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Waiting Periods versus Early Innervation: The Development of
Axonal Connections in the Zebra Finch Song System
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This study examines the development of two neural path-
ways within the zebra finch forebrain that function respec-
tively in the juvenile acquisition and the adult production of
learned song. In the adult male zebra finch forebrain, the
song nuclei L-MAN and HVc both innervate nucleus RA;
L-MAN plays a crucial role in juvenile song acquisition but,
unlike HVc and RA, is not essential for adult song production.
Previous studies have shown that HV¢ axons arrive at the
dorsal border of RA as early as posthatch day 15 (day 15),
and only enter the male RA after days 25-30, but never enter
the female RA. The present study examines the development
of axonal projections from L-MAN to RA and finds that, in
contrast to HVc axons, L-MAN terminals are present within
the male and female RA by day 15, and persist there through-
out adult life. Unlike RA-projecting HV¢c neurons, HVc neu-
rons projecting to area X innervate this target by day 20.
Like L-MAN, area X plays a transient role in song acquisition.
These results suggest that in the zebra finch forebrain, neu-
ral pathways essential to juvenile song learning develop be-
fore those needed for adult song production.

[Key words: song control nuclei, robust nucleus of the
archistriatum (RA), lateral portion of magnocellular nucleus
of the anterior neostriatum (L-MAN), caudal nucleus of the
ventral hyperstriatum (HVc), waiting compartment, zebra
finch]

Zebra finches (Taeniopygia guttata), like other oscine songbirds,
possess specialized brain nuclei that mediate the acquisition and
production of learned song. These synaptically interconnected
song nuclei, known as the song system, are unique to the song-
bird brain (Kroodsma and Konishi, 1991), and function only
to produce learned songs, not other, unlearned vocalizations
(Simpson and Vicario, 1990). The song system is divided into
two functionally distinct circuits (see Fig. 1), the first of which
links the forebrain and the vocal musculature, and consists of
the nucleus interfacialis (nlf), the caudal nucleus of the ventral
hyperstriatum (HVc), the robust nucleus of the archistriatum
(RA), and the hypoglossal motor neurons (nXIIts) that innervate
the syringeal muscles used in singing. This circuit has a spe-
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cialized vocal motor role, since it displays increased neuronal
activity before and during singing (McCasland, 1987), and be-
cause bilateral lesions of HVc or RA selectively block song
(Nottebohm et al., 1976), even though other, unlearned vocal-
izations remain unaffected (Simpson and Vicario, 1990). The
second circuit, which connects HVc to RA indirectly, extends
from HVc through area X, to the medial nucleus of the dor-
solateral thalamus (DLM), back to the magnocellular nucleus
of the anterior neostriatum (MAN), the lateral portion (L-MAN)
of which projects to RA (Nottebohm et al., 1982; Okuhata and
Saito, 1987; Bottjer et al., 1989). This “recursive” loop lacks
any obvious role in adult song production, since area X or
L-MAN lesions made in the adult do not affect song quality
(Bottjer et al., 1984; Sohrabji et al., 1990). In contrast, lesions
made in either area X or L-MAN of juvenile birds severely
disrupt normal song development (Bottjer et al., 1984; Sohrabji
et al., 1990; Scharff and Nottebohm, 1991). Therefore, the re-
cursive pathway plays a developmentally restricted role, essen-
tial during song learning, but unimportant to adult song pro-
duction. One goal of this study is to determine whether these
two pathways form their connections at different stages of the
bird’s development, given that the earliest stages of song learning
actually precede the onset of song production (Immelman, 1969;
Bohner, 1990).

A related issue addressed by this study is the role that inner-
vation plays in controlling the sexual differentiation of the song
system. In the zebra finch, the adult female song nuclei are
reduced in total volume, cell size, and number when compared
to the male (Gurney, 1981; Bottjer et al., 1986; Konishi and
Akutagawa, 1987), with the behavioral consequence that only
males can produce song (Nottebohm and Arnold, 1976; Gurney,
1982). This sexual dimorphism is the result of a hormonally
regulated developmental process: female zebra finch chicks im-
planted with estrogen before day 45 (all dates in this study refer
to posthatch age) develop masculinized song systems, and can
produce song in adulthood (Gurney and Konishi, 1980; Gurney,
1981; Konishi and Akutagawa, 1987). The mechanism by which
estrogen acts is still unknown, but in RA, its major effect is to
prevent cell death: although male and female zebra finches begin
posthatch life with a similar complement of RA neurons (Kon-
ishi and Akutagawa, 1985; Konishi and Akutagawa, 1990), these
neurons atrophy and die in the female, but survive and grow in
the male (Konishi and Akutagawa, 1987).

One hypothesis is that estrogen prevents RA cell death through
an innervation-dependent mechanism, since the HV¢ axons that
innervate RA do so in a developmentally retarded and sexually
dimorphic fashion (Konishi and Akutagawa, 1985). In the male,
HVc terminals “wait” along RA’s dorsal border until day 30,
then rapidly fill RA between days 30 and 40, reminiscent of the



waiting behavior exhibited by geniculocortical axons in the kit-
ten (Rakic, 1977; Shatz and Luskin, 1986; Ghosh and Shatz,
1992). In contrast, the female’s HVc axons remain outside RA
during the period of cell death, and provide little or no synaptic
input to RA even in adulthood (Konishi and Akutagawa, 1985).
Furthermore, RA atrophies when the HV¢ axon tract to RA is
cut in day 15 males (Konishi and Akutagawa, 1987), and when
HVc is lesioned in day 20 estrogen-treated female zebra finches
(Herrmann and Arnold, 1991a), indicating that the steroidal
milieu alone cannot maintain RA neurons deprived of inner-
vation from HVec. In order to clarify the role that innervation
plays in the sexual differentiation of RA, we sought to determine
when L-MAN axons form connections with RA, and whether
this pathway was also sexually dimorphic.

Materials and Methods

Fixed brain Dil. HVc and L-MAN axon terminals in or near RA were
labeled with Dil (1,1’-dioctadecyl-3,3,3',3'-tetramethylindocarbocy-
anine perchlorate; Molecular Probes, Inc.; Godement et al., 1987) either
in fixed whole brain or in fixed parasagittal brain slices. Birds were
anesthetized with a lethal dose of Equithesin (>0.06 ml; see Doupe and
Konishi, 1991), and then perfused transcardially with warmed (40°C),
heparinized saline for 5 min, followed by fixative (4% paraformaldehyde
and 0.1% glutaraldehyde in 0.025 M phosphate buffer) for another 30
min. To label HVc or L-MAN axons in the whole brain, the fixed head
was placed in a stereotaxic apparatus and either small pressure injections
(World Precision Instruments Pico Pump) of concentrated (25%, w/v)
Dil in absolute ethanol or Dil crystals were placed in the nucleus. To
label HVc axons in fixed brain slices, 500-um-thick parasagittal slices
of fixed brain tissue containing HVc¢ and RA were cut with a vibratome
and small pressure injections of Dil were made into HVc after locating
it under transillumination with the aid of a dissecting microscope. Tissue
was then stored in 4% paraformaldehyde in 0.025 m phosphate buffer
at 37°C, for 2—4 weeks to label HV¢ terminals, 6-10 weeks for L-MAN
terminals.

In vivo Dil. Stereotactic injections of Dil were made in vivo into the
L-MAN or HVc of birds anesthetized with Equithesin. One hundred
nanoliters of a 1% (w/v) solution of Dil in absolute ethanol were injected
into the target area with a 1 ul Hamilton syringe. Optimal anterograde
labeling required a 96 hr survival time, as opposed to 24-48 hr for
retrograde transport. Vibratome sections 50-200-um-thick were pre-
pared from tissue following fixation as outlined above.

Dil-mediated photoconversion of DAB. In certain cases, the fluores-
cence emitted by the Dil-labeled material was used to photooxidize
diaminobenzidine (DAB; Sigma) to produce a permanent, light opaque
stain. The protocol was similar to that outlined elsewhere (Sandell and
Masland, 1988). After photoconversion was complete, sections were
washed, mounted on slides, air dried, dehydrated in 100% ethanol,
cleared in xylene, and coverslipped with Permount.

WGA-HRP. Birds were anesthetized with 0.02-0.04 ml of Equithesin
injected intramuscularly and placed in a stereotaxic apparatus; the scalp
was retracted and a small window was made in the skull overlying HVc.
A glass electrode (Haer 9-dot borosilicate capillary glass, 1.2 mm di-
ameter, with fiber), with a tip diameter of ~15 um, was filled by cap-
illarity with a 2% (w/v) solution of WGA-HRP (Sigma) in 0.1 m Tris
hydrochloride. Relying on stereotactic coordinates, the electrode was
positioned in HVc, and the WGA-HRP solution was iontophoresed
from the pipette tip with positive current pulses (~4 pA), 5 sec in
duration, every 10 sec. Total injection times varied from 2 to 6 min in
length.

After a 24-36 hr survival period, birds were perfused as above, except
that the fixative was 2% paraformaldehyde and 2% glutaraldehyde in
0.05 M sodium phosphate buffer (PB), cooled to 4°C, followed by cooled
(4°C) 10% sucrose in 0.05 M PB. The brain was removed and allowed
to sink overnight in 30% sucrose in 0.05 M PB. Sections 30-90 um thick
were cut with a freezing microtome and collected in 0.05 M PB on ice,
rinsed three times with distilled water, and then incubated for 30 min
in a tetramethylbenzidine/sodium nitroferrocyanide mixture in acetate
buffer (Mesulam, 1978). Hydrogen peroxide was added at a final con-
centration of 0.006%, and the reaction closely monitored. The reaction
ultimately was quenched in 0.01 M sodium acetate buffer chilled to 4°C.
In some cases, ammonium molybdate was used to stabilize the reaction
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Figure 1. A simplified schematic of the adult male zebra finch song
system, shown in parasagittal view. The direct vocal motor control
pathway (solid black) includes the nucleus interfacialis (Nif), the caudal
nucleus of the ventral hyperstriatum (HV¢), the robust nucleus of the
archistriatum (RA), and the tracheosyringeal portion of the hypoglossal
nucleus (nX11Its), which contains motor neurons that innervate the mus-
cles of the syrinx, the avian song organ. The recursive pathway (cross-
hatched) also connects HVc to RA, via area X, the dorsolateral nucleus
of the medial thalamus (DLM), and the lateral portion of the magno-
cellular nucleus of the anterior neostriatum (L-MAN). Some nuclei have
been omitted for clarity. D, dorsal; V, ventral; R, rostral; C, caudal.

product (Marfurt et al., 1988). Sections were mounted out of acetate
buffer, air dried, cleared in xylene, and coverslipped with Permount.
Alternate sections were stained with Neutral red to determine the lo-
cation of the labeled material with respect to song nuclei.

Intracellular recordings in vitro. Complete details of the in vitro brain
slice preparation have been described previously (Mooney and Konishi,
1991). Parasagittal slices (400 um thick) were equilibrated in an interface
chamber (1-2 hr), and then transferred to a semisubmersion chamber
warmed to 35°C and perfused with oxygenated artificial cerebrospinal
fluid (ACSF) at a rate of 3 to 5 ml/min. Bipolar tungsten electrodes
were used to deliver brief (100 usec) extracellular electrical stimuli to
fiber tracts within the slice preparation. Synaptic responses and action
potentials were stored on a videocasette recorder (Sony SLO 1800) in
pulse-code format (Neuro-Corder DR-484), and analyzed, both on and
off line, with the aid of digital oscilloscope software written by Larry
Proctor for a MASSCOMP Graphics workstation.

Intracellular staining techniques (biocytin). Intracellular staining with
biocytin (Sigma) was achieved by impaling neurons with 80-150 MQ
electrodes filled with 2% biocytin in 2 M potassium acetate (Horikawa
and Armstrong, 1988). Biocytin was iontophoresed from the electrode
with 0.6-1.5 nA depolarizing current pulses, 1 sec in duration, at a
frequency of 0.5 Hz. Optimal fills were obtained within 15-30 min, and
then the slices were placed in 4% paraformaldehyde in 0.025 M phos-
phate buffer (4°C) for at least 12 hr.

Following fixation, slices were embedded in a gelatin-albumin mix-
ture, and then vibratome sectioned to 100 um thickness. Sections were
rinsed in 0.025 M phosphate-buffered saline (PBS), pH 7.40, permea-
bilized 2045 min in 0.25% Triton and 2% bovine serum albumin (BSA
fraction V, Sigma) in PBS, rinsed in PBS, and then incubated for 6-12
hr in a solution of Avidin D HRP (Vector Labs, Inc.), diluted 1:100 in
2% BSA in PBS at 4°C. After rinsing again with PBS, sections were
incubated in a 0.05% DAB solution in PBS for 1 hr, and then hydrogen
peroxide was added to the DAB solution at a final concentration of
0.02%. Sections were monitored until a strong reaction product was
visible, and then rinsed with PBS, mounted on slides, air dried, cleared
with xylene, and coverslipped with Permount. Filled cells were recon-
structed with the aid of a camera lucida and a 100 x Zeiss oil immersion
objective (1.3 NA).

Intracellular staining techniques (Lucifer yellow). A solution of 5-10%
Lucifer yellow CH (Aldrich) in 1.0-0.5 m lithium chloride was also used
for intraneuronal staining (Stewart, 1978), occasionally adding form-
aldehyde at a final concentration of 3.7%. Electrodes were identical to
those employed with biocytin, except that the impedance was typically
100-200 MQ. Upon impalement, 1-2 nA hyperpolarizing current pulses
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Figure 2. L-MAN terminals are present within RA before day 30. g,
A combined bright-field and fluorescence confocal image of anterograde
label within RA following an in vivo injection of Dil into the L-MAN
of a day 15 male zebra finch (day 19 at time of perfusion). The white,
oval structure in the center of the figure is the mass of L-MAN terminals
filling RA. Section is in coronal orientation, with dorsal to the top and
medial to the right; the cerebellum is visible to the right of the medial
edge of the forebrain. b, A higher-magnification confocal image of Dil-
labeled L-MAN axon terminals within RA from a day 30 male. Note
the periodic swellings along the length of individual processes, which
may be synaptic varicosities. Scale bars: a, 400 um; b, 10 pm.

(2.5 Hz, 1:1 duty cycle) were passed through the electrode for 10-30
min. After filling several cells, slices were fixed in 4% paraformaldehyde
in 0.025 M PBS and stored at 4°C. Slices were resectioned on a vibratome
to a thickness of 200 ym, mounted on slides, and air dried.

Confocal microscopy. Confocal images were generated on a Bio-Rad
600 scanning laser confocal system mated to a Zeiss Axiovert micro-
scope. A Kalman filter was used to enhance the signal to noise ratio of
individual optical sections and, in some cases, edge-enhancement soft-
ware was used to heighten contrast. Figures in which whole neurons are
illustrated represent the two-dimensional projection of 5-20 separate
optical sections, made in 0.25-2.5 um increments along the z-axis. In
some cases, separate confocal images made of the same area under
bright-field and epifluorescence illumination were merged to form a
single image showing both anatomical landmarks and fluorescently la-
beled structures.

Results

We examined the development of the L-MAN projection to RA
from day 12 through adulthood in male and female zebra finch-
es. We were especially interested in the period before day 30
because we wanted to know (1) what synaptic connections exist
between song nuclei before HVc axons innervate RA, that is,
during the earliest stages of song acquisition (Bohner, 1990); (2)
whether the “waiting” behavior exhibited by HVc axons was
unique to this projection, or reflected a general inability of RA
neurons to support extrinsic input before the end of the fourth
posthatch week; and (3) whether the L-MAN projection to RA
was sexually dimorphic, like that between HVc and RA.

L-MAN axonal projections to RA before day 30

L-MAN terminals were present within both the male and female
RA as early as day 15. Dil was injected in vivo into the L-MAN
of seven zebra finches younger than day 235, including one day
12, two day 15, one day 17, and one day 20 female, as well as
two day 15 males. Regardless of the sex or age of the bird in
which L-MAN was injected, fluorescently labeled terminals were
present within RA 3—4 d following the injection (see Fig. 2a).

In order to obtain higher resolution images of these L-MAN
terminals, confocal images were made of labeled terminals with-
in RA, following Dil injection into the L-MAN in fixed brain
tissue of a day 30 male. Single optical sections revealed a dense,
fibrous meshwork, punctuated by characteristic “holes” of 10~
20 u diameter, in which label was absent (see Fig. 2b). Nuclei
and nucleoli were found in these “holes” when the same optical
section was examined under phase contrast optics, suggesting
that the holes were formed by RA cell bodies. Labeled fibers
had occasional branches and small swellings along their length
(see Fig. 2b).

L-MAN axonal projections to RA after day 30

L-MAN terminals were readily detected within both the male
and female RA after day 30. The L-MAN in four birds (one
male and three females), day 50 or older, was injected with Dil,
either in fixed or living brain tissue. In all cases, L-MAN in-
jections labeled terminals within RA. The three female birds
were day 50, 70, and 90 at the time of the injection, the male
was greater than day 90. At these ages, RA is extremely sexually
dimorphic, atrophied in the female, and hypertrophied in the
male. In either sex, the labeled L-MAN terminals were confined
within RA, and did not appear to extend beyond its borders
(data not shown).

Other areas labeled following L-MAN injections

Regardless of the bird’s age or sex, injections of Dil in L-MAN
also resulted in strong retrograde label within the thalamus.
Retrogradely labeled cell bodies were confined to a dorsal and
posterior part of the thalamus about 1-1.5 mm from the midline,
thought to be DLM (see Fig. |; data not shown).

HVc¢ axonal projections

Previous studies have revealed that HVc axon terminals actually
wait at the border dorsal to RA before entering the nucleus.
Tritiated-proline injections made into the HVc¢ of male zebra
finches at different ages have shown that although HVc axons
reach RA’s dorsal border as early as day 135, they do not enter
the nucleus until 10-15 d later (Konishi and Akutagawa, 1985).
Although proline is a sensitive anterograde tracer, it does not



permit high-resolution imaging of the labeled axon terminals,
nor does it label cells retrogradely. Therefore, other anterograde
and retrograde tracers were used to provide more information
about HVc¢ axons during the waiting period.

In six zebra finches younger than day 25 (three males and
three females), HVc was injected with either Dil or WGA-HRP.
In all cases, regardless of sex, the bulk of the transported label
was concentrated just outside RA, and especially along its dorsal
edge. Figure 3a typifies the labeling found outside RA, following
injections of Dil into HVc. We will refer to this region abutting
the dorsal border to RA as the “waiting compartment.” Even
when extremely small injections of Dil were made into HVc in
fixed brain slices, labeled terminals were still confined to the
waiting compartment. The pattern of HV¢ terminal distribution
within the waiting compartment contrasts markedly with the
HVc axonal projection to RA in the adult (>P90) male finch,
in which HVc¢ fibers run in highly fasciculated bundles to RA,
then defasciculate and elaborate dense terminal fields in the
nucleus (see Fig. 3b).

In direct contrast to the HVe axonal projection to the waiting
compartment, HVc axons projecting to area X were already
present within this target by day 20. The pattern of anterograde
label within area X, resulting from WGA-HRP injections into
HVc, is shown in parasagittal view in sections 4-8 in Figure 4,
and in a higher-power dark-field image in Figure 5c. Further-
more, injections into HVc at or before day 20 retrogradely la-
beled clusters of cells within both the forebrain and thalamus
(see Fig. 4). The anatomical location of these clusters, as deter-
mined by counterstaining, was within the medial portion of
MAN (see Fig. 4, sections 9 and 10; Fig. 5a), the nucleus in-
terfacialis (nIf; Fig. 4, sections 4-8; Fig. 5b), and the thalamic
nucleus Uva (Fig. 4, sections 7 and 8; Fig. 5d).

In order to rule out the possibility that developmental vari-
ation between individual animals might erroneously suggest that
L-MAN and HVc terminals enter RA at different ages, the right
L-MAN and the left HVc of a day 15 male finch were injected
with Dil in order to visualize L-MAN and HVc fibers in the
same animal, Although the RA on the side receiving the L-MAN
injection was filled with fluorescently labeled terminals, the
waiting compartment, but not RA, was fluorescently labeled on
the side receiving the HVc¢ injection (data not shown).

To clarify further the trajectory of the HVc and L-MAN fiber
pathways in an adult male finch, Dil crystals were implanted
in the left L-MAN and the right HVc of a previously fixed brain.
After transport was complete, the brain was sectioned in the
coronal plane, allowing the location of the two fiber pathways
to be compared side by side (see Fig. 6). Labeled L-MAN axons
ran caudally in the lamina hyperstriatica (LH) toward HVec,
consisting of a broad band of fibers that swept laterally as they
traveled caudally. L-MAN axons turned and cascaded in the
ventral direction upon reaching a rostrocaudal point approxi-
mately even with, but slightly lateral to, HVc. After descending
ventrally to a level approximately even with RA, L-MAN axons
executed a sharp, right-angle turn in the medial direction, then
entered RA along its lateral face. In contrast, HVc axons ran
dorsoventrally in highly fasciculated bundles toward RA, and
proceeded to enter RA along its dorsal edge. Most labeled HVc
axons were situated medial to the L-MAN fiber pathway.

Physiology of waiting compartment neurons

One possibility is that HVc axon terminals, while situated along
the dorsal border to RA between day 15 and 30, actually form
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Figure 3. HVc axons enter RA later in development than do L-MAN
axons. a, Dil crystals implanted in the paraformaldehyde-fixed brain
of a day 23 female finch produced a ring-like pattern of anterograde
label outside RA. Section is oriented parasagittally, with dorsal to the
top and rostral to the right. b, Dil crystals implanted in the fixed brain
of an adult male finch produced heavy anterograde label within RA.
Section is oriented as in 4. In a and b, fluorescent excitation of Dil-
labcled material was used to photooxidize DAB. Scale bar: 200 pm for
a; ~290 um for b.

transient synaptic connections with neurons in the waiting com-
partment. To test this hypothesis, a total of 22 cells situated
located immediately dorsal to RA were impaled with intracel-
lular electrodes in parasagittal slices. Cells within the waiting
compartment were classified as neurons because of their capac-
ity to fire action potentials in response to depolarizing currents.
Twenty of 22 cells examined within the waiting compartment
responded to depolarizing currents of moderate duration (500
msec) by initially firing two or three higher-frequency action
potentials, followed by a lower frequency train of action poten-
tials that displayed some accommodation (see Fig. 7a). In some
cases, this accommodation was quite pronounced, and the cell
would cease firing altogether after several action potentials. The
remaining two cells displayed no marked accommodation over
the course of the depolarizing current injection. Electrical stim-
ulation within HVc, or the region immediately ventral to it,
where HVc axons travel en route to RA, evoked synaptic po-
tentials from all of the waiting compartment neurons encoun-
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Figure 4. Several areas were labeled by injection of WGA-HRP into the HVc of a day 18 male finch. WGA-HRP was iontophoresed into a region
including HVc (solid black area in sections 1-5). Hatched areas represent anterograde label; dots signify the locations of retrogradely labeled cell
bodies. Note anterograde label along RA’s dorsal border in sections 1-3, and within area X in sections 4-8. Retrograde label in nlf is depicted in
sections 4-8, while retrograde label in medial MAN only becomes apparent in sections 9 and 10. Retrograde labeling within the thalamic nucleus
Uva is present in sections 7 and 8. Section 1 is approximately 2.6 mm from the midline, and each section represents an advance of 0.15 mm in

the medial direction. D, dorsal; V, ventral; R, rostral; C, caudal.

tered in the present study (22 of 22 cells) (see Fig. 7b). These
evoked synaptic responses could drive waiting compartment
neurons above spike threshold and therefore were classified as
excitatory postsynaptic potentials (EPSPs).

Morphology of waiting compartment neurons

A distinct morphological cell type, closely apposed to RA’s dor-
sal border, was revealed by dye-filling neurons within the waiting
compartment, as seen in Figure 8. Their dendrites, which were
dorsoventrally flattened, and spanned the dorsal edge of RA,
did not enter the nucleus, although they extended freely in the
waiting compartment. These neurons also supported a network
of axon collaterals local to the parent cell, and in several cases,
a lone collateral was observed running dorsally toward HVc.
Other axon collaterals of these neurons did not appear to enter
RA, although they coursed about the region outside the nucleus.

RA neuronal morphology

In the male zebra finch, the massive ingrowth of HVc axons
into RA after day 30 is accompanied by a large increase in the
volume of the nucleus, presumably because of the addition of

large numbers of new synapses (Konishi and Akutagawa, 1985;
Herrmann and Arnold, 1991b). In order to characterize the
postsynaptic changes that occur within RA concomitant with
HVc axon ingrowth, individual RA neurons were intracellularly
stained in brain slices prepared from day 15-65 finches. All cells
filled in this study were of a specific type of RA neuron that
fires action potentials in a repetitive and highly regular fashion,
without accommodation, in response to depolarizing currents
(see Mooney, 1992).

Although the recording electrode was usually positioned to-
ward the center of RA, regular-spiking RA neurons were dis-
tributed throughout RA, including just within its border. Their
morphology was studied with both biocytin and Lucifer yellow
staining. Eleven of 14 RA neurons filled before day 30 exhibited
spinous dendrites; the remaining three neurons were too poorly
filled to resolve whether or not spines were present. Ten of 11
RA neurons filled in slices after day 30 also had spinous den-
drites; the 11th cell was too poorly filled to detect if spines were
present.

. Confocal images were generated of Lucifer yellow-filled RA
neurons in brain slices from birds less than 30 d of age. When
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Figure 5. Higher-power dark-field photomicrographs of the material in this figure show retrograde label in medial MAN (a; from Fig. 4, section
9), retrograde label within nIf (b; from Fig. 4, section 5), anterograde label within area X (c; from Fig. 4, section 6), and retrograde label in the
thalamic nucleus Uva (d; from Fig. 4, section 7). All sections are oriented with rostral to the left, and dorsal upward. Scale bar, 200 um for a—d.

located toward the center of RA, repetitive-spiking RA neurons
had spinous dendrites oriented about the cell body in a radially
symmetric manner (see Fig. 9a). In contrast, when the soma
was positioned just within RA’s border, this radial symmetry
was disrupted because the dendrites respected the boundary of
the nucleus (see Fig. 95). A single RA neuron, filled with Lucifer
yellow in a slice prepared from a day 24 male, had pronounced,
club-like endings at the tips of many of its dendrites (see Fig.
9¢). In other respects, it had the basic features associated with
other spinous RA neurons encountered in this study. A confocal
reconstruction of this cell illustrated the clear elaboration of
dendritic spines, and several collaterals could be observed
branching from the main axon in close vicinity of the parent
cell body. The dendritic endings, when viewed in greater detail
(see Fig. 9d), were enlarged relative to the more proximal den-
dritic shaft, and then terminated in a very fine distal process.
When RA neurons at a variety of ages were also stained with
biocytin and reconstructed with the aid of a camera lucida (see
Fig. 10), common features could be detected. The dendritic
arbors of RA neurons were already quite extensive in those brain
slices prepared from birds younger than day 30, but appeared
to become more elaborate after day 30. Regardless of age, the
axon collaterals, which had numerous varicosities along their
length, were restricted to the volume close to the cell body (see
Fig. 10), and when the main axon was filled, no branches were
observed after it exited RA.

Discussion

These experiments illustrate that L-MAN and HVc axons in-
nervate RA at different stages during development. L-MAN
terminals are present within RA by day 15, whereas HVc axons
are not detected within RA until 10-15 d later. Before day 25,
HVc terminals ramify extensively in a region immediately dor-
sal to RA, and certain neurons within this region may function
as transient targets for developing HVc axons. These experi-
ments reveal that although L-MAN and HVc¢ innervate a com-
mon target, RA, they do so with a markedly different devel-
opmental time course, suggesting that pathways essential to
juvenile song acquisition are formed before those needed for
adult song production.

Role of innervation in cell death within RA

The developmentally retarded and sexually dimorphic projec-
tion that HVc axons make to RA (Konishi and Akutagawa,
1985), coupled with the observations that severing the HVc
axons that project to RA in young male zebra finches (Konishi
and Akutagawa, 1987) and chemically lesioning HV¢ in young,
estrogen-treated female zebra finches (Herrmann and Arnold,
1991a), result in the atrophy of RA, has lent support to the
hypothesis that the sexual differentiation of RA is regulated by
an innervation-dependent mechanism. However, the present
finding that L-MAN terminals are present within the female
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Figure 6. L-MAN and HVc axons enter RA from different angles, as shown in this coronal section through the whole brain of an adult (>day
90) male finch at the level of RA. The left L-MAN and right HVc were implanted with Dil crystals, and DAB was subsequently photooxidized by
fluorescently exciting the Dil-labeled axon terminals within RA. In the lefi hemisphere, axons course down toward RA from their origin in L-MAN
(rostral to this plane of section). Note that L-MAN axons enter RA primarily along the lateral edge of the nucleus. In the right hemisphere, HVc
axons run in a tract displaced medially to the L-MAN axon tract, and enter RA along its dorsal edge. Scale bar, 1 mm.

RA throughout the period of cell atrophy and death renders a
simple innervation-dependent mechanism of RA neuronal sur-
vival less plausible, In both male and female zebra finches, the
projection from L-MAN to RA forms as early as 1215 d after
hatching, preceding the period of cell death in the female RA
by several weeks. Furthermore, electrophysiological recordings
indicate that L-MAN axon terminals have formed functional
synapses with RA neurons before day 25 (Mooney, 1992). Ap-
parently, functional synaptic contacts, as supplied by L-MAN
axon terminals, are insufficient in preventing RA cell death,
suggesting that other mechanisms are responsible for determin-
ing the fate of RA neurons. Perhaps HVc terminals possess
unique neurotrophic properties that are essential to RA neuronal
survival, or L-MAN and HVc axons interact in a presently
unknown manner to prevent cell death within the male RA.

Nature of the waiting compartment

The mechanisms responsible for the prolonged arrest of HVc
axons at RA’s dorsal border are not well understood. Tritiated-
thymidine birthdating, coupled with retrograde labeling, have
revealed that many of the HVc neurons ultimately projecting
to RA are not born until after day 20 in the zebra finch (Nordeen
and Nordeen, 1988). Delayed neurogenesis could explain why
some HVc terminals arrive and enter RA at late stages of de-
velopment. It does not explain why the axon terminals of earlier-

generated HVc neurons, having reached the dorsal border of
RA as early as day 15, do not enter RA immediately, but instead
ramify in the region bordering the nucleus. Other factors could
contribute to this delay. One possibility is that HVc¢ axons are
delayed from entering RA because they recognize cells imme-
diately dorsal to RA as suitable, albeit temporary, synaptic tar-
gets.

Neurons within the waiting compartment display character-
istics consistent with their receiving synaptic contact from HVc
axons. In vitro, electrical stimulation of HV¢ evoked synaptic
potentials from all the waiting compartment neurons that we
recorded from. Intracellular staining revealed that a subset of
these cells, closely apposed to the dorsal border of RA, had
dendrites that spanned the edge of the nucleus in an orientation
similar to the HVc axon terminals. These features might be
expected of cells that receive transient synaptic input from HV¢
axons during early stages of posthatch development. However,
we cannot rule out that stimulation in or near HVc evokes EPSPs
within the waiting compartment through a polysynaptic path-
way, or perhaps by antidromically activating those collaterals
that appear to course toward HVc from the waiting compart-
ment.

Developing geniculocortical projections in the mammalian
visual system are also characterized by a prolonged “‘waiting
period,” in which presynaptic axon terminals are arrested tran-



Figure 7. Intracellular recordings, obtained from the cell illustrated in
Figure 8, were typical of neurons impaled within the waiting compart-
ment. @, Depolarizing the neuron with a 500-msec-long, +0.46 nA
current generated a train of action potentials. Note the decrease in firing
rate over the duration of the injected current. Resting potential was
—61 mV. b, Electrical stimulation within HVc evoked a depolarizing
synaptic response from the cell in a. At higher stimulus intensities, the
PSP elicited an action potential (not shown). The negative-going de-
flection preceding the synaptic potential marks the stimulus artifact.
Calibration: 150 msec, 40 mV for a; 60 msec, 10 mV for b.

siently in a zone adjacent to the mature target (Rakic, 1977,
Shatz and Luskin, 1986; Ghosh and Shatz, 1992). Just as in the
waiting zone outside the zebra finch RA, intracellular recordings
made from the subplate neurons within the visual cortical wait-
ing compartment show that EPSPs can be evoked by stimulating
the white matter (Friauf'et al., 1990). These EPSPs are probably
due to the activation of the waiting geniculate axons themselves,
since EM reconstructions show that labeled thalamic axons make
synapses on subplate neurons (Herrmann et al., 1991). Geni-
culocortical development is further characterized by reciprocal
connections between neurons in the waiting zone, the subplate
neurons, and the lateral geniculate nucleus (McConnell et al.,
1989). Despite the striking parallels between the development
of the mammalian visual pathway and the development of con-
nections between HVc and RA in the zebra finch, important
differences between these two systems are worth noting. First,
only one of the two types of afferent input to RA appears to
wait before entering the nucleus. In fact, L-MAN axons already
haveinnervated RA successfully during the time that HVc axons
are still excluded from the nucleus. We cannot rule out the
possibility that L-MAN axons are also delayed in entering RA,
only at a much earlier stage of development, but a more likely
scenario is that the cues retarding HVc¢ axon entry into RA are
somehow specific to this pathway. Another difference is that,
unlike their counterparts in the song system, lateral geniculate
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Figure 8. Neuron located within the waiting compartment immedi-
ately dorsal to RA. The cell was filled with biocytin in a parasagittal
brain slice prepared from a day 18 finch. Note the lone collateral trav-
eling dorsally toward HVc. Dorsal is toward the top, and rostral toward
the right.

neurons are born much earlier than their target cell population
in layer IV of visual cortex (Shatz, 1983; Luskin and Shatz,
1985). Therefore, LGN axons may wait simply because the
neurons that ultimately constitute layer IV have first to migrate
from the ventricular zone and then acquire mature character-
istics before they can support extrinsic innervation (Shatz et al.,
1988). In contrast, many RA neurons are born between embry-
onic day 6 (E6) and E8 (Konishi and Akutagawa, 1990), long
before the HVc neurons that will eventually innervate them
(Nordeen and Nordeen, 1988; Kirn and DeVoogd, 1989). In
addition, RA neurons are already functionally innervated by
L-MAN axons, as assessed by electrophysiological criteria, as
early as day 15 (Mooney, 1992). Thus, HV¢ axons probably do
not wait before entering RA simply because the target is too
immature to support innervation.

Regardless of the actual mechanisms regulating the waiting
behavior of HV¢ axons, their eventual entry into RA is accom-
panied by several postsynaptic changes. In the male, dramatic
increases in RA volume, as well as decreases in RA neuronal
density, coincide with HV¢ axonal ingrowth (Konishi and Ak-
utagawa, 1985; Konishi and Akutagawa, 1987). These changes
probably reflect the establishment of new synapses between HV¢
and RA, as intracellular recordings in brain slices show that
HVc fiber stimulation rarely elicits synaptic responses from RA
neurons before day 25, even though in brain slices prepared
from older males, stimulation almost always evokes synaptic
potentials within the nucleus (Mooney, 1992). Part of this pro-
cess of synaptic addition could involve RA dendritic expansion
(DeVoogd et al., 1986), perhaps as mediated by the growth-cone
like structures that we observed on the tips of individual RA
dendrites. Most of the HVc synapses added to RA over this
period terminate on the dendritic spines of RA neurons, as EM
data in both the canary and the zebra finch show that the ma-
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Figure 9. Confocal images of Lucifer yellow-filled RA neurons in slices prepared from finches less than 25 d of age. a, An RA neuron located
near the center of RA. Note radially symmetric dendrites, with spines visible along some portions (e.g., upper right quadrant). Slice prepared from
a day 17 male finch. b, An RA neuron located toward the caudal border of RA (marked by arrows). Dendrites were oriented predominantly away
from the boundary of the nucleus. Note dendritic spines. From a day 17 male finch. ¢, An RA neuron from a day 24 male finch. Note the club-
like endings on most dendrites. The axon extends from the soma at nine o’clock, and gives rise to several collateral branches. d, Higher magnification
of upper-right quadrant of neuron in c. Note the swollen dendritic tips, in some cases with very thin distal termini. Also note the numerous dendritic

spines. a, Scale bars: a—c, 25 um; d, 10 pm.

jority of HVc axons terminate specifically on these structures
(Canady et al., 1988; Herrmann and Arnold, 1991).

The development of the recursive pathway

The present study indicates that many nuclei of the recursive
pathway (i.e., HVc and X; L-MAN and RA) are linked together
before certain key connections are established in the direct vocal
motor control pathway (i.e., HVc and RA). Before day 20, HVc
terminals are present within area X, and L-MAN terminals are
present within RA. Other studies have shown that terminals
from DLM are present within L-MAN as early as day 15 (John-

son and Bottjer, 1992), and that terminals arising from area X
are present within DLM by day 20 (Sohrabji et al., 1993). These
data, together with the present results, indicate that the entire
recursive pathway is anatomically connected by day 20. In con-
trast to the early development of the recursive pathway, HVc
axons do not form substantial connections with RA until after
day 25. The mechanisms that regulate the differences in the
timing of the development of these two pathways are not totally
clear, although thymidine studies indicate that HVc¢ neurons
projecting to area X are born well before those projecting to RA
(Alvarez-Buylla et al., 1988; Nordeen and Nordeen, 1988; Kirn
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20pm

Figure 10.  RA ncurons filled with biocytin in slices prepared from younger and older finches, reconstructed with the aid of a camera lucida. The
two neurons on the top were filled in brain slices from finches aged less than day 25. The two neurons on the bottom were filled in slices from a
day 55-65 malc finch; the axon in the neuron in the lower right corner was not completely recovered. The inset in the lower left corner shows the
extent of the dendritic arbor with respect to the outlined boundary of nucleus RA. In all cells, orientation is coronal, with dorsal to the top of the
figure, and medial to the right. Scale bars: 20 um, 100 um for inset.
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and DeVoogd, 1989). The heterochronic neurogenesis of HV¢’s
two efferent subpopulations could provide an initial bias that
favors the early development of the recursive pathway.

The developmental differences between these two pathways
could have important behavioral implications. Lesion studies
support the division of the song control circuit into both a direct
vocal motor control pathway, which must be intact for normal
song production in the adult, and a recursive pathway, which
appears to play an essential role only in the early stages of song
development (Nottebohm et al., 1976; Bottjer et al., 1984; Sohr-
abji et al., 1990; Scharff and Nottebohm, 1991). Recently, song-
selective auditory responses have been detected in both L-MAN
and area X in the adult zebra finch (Doupe and Konishi, 1991).
X-projecting HVc neurons, also known to respond selectively
to song (Margoliash, 1983), might provide auditory input to the
recursive pathway (Katz and Gurney, 1981). If so, a neuronal
circuit that exhibits highly specific auditory response properties
in the adult is connected by the third posthatch week, closely
coinciding with the onset of sensory acquisition, the period when
young zebra finches first begin to listen to and memorize a tutor
song. In contrast, connections between two vocal premotor ar-
eas, HVc and RA, are not established until 10-15 d later, co-
inciding quite closely with the onset of subsong, the earliest
stage of song production (Immelmann, 1969). Staggering the
development of these two functionally distinct pathways might
reflect a strategy in which song nuclei involved in sensory ac-
quisition are connected first, and then guide the later-developing
connections of the vocal motor control pathway.
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