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ABSTRACT

The structure and connectivity of the forebrain nucleus HVe, a site of sensorimotor
integration in the song control system of oscine birds, were investigated in adult zebra finches.
HVc in males comprises three cytoarchitectonic subdivisions: the commonly recognized central
region with large and medium-sized darkly staining cells, a ventral caudomedial region with
densely packed small and medium-sized cells, and a dorsolateral region with oblong cells and
rows of cells. All three subdivisions project to area X and the robust nucleus of the
archistriatum, with more complexity in the classes and distribution of cells than previously
reported. In females, HVc is very small and has a cytoarchitecture distinct from that of the
three male subdivisions. The structure of HV¢ in females treated with estradiol at 15 days of age
is similar to male HVc.

Tracer studies in males with fluorescent and biotinylated dextrans demonstrate non-
topographic projections onto HVc that may carry auditory information, including type 1 and
type 2 neurons in subdivisions L1 and L3 of the field L complex, a class of neurons in nucleus
interface, nucleus uvaeformis, the caudal neostriatum ventral to HVe, and intrinsic HVe
connections. These data are interpreted in terms of HVc’s functional properties. Additionally,
the neostriatum immediately ventral to HVc receives projections from field L, ventral
hyperstriatum, and caudal neostriatum, and projects to a region surrounding RA and near to or
into area X. The similarity of the connectivity of HVc and adjacent neostriatum suggests the
possibility that they share a common origin.  © 1995 Wiley-Liss, Inc.

Indexing terms: songbirds, telencephalon, dorsal ventricular ridge, distributed auditory pathways

HVc! is a forebrain nucleus that is part of the song
control system in oscine passerine birds (Nottebohm et al.,
76). Auditory neurons in HVe have complex properties that
result from song learning (Margoliash and Konishi, ’85;
Volman, '93). In each individual, HVc neurons exhibit
response specificity for the temporal and spectral param-
eters of components of that bird’s own learned song, which
endows the neurons with selectivity for the bird’s own song
compared with conspecific songs (Margoliash, ’83, ’86;
Margoliash and Konishi, '85; Margoliash and Fortune, '92).
Similar song-selective auditory responses have been ob-
served in other song system nuclei, including the robust
nucleus of the archistriatum (RA), area X, the medial
nucleus of the dorsolateral thalamus (DLM), and the lateral
subdivision of the magnocellular nucleus of the anterior
neostriatum (IMAN), but these depend on HVe activity
(Doupe and Konishi, '91; Vicario and Yohay, '93). Thus,
HVec is a nexus for song selective auditory input to the song
system.

© 1995 WILEY-LISS, INC.

Previous studies have been equivocal with respect to
sources of auditory input to HVc. On the basis of amino-
-acid autoradiography and Fink-Heimer degeneration in the
canary (Serinus canarius), Kelley and Nottebohm ('79)
showed that neurons in field L, a thalamorecipient telence-
phalic auditory area (Karten, ’68), did not project directly to
HVe but projected to the shelf, a zone adjacent to HVe. This
zone was located primarily along the ventromedial borders
of HVc, and did not extend along the lateral or rostral
borders of HVec. Other studies which used horseradish
peroxidase for anterograde and retrograde tract tracing also
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1HVec is a neostriatal nucleus (Nottebohm, ’87) whose original name
located it in hyperstriatum ventrale. Here we adopt the acronym as the
proper name (see Discussion).
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failed to detect a direct projection from the field L complex
to HVc (Nottebohm et al., ’82; Bottjer et al., ’89). To date,
auditory input to HVc from the field L complex has been
presumed to enter HVc through the shelf, as Katz and
Gurney ('81) showed that some neurons in ventral HVc
have dendrites that extend into the shelf and caudal
neostriatum (NC). These neurons may, therefore, have
access to auditory input from field L efferents in the shelf.

Kelley and Nottebohm (’79) also concluded that neurons
lateral to field L project directly into HVc. Subsequently,
these lateral injections were interpreted by Nottebohm et
al. (’82) to have involved nucleus interface (NIf), which was
shown to project to HVc via retrograde labeling (Nottebohm
et al., '82). Recent cytoarchitectonic data indicate that NIf
is partially embedded within field L (Fortune and Margo-
liash, '92a) suggesting that the lateral injections from
Kelley and Nottebohm ('79) may have involved the L1
subdivision of field L. Thus, the projections to HVc seen in
the lateral injections of Kelley and Nottebohm ('79) may
have arisen from NIf, L1, or both NIf and L1.

HVc may receive additional auditory inputs. Some NIf
neurons may have dendrites that ramify extensively within
L1 (Fortune and Margoliash, *92a). Uva, a nucleus in the
dorsal thalamus which projects to HVc and NIf (Nottebohm
et al., ’82), also may carry auditory information. Studies of
the physiology and connectivity of Uva suggest that this
nucleus is multisensory (Okuhata and Nottebohm, ’92;
Wild, '93), and may be equivalent to the caudal division of
the dorsolateral posterior nucleus of the thalamus (cDLP)
found in non-oscine species (Wild, *93; also see Gamlin and
Cohen, '86; Korzeniewska and Giintiirkiin, 90). Therefore,
NIf, which receives input from Uva, and Uva itself, may be
sources of sensory information to HVe, potentially includ-
ing auditory, visual, and somatosensory modalities.

This report describes the sources and distribution of
inputs to HVc. In the first part, we describe the cytoarchitec-
ture of HVc. Although HVc has been the focus of numerous
studies, including volumetric studies in relationship to
seasonal changes (e.g., Nottebohm, '81; Nottebohm et al.,
'86; Gahr, *90) and syllable repertoire (e.g., Nottebohm et
al., ’81; Canady et al, ’84; Brenowitz and Arnold, ’86;
DeVoogd et al., ’93), developmental, hormonal, and neuro-
genesis phenomena (e.g., Bottjer et al,, '85; Alvarez-Buylla
et al., ’92; Kirn et al., "91; Johnson and Bottjer, 93), studies
of its cellular constituents (e.g., Nixdorf et al., '89; Watson
et al, '88; Braun and Scheich, ’88; Braun et al, '91),
physiological studies (e.g., Katz and Gurney, ’81; Margo-
liash, ’83, ’86; Volman, *93), and studies of the connectivity
of HVc (e.g., Nottebohm et al., '76; Keliey and Nottebohm,
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*79: Nottebohm et al., '82; Bottjer et al., ’89), a detailed and
systematic description of the HVe cytoarchitecture has yet
to be obtained. Our description of HVc cytoarchitecture has
facilitated the interpretation of injection sites and the
resultant patterns of labeling, and should likewise facilitate
the interpretation of other results. In particular, we report
a new dorsolateral region characterized by large oriented
cells and rows of cells, clarify the relationship of the
caudomedial region to the rest of HVc, and provide informa-
tion regarding the discrepancy between the definitions of
the shelf based on connectivity (Kelley and Nottebohm, *79)
and cytoarchitecture (Nottebohm et al., ’82).

The second part of this report describes the results of
retrograde and anterograde labeling from injections into
HVe, its afferents and efferents, and based on control
injections. We have identified the types and distribution of
cells in L1 and L3 of the field L complex that apparently
project directly into HVe, although a severe fibers-of-
passage problem with injections of anterograde tracer
prevented final confirmation. We show that some NIf
neurons that project to HVc have dendrites that ramify
extensively within L1. These neurons may represent a
separate class of NIf neurons (Fortune and Margoliash,
'92a). None of the afferent projections to HVc, including
those from field L, NIf, Uva, and the medial divisions of the
magnocellular nucleus of the anterior neostriatum (mMAN;
Nottebohm et al., ’82) appear to be topographically orga-
nized. This massive, non-tonotopic convergence onto HVc
can help to explain its complex physiological properties, and
its apparently non-topographic functional organization
(Margoliash et al., 94).

Our data also have implications for the evolution of the
song system. One or more regions in NC adjacent to HVc
also receive input from the field L complex, the ventral
hyperstriatum (HV), and from other parts of NC. Addition-
ally, NC adjacent to HVc projects to a region adjacent to RA,
and to or near area X. Control injections into HV demon-
strate a projection from a region adjacent to Uva. Thus,
there are similar, multiple parallel pathways that converge
onto HVc and onto NC adjacent to HVe, and HVc and NC
adjacent to HVc have parallel efferents. The similarity of
the connectivity of HVc and immediately adjacent NC gives
insight into the evolutionary origins of HVc, and the song
system (Margoliash et al., ’94).

Some of this work has appeared before in abstract form
(Fortune and Margoliash, ’92b,c), and has been summa-
rized in a recent review (Margoliash et al., '94).

Abbreviations

A archistriatum mMAN medial magnocellular nucleus of the anterior neostriatum
APH parahippocampal area N neostriatum
Cb cerebellum NC caudal neostriatum
¢DLP caudal division of dorsolateral posterior nucleus of the thala- Nd dorsal neostriatum

mus N1 intermediate neostriatum
DA dorsal archistriatal tract NIf nucleus interface
DVR dorsal ventricular ridge oT optic tectum
HA accessory hyperstriatum Ov nucleus ovoidalis
Hp hippocampus P pineal
nv ventral hyperstriatum PA paleostriatum augmentatum
LAD dorsal archistriatal lamina PP paleostriatum primitivum
LH hyperstriatal lamina RA robust nucleus of the archistriatum
IMAN lateral magnocellular nucleus of the anterior neostriatum Uva uvaeform nucleus
LMD dorsal medullary lamina X area X

LPO parolfactory labe




STRUCTURE OF HVc
MATERIALS AND METHODS

Adult male and female zebra finches were obtained from
a breeder (Magnolia, CA) and housed in small groups in
cages at the University of Chicago. Three male and two
female zebra finches were used for Nissl preparations.
These birds were given a lethal dose of Nembutal (0.07 cc),
perfused transcardially, and their brains removed and
stored in 4% w/v paraformaldehyde in saline. The brains
were embedded in parlodion (Sigma, St. Louis, MO) and cut
on a sliding microtome into 40 pwm thick sections. One
female and two male brains were cut in the sagittal plane
and one male and one female brain were cut in the coronal
plane. The sections were stained with cresyl violet and
coverslipped with Permount (Sigma). Thirty other male
brains and five other female brains, which were obtained in
physiological and other experiments, were also examined in
this study. These brains were perfused, post-fixed in formal-
sucrose, cut on a freezing stage microtome at 40 pm or 50
pm in either the coronal or sagittal plane, and stained with
cresyl violet. Additionally, Masakazu Konishi generously
provided prepared slides of the brains of six adult females
that were administered exogenous 17 B-estradiol (E2) at 15
days of age. These brains were cut using frozen section
histology in the sagittal plane and stained with cresyl violet.
Cresyl violet histology of the brains of several other species
of birds, including male white-throated sparrows (Zono-
trichia albicollis), eastern meadowlarks (Sturnella magna),
western meadowlarks (Sturnella neglecta), indigo buntings
(Passerina cyanea), and canaries, which were available in
the laboratory, were also examined.

Tracer experiments involved 28 males and two females.
Most birds received an injection into each hemisphere. A
bird was isolated and deprived of food and water 1 hour
prior to surgery. Birds were anesthetized with 0.05 ml
Equithesin. The bird’s head was immobilized in a custom-
made stereotaxic apparatus with ear bars and a beak
holder. A fenestra (< 0.5 mm diameter) was opened in the
skull at coordinates determined stereotaxically relative to
the bifurcation of the mid-sagittal sinus. Injections of 10
mg/ml biotinylated or fluorescent dextrans (Molecular
Probes, Eugene, OR) in 0.2 M KCl were made at known
depths with a 1 pl syringe (Hamilton model #7001, Reno,
NV) using a glass pipette pulled to a tip diameter of
approximately 20 um (Sutter model P-87, Novato, CA) and
advanced with a micromanipulator (10 um resolution).
Some injections contained 0.001% v/v Triton X-100 (Sigma).
Volumes between 50 nl and 300 nl were ejected over a~
period of 5 to 15 minutes. The pipette was withdrawn, and
the fenestra was covered with acrylic cement. The bird was
returned to the aviary after it recovered from anesthesia.

The bird was maintained for a period of 36 to 72 hours,
with shorter survival times favoring anterograde labeling
and longer survival times favoring retrograde labeling. At
the end of this period the bird was given a lethal dose of
Nembutal. When deep anesthesia was achieved, the bird
was perfused transcardially, first with 0.9% NaClw/v0.1 M
phosphate buffer solution (PBS), and then with 4% parafor-
maldehyde w/v PBS. The brain was removed and stored at
4°C for 5 to 12 hours in the paraformaldehyde solution with
10% w/v sucrose. The brain was cut in either coronal or
sagittal planes on a freezing stage sliding microtome at a
thickness of 50 pm. Sections with fluorescent dextrans
were mounted on slides and coverslipped with 1% v/v
n-propyl gallate (Sigma) in glycerol. The sections with
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biotinylated dextrans were collected in PBS and transferred
into an avidin-peroxidase solution (Vector Laboratories,
Burlingame, CA). Sections remained in the avidin-peroxi-
dase solution for up to 6 hours (2 hours minimum) at room
temperature. They were then rinsed in PBS followed by
distilled water, mounted on gelatin coated slides, and
allowed to dry on the slides at room temperature. The slides
were rinsed in PBS, transferred into a solution of 1 mg/ml
diaminobenzidine (DAB; Sigma) in PBS for 15 minutes, and
then moved into 0.1% hydrogen peroxide in PBS. In most
cases the DAB solution contained an enhancing agent (<1
mg/ml filtered CoCl). The reaction was visually monitored
for background staining. Reactions typically lasted between
2 to 5 minutes. After reaction, the slides were rinsed several
times in PBS. The sections were then dehydrated in alcohol,
immersed in xylenes, and coverslipped with Permount.

Nissl sections were analyzed and drawn using a Zeiss
Standard GFL microscope fitted with a camera lucida
drawing tube. High power photomicrographs were taken on
a Zeiss Axioplan. The Zeiss Axioplan also had Nomarski
attachments, which was used for examination of fibers and
unstained material. Fluorescent material was viewed and
photographed with a Nikon Optiphot-2.

RESULTS

The results are presented in three major sections. The
first section describes the cytoarchitecture of HVc in adult
males, adult females, and adult females treated with E2 as
juveniles. The second section describes injections of HVc
efferent targets, RA and area X, and injections into HVc
itself, to determine the distribution of efferent cells within
HVe. The third section describes injections into HVe and
other structures which show the pattern of afferents to HVc
and to adjacent neostriatum.

Cytoarchitecture of HVe

HVc in male zebra finches is a ridge on the dorsal and
dorsomedial surface of caudal dorsal ventricular ridge
(DVR) (Fig. 1). In brains fixed with glutaraldehyde — where
the tissue shrinks considerably, HVe¢ is visible through the
parahippocampus (APH). In brains which are formalin
fixed, or in vivo (Fortune and Margoliash, ’94), HVc is often
not visible through APH, though it can be seen once APH
has been dissected away (Fig. 1). The size and height of this
ridge varies between birds. The lateral edge of HVec is
between 350 pm and 650 pm rostral to the medial pole.
Figure 1 shows the locations of the sections from Figures 3
and 5. Female HVc is in the same relative position as male
HVe, but does not form a ridge on the surface of DVR. HVc
of both males and females appears in Nissl sections as a
dark region on the dorsal edge of the caudal neostriatum
that lies along the ventricle (Figs. 2—-6).

The shelf is a fiber-rich zone which forms most of the
ventral border of HVc in males and the entire ventral
border of HVe¢ in females. In males, the shelf is most
distinct around rostrolateral HVc and does not extend
around the caudomedial borders of HVc. Thus, the shelf
helps to demarcate the ventral border of central HVec but
not of caudoventral HVc (see Discussion). The caudomedial
borders of male HVc, where the shelf is absent, are not
distinct. In males the shelf contains fibers that are oriented
in sagittal axis. Fibers in the shelf of females do not appear
to be oriented.







