neurons as females (59 + 21 for males vs 20 £ 14 for females).

Neuron number and cell death in HVc

Large changes occur over early development in the number of
neurons in HVc (Fig. 54). Boundaries of HVc¢ could first be
reliably distinguished at 10 days after hatching. At this time,
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Figure 3. Photomicrographs of degenerating cell profiles in HVc of a 20-d-old female (arrow). The prior identity of pyknotic cells was usually
obscured (4, B). However, in some, cases, cells were observed that appeared to be undergoing early stages of degeneration and that showed
characteristics of neuronal morphology (C, D). Scale bar, 10 um.

the number of neurons in HVc is similar in males and females. animals), there is more than an 8-fold difference between the
Thereafter, neuron number diverges substantially between the sexes in the number of neurons in HVc,
sexes [age by sex interaction: F(8,46) = 6.37, p < 0.001]. By 60 Pyknotic cells occur in HVc at all ages studied (Fig. 5, B, C).

days of age (values for these were obtained from the neurogenesis Estimates of total pyknotic cells (Fig. 5B) are quite variable, but
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Figure 4. Total number of labeled neurons (+SE) in HV¢ (4), DL-
LPO (B), and RA (C) in males and females at 60 d after hatching,
following 3 *H-thymidine injections covering one of the following age
intervals: days 2-6, 8-12, 14-18, 20-24, or 26-30 after hatching,

tend to be somewhat higher for females than males at 15 and
20 days of age. However, there is neither a significant overall
sex difference [F(1,32) = 2.45; p > 0.10] nor a significant sex
x age interaction [F(7,32) = 0.99; p > 0.25] in the total number
of degenerating cells observed. For days 15 and 20, the period
during which the largest loss of neurons is observed in females,
sex differences in the number of pyknotic cells approach statis-
tical significance [F(1,8) = 3.91; p = 0.08].

In contrast, there are clear sex differences present in the pro-
portion of cells in HVc that are dying [Fig. 5C; sex effect: F(1,32)
= 22.94, p < 0.0005]. There are also differences in the ratio of
pyknotic cells per 1000 normal cells across the ages measured
[age effect: F(7,32) = 3.31, p < 0.01]. Closer examination of
the data reveals that these differences are focused: the sex dif-
ference is largest at 20, 25, and 30 d of age [F(1,32) = 31.28; p
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Figure 5. Developmental changes in HVc of males and females (mean
+ SE) in the total number of neurons (4), the total number of pyknotic
cells (B), and the ratio of pyknotic cells per 1000 neurons in HVce (C).

< 0.0005] and is much smaller at 10, 15, 35, 40, and 45 d of
age [F(1,32) = 2.98,0.05 < p < 0.1].

Neuron number and cell death in Area X/DL-LPO

Cell death ratios for males and females in DL-LPO, the region
that includes Area X in males (Fig. 64), are very low relative
to values obtained for HVc and RA (Figs. 5C and 7C, respec-
tively). However, here too, more pyknotic cells per 1000 neurons
are found in DL-LPO in females than in males [F(1,24) = 6.65,
p < 0.02]. The proportion of pyknotic cells found varies with
age [F(5,24) = 4.94, p < 0.005]. The sex difference is greatest
in 15-, 20-, and 25-d-old animals, which are also the ages at
which the incidence of pyknotic cells is greatest in both sexes.
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Figure 6. Developmental changes in subdivisions of LPO in the ratio
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The overall time course and magnitude of cell death in M-LPO
(Fig. 6B), the region medial to Area X, is different from that
found in DL-LPO. Peak cell death ratios in M-LPO in both
sexes occur about 10 d earlier than in DL-LPO and are ap-
proximately double the ratios observed in DL-LPO. Moreover,
in M-LPO, there are no significant sex differences in pyknotic
cell ratios [F(1,24) = 0.32, p > 0.25 for sex; F(5,24) = 1.48, p
> (.20 for sex x age].

In order to determine whether values for DL-LPO provide a
reasonable estimate of death in Area X, comparisons were also
made in males between cell death in DL-LPO generally and cell
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Figure 7. Developmental changes in RA of males and females (mean
+ SE) in the total number of neurons (4), the total number of pyknotic
cells (B), and the ratio of pyknotic cells per 1000 normal cells (C).

death in Area X specifically (Fig. 6C). From 15 d of age (the
earliest age at which the boundaries of Area X could be clearly
delineated in males) through 30 d of age, there is close agreement
in pyknotic cell ratios in the 2 regions. These results suggest that
in males, degenerating cell ratios in dorsolateral LPO accurately
reflect cell death ratios in Area X. More importantly, these
results suggest that the augmented cell death found in DL-LPO
of females represents the death of presumptive Area X cells.

Neuron number and cell death in RA

RA can be clearly delineated from surrounding brain areas at
5 d of age. In both sexes, the number of neurons in RA increases



until about 20 d after hatching (Fig. 74), at which time the sexes
have similar numbers of neurons. Thereafter, the number of
neurons in males remains relatively stable. In contrast, the num-
ber of neurons in females decreases by 61% from day 20 to day
60. This decrease results in a significant interaction between sex
and age [F(9,54) = 2,95, p < 0.01] as well as an overall sex
difference in neuron number [F(1,54) = 57.25, p < 0.0001].

The total number of pyknotic cells observed in RA is similar
in males and females through 25 d of age (Fig. 7B). However,
females 30, 35, and 40-d-old tend to have higher numbers of
degenerating cells than males [sex x age interaction: F(8,36) =
1.90, p < 0.10].

When these data are expressed in the form of pyknotic cells
per 1000 neurons, females have substantially greater cell death
than males at 30, 35, 40, and 45 d of age (Fig. 7C). This results
in significant overall sex differences in cell death, as well as a
significant age x sex interaction [F(1,36) = 11.62, p < 0.002;
F(8,36) = 2.29, p < 0.05, respectively].

Discussion

Neurogenesis after hatching

The first experiment examined the contribution made to HVc,
RA, and Area X in 60-d-old zebra finches by neurogenesis dur-
ing the first month after hatching. During this time, these regions
become dimorphic in size and in the number of neurons they
contain, The results indicate that neurogenesis of precursor cells
destined for song control nuclei HV¢, RA, and Area X continues
beyond hatching in the zebra finch. Neurons destined for HV¢
and Area X continue to be produced throughout the first 30 d.
Neurogenesis in adults has been reported in HVc¢ of canaries
(Goldman and Nottebohm, 1983) and zebra finches (Notte-
bohm, 1985). Since significant numbers of labeled cells were
found in HVc and Area X after *H-thymidine injections made
as late as 26-30 days of age (the oldest injection group examined
in the present study), it is possible that these nuclei incorporate
new cells continually throughout life. In contrast, few labeled
neurons were found in RA, and most of these were observed
after *H-injections restricted to days 2-6. This finding suggests
that most of the proliferation of neurons destined for RA ends
soon after hatching.

In the chicken embryo, neurogenesis in the archistriatum is
completed prior to neurogenesis in the lobus parolfactorius and
neostriatum (Tsai et al., 1981a). The present data suggest that
the rules governing the temporal order of neurogenesis for HVc
(now known to be located in the neostriatum), RA, and Area
X are similar to those dictating the overall order of genesis for
the major brain divisions in which these nuclei reside.

These results complement and extend previous reports of
developmental changes in neuron number within song related
nuclei in the zebra finch. The late neurogenesis found for HV¢
in the present data is a likely source for the substantial increase
in the number of neurons in HVc¢ of male zebra finches that
occurs between days 25 and 53 (Bottjer et al., 1986). Also, it is
known that giving E2 to 20-d-old female zebra finches results
in an increase over untreated females in the number of neurons
in HV¢ in adulthood (Nordeen et al., 1987). This increase could
result from augmented incorporation into HVc¢ of the neurons
being produced at the time of the hormone treatment.

The present study detected very few labeled neurons in RA
of animals that received *H-thymidine injections after day 6.
This is consistent with reports that the number of neurons in
this nucleus in males approaches adult values by day 12 after
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hatching and changes little thereafter (Konishi and Akutagawa,
1985; Bottjer et al., 1986). This also may indicate that many of
the cells present in RA at 60 d were generated prior to hatching,
before the earliest *H-thymidine injections used in the present
study. RA first receives afferents from HVc between days 30—
35 after hatching (Konishi and Akutagawa, 1985). These find-
ings suggest a surprisingly long delay between RA neurogenesis
and the arrival of a major input to this nucleus.

Sex differences in the number of labeled neurons

Following injections of 3H-thymidine in the first 30 d after
hatching and examination at 60 d, more labeled neurons were
found in HVc and RA of males than in females. In HVc, sex
differences in the number of labeled neurons were found in
animals that had received the *H-thymidine at any time in the
first month. In RA, sex differences were most pronounced fol-
lowing *H-thymidine injections covering the first week after
hatching. Thymidine injections made at later ages labeled few
RA neurons in either sex, but in these animals as well, males
had higher numbers of labeled cells than females.

The frequency of labeled cells in dorsolateral LPO (the brain
region that includes Area X in males) did not differ between the
sexes. This result is surprising when the extreme sexual dimor-
phism of Area X in adult zebra finches is considered and suggests
that the generation of neurons during the first 30 d after hatching
and their survival until 60 d are not major factors in the estab-
lishment of the pronounced sexual dimorphism in this brain
area.

Cell death in HVc, RA, and Area X

In the second experiment, direct counts of pyknotic, degener-
ating cells in HVc and RA revealed that female zebra finches
have higher rates of cell death than males at specific ages during
development. Comparisons between Area X in males and the
geometrically analogous region in females revealed small but
significantly higher cell death ratios in females in this region as
well. Other researchers have suggested that cell death is a com-
ponent in the process of sexual differentiation of vocal control
regions, based principally on developmental changes in neuron
number (Konishi and Akutagawa, 1985; Nordeen et al., 1987,
Nordeen and Nordeen, 1988b). The present results provide di-
rect evidence that this is true.

Estimates of neuron number in HVc and RA during devel-
opment reported here are in general agreement with values re-
ported in studies in which fewer ages were sampled (Konishi
and Akutagawa, 1985; Bottjer et al., 1986; Nordeen and Nor-
deen, 1988b). Neuron number in HVc¢ does not differ between
the sexes on days 10 and 15. However, HVc cell numbers diverge
between the sexes at subsequent ages, increasing in males and
decreasing in females. Neuron number in RA diverges between
males and females 5-10 d later than it does in HVc. The di-
vergence occurs because the number of neurons in RA of males
remains essentially constant from day 20 to day 60, while the
number of neurons in RA of females drops substantially over
this interval. Thus, there is an initial interval when the number
of neurons in HVc¢ and RA is increasing in both sexes. In fe-
males, this is followed by an interval when the number of neu-
rons in HVc and RA is decreasing.

The timing of major changes in the number of neurons in
HVcis in very good agreement with the pattern observed in cell
death (whether measured as a simple count or as a ratio) when
superimposed on relatively high levels of neurogenesis. The
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constant, almost linear, increase in the number of neurons in
HVc of males is accompanied by relatively small fluctuations
in cell death. The decrease in the number of neurons in HV¢ of
females is accompanied by elevated numbers of pyknotic cells
and by higher degenerating cell ratios.

At slightly older ages, similar associations are observed in
RA. The number of neurons in RA levels off in males at 15-
20 d of age; these are also the ages at which there is a peak in
the number of pyknotic cells found in RA and in the cell death
ratio. Furthermore, the divergence between the sexes in the
number of neurons in RA occurs over the same ages as a large
sex difference in pyknotic cell counts and ratios. The relative
timings in HVc¢ and RA of changes in neuron number and in
cell death are similar. Thus, males and females diverge in the
number of neurons in RA after they have diverged in the number
of neurons in HVc. In females, the 2 indices of cell death are
elevated in HVc earlier than in RA,

Pyknotic cell ratios were measured in males and females in
dorsolateral LPO (DL-LPO), an area that encompasses Area X
in males. In this region, cell death ratios are significantly higher
in females than in males from day 15 to day 30. Since pyknotic
cell ratios in DL-LPO of males precisely map out both the time
course and relative magnitude of death in Area X, it is likely
that augmented death in DL-LPO of females represents the
death of cells that in males would contribute to Area X. Fur-
thermore, the absence of a sex difference in cell death for M-LPO
(the region between DL-LPO and the ventricular site of prolif-
eration for Area X) strongly suggests that dimorphisms in X do
not come about by selective loss during migration.

Are hormone effects on song system structures direct or
indirect?

Sex differences in circulating steroids in young zebra finches
(Hutchison et al., 1984) could affect the development of di-
morphisms in song control nuclei in several ways. Hormones
could promote neuron survival or differentiation either by in-
teracting directly with steroid-sensitive neurons in HVc, RA,
and Area X or by acting directly only on one brain region within
this interconnected group of nuclei, A direct influence on one
nucleus then might lead to increases in afferent or efferent syn-
aptic capacity, which, in turn, could cause indirect, “cascading”
effects on cell survival or elaboration in the other nuclei (dis-
cussed by Arnold and Gorski, 1984).

HVc may be a primary, direct site of action for steroids during
the development of the song system (Bottjer et al., 1985). In
turn, the consequences of hormonal effects in HVc might be
transmitted to neurons in RA and Area X by virtue of HVc’s
projections to these 2 nuclei. Several lines of evidence support
this argument. In male zebra finches, growth in HVc precedes
that in RA (Bottjer et al., 1985), making a sequential effect
possible. In adult males, HVc contains a larger proportion of
steroid-binding cells than does RA. Area X, in contrast, has few
if any steroid concentrating cells (Arnold et al., 1976; Arnold,
1980; Gahr et al., 1987, Walters et al., 1988). These results
make it plausible that HVc is more sensitive to steroids than
RA or Area X. Moreover, a large percentage of the cells in HVc
that bind androgens project to either RA or Area X (Sohrabji
et al., 1987). Thus, by virtue of steroid binding characteristics,
patterns of connectivity, and the timing of growth, HVc¢ 1s well
suited to exert trophic influences in RA and Area X.

Results from the present experiment are also consistent with
the argument that HV¢ plays a pivotal role in the sexual dif-

ferentiation of the song control system. In females, reductions
in neuron number and increases in cell death occur earlier in
HVc than in RA, suggesting that augmented cell death in HVc¢
might result in a subsequent increase in RA cell death. In males,
the first appearance of Area X occurs after the appearance of
HVc¢, making it possible that HV¢ influences the development
of this nucleus as well.

Other evidence may also support the argument that hormonal
effects on the sexual differentiation of some song control regions
are mediated in part by HVc. In other developing systems, cell
survival is regulated by afferents (Okado and Oppenheim, 1984;
Clarke, 1985; Furber et al., 1987; Linden and Pifion, 1987).
Konishi and Akutagawa (1985) have reported that HV¢ afferents
fail to innervate RA in female zebra finches during development.
Thus, the sexual differentiation of RA in females may represent
a natural case of “deafferentiation.” Interestingly, comparisons
of the time course and amount of RA cell death in males and
females in the present experiment indicate that the female cell
death rate is not only higher than in males, but that the highest
level of cell death is delayed relative to the highest level of cell
death in males (see Fig. 7). This pattern is also seen with ex-
perimental deafferentiation (Okado and Oppenheim, 1984).
These results are consistent with a model in which cell survival
in RA is an indirect consequence of steroid effects in HVc.

The potential role of HVc in the differentiation of other song
nuclei would be clarified if the time course of cell loss was known
for specific subpopulations of neurons within this nucleus. HVc
projections to Area X and RA derive from 2 distinct cell pop-
ulations (Paton et al., 1985; Alvarez-Buyllaetal., 1988; Nordeen
and Nordeen, 1988a), and the present experiment cannot dis-
sociate the time course of loss for these 2 cell classes. The cells
that project to Area X tend to be formed before those that project
to RA (Nordeen and Nordeen, 1988a). It may be that the time
of peak cell death for these 2 cell groups also differs. Confir-
mation that elaboration or death occurs in the RA-projecting
neuronal population in HVc before death or regression in the
target cells in RA would be further support for a determinative
role for HVc¢ in the differentiation of RA.

What processes initiate divergence between the sexes?

An apparent paradox in the development of sex differences in
the song system arises from the observations that the onset of
sex differences in circulating estrogen occurs well before the
divergence of RA volume (Hutchison et al., 1984; Konishi and
Akutagawa, 1985) and cell death. It is clear that the song system
is capable of responding to these early differences in steroid
levels: gonadal steroids given to female zebra finches as early
as the first days after hatching result in large increases in the
number of neurons found in RA in adults (Gurney, 1981). Sev-
eral observations suggest that a major determining factor in the
timing of hormone effects on neuron survival may be the age
at which vocal control areas establish interconnections. In the
majority of developing neural systems that have been studied,
cell death has been shown to occur specifically during intervals
when extrinsic neuronal connections are first being established
(reviewed by Oppenheim, 1981a; Cowan et al., 1984; see also
Nordeen et al., 1985, and Sengelaub and Arnold, 1986, for results
in a dimorphic spinal cord nucleus). If the development of the
vocal control system follows the same pattern, the onset of sex
differences in cell death would also be expected to occur at
intervals during which regional connections are being made, a
process that, at least in terms of RA and HVc¢, occurs several



weeks after the onset of the critical period of hormonal sensi-
tivity. Thus, although neurons in vocal control nuclei may be
sensitive to circulating steroids early in development, the con-
sequences of that sensitivity in terms of survival or death may
not be manifested until a later developmental stage, when the
neurons begin to interact with their afferent and/or efferent tar-
gets.

The present data provide indirect evidence suggesting that
neuron specification is involved in the sexual differentiation of
Area X. While cell death is slightly higher in females than in
males, this may play only a minor role in the development of
sex differences in Area X. The size of the sex difference in
pyknotic cell number is much smaller than in HVc or RA. Peak
cell death ratios in this area are considerably lower than peak
values for HVc and RA. In the present data, no significant sex
differences in the frequency of 3H-labeled cells are found in DL-
LPO. A moderate difference in *H-thymidine labeling has been
reported in a similar study (Nordeen and Nordeen, 1988b).
Together, these findings suggest that the net effects of genesis
and death after hatching are much smaller than in HVc or RA
and seem insufficient to account for the pronounced dimor-
phism of Area X. Analyses of cell death in medial LPO also fail
to reveal sex differences, making it unlikely that neurons des-
tined for Area X die preferentially in females while migrating
from the ventricular zone.

Although Area X can be observed in males but not in females,
neuron density in dorsolateral LPO is only 17% greater in males
than in females at 60 d after hatching. Perhaps differential
expression of factors such as the amount or quality of inner-
vation from HVc or other areas results in the specification of a
visually discrete, large Area X in males and the apparent absence
of this nucleus in females. For example, Lewis et al. (1981)
describe a catecholaminergic input to DL-LPO in adult zebra
finches. In males, this projection is most dense within Area X.
In females, this projection is diffuse throughout DL-LPO, sug-
gesting that connectivity patterns for this region differ in males
and females. The sexual differentiation of Area X may involve
the differential utilization of neurons that are similar in number
and location in males and females. HV¢ afferents may be in-
volved in the differentiation of Area X (Herrman and Arnold,
1988); if HVc input is responsible for the specification of a
circumscribed nucleus, this scenario would require that HVc
project to Area X by the time when the latter is first evident in
males.

Interactions between neurogenesis and cell death

In the present experiments, sex differences were observed both
in cell death and in the number of neurons incorporated into
HVcand RA. The simplest interpretation of the present findings
is that differential death of neurons is the major mechanism for
the development of sex differences. The apparent sex difference
in neurogenesis is most easily explained as the result of differ-
ential death of labeled cells during the interval between *H-
thymidine administration and sacrifice. In HVc¢, continuous
neurogenesis overlapping with moderate rates of cell death in
males leads to the formation of a large nucleus. Females differ
from males in that their rate of cell death is substantially higher,
eliminating many of the neurons formed after hatching and
resulting in a smaller nucleus. A similar process appears to occur
in RA. Here, it is likely that the neuronal population is created
before or shortly after hatching and is not substantially aug-
mented later. The result is the same: moderate death resulting
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in a large structure in males and much higher death leaving a
smaller structure in females. We do not know whether differ-
ential cell death completely accounts for dimorphic cell number;
further experiments will be needed to determine whether dif-
ferential neurogenesis occurs in the song system and could con-
tribute to sexual differentiation.

The results underscore the need for direct measurement of
cell death. Simple counts of the number of neurons in HVc and
RA might suggest that cell death does not occur in these nuclei
in males. The present data indicate that this conclusion would
be incorrect. Cell loss in males appears to be offset by simul-
taneous neuron addition. Not only does cell death play a role
in the development of these nuclei in males as well as females,
but the process continues into the second month after hatching.
In HVc especially, direct measurement of cell death indicates
that major changes in the composition of the nucleus continue
at ages when song is being acquired and perfected.

Possible structure/function relations in development

The present results indicate developmental changes in anatomy
overlapping with song acquisition in males. Male zebra finches
begin to produce crude vocal facsimilies of songs they are hear-
ing from conspecific adults at approximately 25 d of age. By
about 60 d of age, vocal output has become stereotyped and
closely approximates stable adult song (Immelmann, 1969; Ar-
nold, 1975; Eales, 1985). HVc neurogenesis occurs throughout
the first 30 d after hatching. Between days 25 and 60, an interval
spanning much of song development, HVc neuron number in
males increases by about 70%. HVc¢ has been shown to be part
of a neural circuit involved in the storage and/or transfer of
acquired sensorimotor information associated with song
(McCasland and Konishi, 1981; Margoliash, 1983, 1986). Al-
though the functions of ongoing neuron addition to HVc remain
unknown, it is now clear that any neuronal model of song learn-
ing must account for large-scale continuing incorporation of new
neurons into preexisting circuits.

Regressive events in brain development may serve important
functions in the development of brain function and behavior
(Oppenheim, 1981b; Finlay and Slattery, 1983; Cowan et al.,
1984; Purves and Lichtman, 1985). Initial “overproduction” of
neurons and synapses is followed by selective loss of cells and
circuits, and by the strengthening of remaining neural connec-
tions in a manner appropriate for adult function. It is possible
that the early death of neurons in brain areas that control singing
is necessary for these areas to function appropriately. This pro-
cess could be used to sculpt out the appropriate circuitry for
song in males. Moreover, in zebra finches, this process is used
differentially in the 2 sexes to create large dimorphisms. It may
be that the timing or duration of these regressive events is sus-
ceptible to selective pressure (Katz, 1982; Ebbesson, 1984; Fin-
lay et al., 1987). Thus, cell death could be a proximal mechanism
whereby the degree of dimorphism in the song system across
species is varied and thereby the degree of dimorphism in be-
havior as well (Brenowitz et al., 1985; Arnold et al., 1986).

Marler and Peters (1982) noted that the acquisition of song
is also characterized by selective growth and regression. In the
case of song development, young males form an elaborate rep-
ertoire of sounds and phrases from which “inappropriate” sounds
are gradually deleted. This process results in a relative increase
in the representation of other sounds more closely approxi-
mating adult song. Presently, the similarities between structural
and functional change are intriguing parallels. As the timing of
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neural and behavioral development is more closely studied, and
as the contributions to the song system of such precisely defined
components as neurogenesis and neuronal death are more com-
pletely measured, it may become possible to determine the
structural causes of these behavioral changes.
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